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ABSTRACT
The demand for tough materials in extreme conditions has grown due advanced technology
requirements, such as high pressures (> 90GPa), elevated temperatures (> 2000°C), and radiation
exposure, has grown substantially. Advanced ceramics, particularly alumina (Al>,O3), with their
low weight, hardness, and chemical resistance, are promising candidates. However, their inherent
brittleness (low fracture toughness) has limited their applications. To address this, researchers have
incorporated sub-micron and nano-scale reinforcements like zirconia (ZrO>), graphene (GN), and
carbon nanotubes (CNTs) into alumina to create composite materials. However, challenges remain
in achieving consistent mechanical properties and minimizing trade-offs between fracture

toughness (Kic) and strength.

This study investigates the impact of single and combined nano-scale reinforcements (ZrO2, GN,
and CNTs) on the microstructure, mechanical properties, toughening mechanisms, tribological
performance, and functional attributes of monolithic alumina. The nanocomposites were fabricated
by uniformly dispersing selected optimal amounts of ZrO» (4wt% and 10wt%), GN (0.5wt%), and
CNTs (2wt%) through a colloidal mixing process, followed by hot-press sintering. The results
revealed a uniform distribution of additives within the alumina matrix, leading to significant matrix
grain size reduction (up to 80%) in the Al,03-10wt%Zr0»2-0.5wt%GN-2wt%CNTs multi-material

nanocomposite compared to pure alumina.

Microhardness increased by up to 48% in the Al,O3-10wt%ZrO2-0.5wt%GN-2wt%CNTs multi-
material nanocomposites due to refined grain structures and effective load transfer capabilities.
Furthermore, fracture toughness (Kic) improved by up to 160%, and bending strength increased
by up to 46% in Al,03-10wt%Zr0>-0.5wt%GN-2wt%CNTs multi-material nanocomposite, due to
synergistic toughening and strengthening mechanisms involving pull-outs, crack arrest, and crack
bridging by GN and CNTs. This nanocomposite also exhibited up to a 93% reduction in wear rate
compared to pure alumina, attributed to wear resistance mechanisms such as micro-crack bridging

and intergranular fracture restriction during sliding.

Further, the incorporation of GN and CNTs improved the electrical conductivity of monolithic
alumina from 10713 S/m up to 10> S/m (increase up to 15 orders of magnitude), with the Al,Os-
10wWt%ZrO2-2wt%CNTs nanocomposite registering the highest conductivity value. This was

ascribed to the intrinsic electrical properties of carbon nanostructures, percolation effect and the

il



refined grain structure of the nanocomposite which enhances electron mobility by forming

continuous networks and pathways.
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CHAPTER 1
INTRODUCTION

1.1 Background of Study

The current need to make life comfortable and the desire for mankind to explore nature, advance
in medicine and acquire knowledge about the universe has led to the onset of new technologies.
Advanced tools and technologies are currently adopted for space explorations, deep mining, and
harnessing energy from nuclear reactions. The desire to improve on these technologies and create
a future with unlimited opportunities have been the main objective of industrial researchers,
scientists and engineers. However, these new and advanced technologies are exposed to harsh
environmental conditions such as high temperatures (> 2000°C), high pressures (> 90GPa), harsh
chemical environments and radiations [1][2]. Within these environments, the performance of the
materials used in these devices and technologies is constantly challenged and eventually becomes
inefficient if they are not able to tolerate such surroundings. The need to develop technologies and
devices that can survive these extreme conditions has prompted scientists to design superior
materials for these applications. Superior materials such as superalloys, superconductors and
advanced ceramics are being developed and tested for these systems to tolerate these harsh
environments [2][3]. In as much as we want these materials to withstand these conditions during
in-service performance, we desire the entire system to run on the least amount of energy.
Minimizing the amount of fuel consumed is a top priority because it reduces the carbon emission
on the environment. Automotive and aerospace industries as well as environmental groups such as
the Canadian Environmental Assessment Agency (CEAA), constantly advocate the need to reduce
the overall contribution to increased carbon footprint on the environment and the effect on climate
changes [4][5]. Therefore, it is essential to create a balance between the properties of these

materials for the high-performance applications we seek.

One way of establishing a balance between economized fuel intake and superior performance of
advanced technologies is to adapt a lightweight material. The use of lightweight materials for
aerospace, automotive and other structural applications is very essential in reducing the fuel
consumption of devices such as aircrafts, vehicles and spacecrafts [6][7]. In addition to cutting

down energy consumption, low-density materials offer many advantages in other sectors such as



military and medicine. Present-day defense material needs suggest that a lightweight but tougher
material is crucial for military personnel and defence vehicles such as armoured cars [6][8]. For
military personnel to move with ease and protect against injury especially in the line of fire, a low
density but high impact-resistant material which can absorb high impact loading and multiple hits
is necessary. To this effect, personal armors and many protective vehicles are currently being
developed with lightweight and shock-absorbing materials such as advanced alumina, silicon
carbide, boron nitride, graphene, carbon nanotubes and a combination of these materials [9][10].
In addition, most human body implants require a chemical inert, high strength and low-density
materials such as alumina, titanium and zirconia for effective lubrications and to prevent infections

within the body [11][12].

Advanced or engineering ceramics such as alumina/aluminum oxide (Al,O3), silicon carbide (SiC),
silicon nitride (Si3N4) and zirconia (ZrO;), which have a unique combination of superior
mechanical properties coupled with chemical resistance and a relatively lower density have been
given a lot of attention in recent years. These materials, compared to conventional metals and
polymers, offer limitless potential in equipping current technologies with reduced weight and
superior mechanical properties, even in challenging environments [13][14][15][16]. Alumina as
an advanced structural ceramic presents promising advantages and currently has widespread
applications such as cutting tools, cylinder pistons, insulators and implants for human body due to
its attractive properties such as high hardness, high temperature strength, corrosive and oxidation
resistance, and low electrical and thermal conductivity. However, the inherent brittleness of
monolithic alumina and most advanced ceramics largely limits their potential to be extensively
adopted for further structural and high-performance applications. The brittle nature of alumina
ceramic is attributed to its crystal structure (hexagonal closed-pack, HCP) and bonding nature
(ionic and covalent) [17][18][19]. The need to improve the fracture toughness of alumina ceramic
without compromising its lightweight property and make it most suitable for several structural
applications within extreme environments such as in turbine engine parts and space materials are
the main concerns of several materials researchers and engineers [13]. This has therefore presented
the need to investigate ways to enhance the toughness and other mechanical properties of advanced

alumina for engineering applications.



1.2 Motivation for Research
The increasing attempt to enhance the toughness and other mechanical attributes of monolithic

alumina and other brittle ceramics has involved materials design and microstructural tailoring.
This microstructural modification involves deliberate and effective design and tailoring of the
structural ceramics by the distribution of other materials within the material to achieve maximized
performance [20][21]. It is perceived that the mechanical properties of ceramics can be improved
by refining the polycrystalline grain size and shape [22]. This can be achieved by embedding
within the ceramic matrix phase to form a composite or a nanocomposite. By forming them into
composites and nanocomposites, these materials will exhibit superior performance in harsh
operating conditions whilst maintaining their lightweight attributes. Ceramic matrix composites
(CMCs) are therefore monolithic ceramic matrix systems incorporated with one or more sub-
micron or nano-scale reinforcement phases such as carbon nanotubes (CNTs), graphene,
particulates, and second-polymers or metal phase in a ceramic matrix [20][23]. In recent years,
there has been a notable focus on alumina as a ceramic matrix material due to its appealing
characteristics. Alumina matrix nanocomposites can be defined as ceramic composite systems
wherein an alumina matrix material is embedded with at least one reinforcement phase
characterized by nanometric dimensions (<100nm). In addition to higher toughening attributes,
alumina-based composites and nanocomposite structures also offer superior wear resistance, good
strength, high-temperature stability, thermal shock resistance, electrical and other functional
properties as compared to the monolithic alumina ceramic [24][25]. These remarkable physical
and mechanical traits of alumina-based nanocomposites and other CMCs make them suitable for
high performance applications in extreme environments including defence, aerospace, automotive,
chemical and biomedical engineering industries, energy and power sectors, electronics and
electricals[26]. These potential applications have therefore driven several research studies into

alumina-based nanocomposites and CMCs in recent times.

Despite various research reports emphasizing the success in design and fabrication of alumina-
based composites and nanocomposites with improved properties, other investigations have
considerably shown that the mechanical properties of the manufactured composites are not
necessarily improved by the addition of these reinforcement particles. In some cases, the additions
of certain amounts of reinforcement materials and additives tend to deplete the fracture toughness

and compromise the desired low-density attributes of the final composites [27]. The variation of



mechanical properties is mainly attributed to the fabrication process routes, the nature of
distribution of the reinforcement particles within the ceramic matrix, amount of reinforcement
phases and the final grain structure after processing [28]. Alumina-based nanocomposites are
typically fabricated by dispersing and mixing reinforcement particles and alumina matrix powders
followed by consolidation and high temperature sintering (~1200-1600°C) to form a dense bulk
composite structure. Various processing routes and sintering techniques such as spark plasma
sintering (SPS), hot pressing (HP), stir casting and hot isostatic pressing (HIP) have been adopted
over the years to produce alumina matrix composites and other CMCs [23][26][29]. This
fabrication approach results in refinement of the matrix grain size which can induce significant
improvement on both the physical and mechanical traits of the bulk nanocomposite structure. This
structure-property relationship which highlights the dependency of material properties on the grain
size is known as the Hall-Petch phenomenon [20][30]. Studies on alumina-based nanocomposites
reinforced with reinforcement particles such as zirconia, graphene and carbon nanotubes have
shown that the superior properties of the fabricated composite also depend on the homogeneous
dispersion of the reinforcement particles within the matrix phase, overall densification of
composites, the retention of the structure during high temperature sintering process, the amount of
the additives in the matrix phase and the interfacial bonding between additives and matrix material
[28][31]. The scattered results of alumina-based composites and other CMCs despite various
research highlight the need for further studies to understand the fundamentals of the structure-
property relationship of ceramic composites. Studies to optimize the processing route and its effect
on microstructural and mechanical properties has therefore attracted further studies into ceramic-

based composites and nanocomposites.

Also, the increasing competition for sustainable designs and technologies in recent times demands
the highest trait of materials with a superior combination of properties. With the use of
conventional metals and alloys all but exhausted, the current approach gears towards novel hybrid
and multi-material structures that can combine the attributes of these traditional materials to yield
a more advanced material for high performance applications. This quest has fueled current research
in the direction of hybrid and multi-material structures including multi-material ceramic
composites that have the potential to exceed the performance of a single-phase composite systems
[32][33]. Ceramic-based hybrid and multi-material composites are novel materials with multiple

additions of second-phase particles simultaneously embedded within the monolithic matrix
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structure. These multi-system composites have the tendency to offer superior properties relative to
a single-phase composite due to the combination of properties from the added additives. In
addition, the introduction of two or more reinforcement particles within the ceramic matrix
structure can also alleviate various limitations of the single-phase composite materials and further
enhance the mechanical and functional properties of for targeted applications in the aerospace,
defence, automobile and biomedical field [34]. Figure 1.1 shows the interaction of multiple
additions of graphene and carbon nanotubes within a matrix material. For instance, it is suggested
that the processing issues such as carbon nanotube agglomeration and graphene re-stacking which
lead to poor dispersion within the matrix can be minimized by simultaneous additions of both
graphene (GN) and CNTs within the matrix [35][34]. It is also perceived that the multiple additions
of carbon structures within the matrix can drastically improve the toughness through the
synergistic contributions of the combined additives within the ceramic matrix. Hence, the
incorporation of two or more additives to ceramic matrix structure has the potential to significantly
enhance the overall mechanical properties of ceramic matrix composites. However, the limited
availability of results in ceramic-based multi-material composite systems demands further studies
and research in order to understand the microstructural evolution, toughening effect and their
mechanisms, mechanisms of synergy, as well as the mechanical and tribological performance of
these novel multi-material ceramic composite structures.

s a matrix modifier

---------- CNT/Graphene a

= Continuous CNT/
Graphene preform (fabric

Figure 1.1: Demonstration of multiple reinforcements of graphene and carbon nanotubes in a
polymer matrix [32].



1.3 Research Gaps

The deployment of alumina matrix nanocomposites and CMCs to mainstream technology and
engineering application is still lacking due to processing concerns and knowledge gaps in
reinforcement effects such as grain refinement and toughening mechanisms, as well as
performance parameters. Despite the promising progress made with the additions of various
reinforcement phases and additives to alumina matrix, there is still a need for further research in
this area. A detailed literature survey shows that the combination of properties of many fabricated
alumina-based nanocomposites including toughness, strength and wear attributes tend to be
mutually exclusive. This is due to challenges in identifying the optimum parameters and
processing conditions that will produce the superior combination of properties after sintering. This
includes optimized amounts of various reinforcement particles or additives to embed within the
alumina matrix structure. In effect, there is currently little consensus and consistency in the
properties of processed alumina matrix composites. The trade-off in mechanical attributes such as
toughness and strength properties has constantly limited the potential of alumina matrix
nanocomposites to be adopted for engineering and high-performance applications such as defense,
biomedical and aerospace. Figure 1.2 demonstrates the variation in bulk mechanical properties
with the addition of graphene additives to the alumina matrix. The scattered results show the trade-
off in properties such as flexural strength versus fracture toughness of alumina-graphene
composites reinforced with a single additive. The property variation may be due to the toughening
and strengthening mechanisms which may not be fully activated in the single-phase composite
system as a result of the reinforcement concentrations used. This therefore suggests a need for a
detailed study to identify the optimum amount of graphene nanofiller and fundamental
mechanisms which can lead to simultaneous enhancement of bulk properties in graphene

reinforced alumina composites.

The variation in properties is also apparent in processed alumina-carbon nanotube (CNT)
composites as illustrated in Figure 1.3. Discrepancy in strength, hardness and toughness properties
with different amounts of carbon nanotubes in single-phase alumina matrix composites depict that
there is little consensus on the optimum amount of CNTs as an additive in alumina matrix
nanocomposites. For instance, a combination of reinforcement amount and processing techniques

may result in slight to no improvement in the bulk properties of the alumina-carbon nanotube



composites having higher CNT concentrations (3-5wt%), as illustrated in Figure 1.3. Therefore, a
study is needed to identify the optimum reinforcement amount that will unearth the extraordinary

potential of CNTs within alumina and other ceramic matrix structures for needed applications.
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Figure 1.2: Mechanical property variations and trade-offs in processed alumina-graphene

composites [36].

Also, the promising effect of incorporating two or more reinforcement materials within alumina
and other ceramic matrix materials has fueled advanced research into hybrid and multi-material
ceramic-based nanocomposites. However, there is still knowledge gap in the coordination and
combined effects of the multiple reinforcement structures within alumina and other CMCs. This
is because the fundamental understanding of the effect of single reinforcement phase within matrix
is inconclusive, which has limited the mainstream adoption of these novel materials. Questions
and issues with simultaneous toughening, synergy mechanisms and interfacial interactions need to
be answered to illuminate strategies in tailoring multi-material nanocomposites for targeted
applications. Hence further research studies will provide fundamental knowledge in toughening
and synergy mechanisms of multiple additions and their effect in mechanical properties of

alumina-based nanocomposite systems.
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Figure 1.3: Mechanical property variations and trade-offs in processed alumina-carbon nanotube

composites [36].

1.4 Research Questions and Hypothesis

The reports from literature have shown that the effect of adding a single second-phase particle to
alumina matrix is all but conclusive. To achieve a more superior composite or nanocomposite
material for high performance structural and functional applications that is needed, the following

research questions were asked:

e What is the optimum amount of reinforcement phases such as graphene, carbon nanotubes
and zirconia to give a superior property in alumina-based nanocomposites?

e What is the effect of multi-material additions on the microstructural evolution and
mechanical properties of alumina-based composites?

e What is the nature of interface between the matrix and second-phase particles and how
does it influence the microstructure and mechanical properties?

e Can the trade-off properties in single-phase composites be minimized with the multiple

additions of nanoscale reinforcement particles within alumina matrix composites.



Response to these questions can serve as a guideline to design, develop and characterize advanced
multi-material ceramic-based nanocomposites with optimized performance parameters for

required applications in the aerospace, defense and biomedical industries.

The hypothesis for this study posits that the incorporation of optimal reinforcement particles into
the alumina matrix can result in a synergistic enhancement of the physical, mechanical and
tribological properties of structural alumina-based nanocomposites through the collaborative
interaction of multiple reinforcing materials. For example, the combined effect of carbon-based
structures like graphene and carbon nanotubes can significantly refine the grain structure and
enhance mechanical and tribo-mechanical attributes such as hardness, wear resistance, toughness
and strength by simultaneously activating toughening mechanisms and load-bearing activities
within the matrix. Moreover, the electrical and thermal properties inherent in the carbon-based
structures can be transferred to the alumina matrix, giving rise to a unique ceramic material suitable
for multifunctional applications such as thermal management networks. By concurrently
introducing and leveraging multiple reinforcement materials such as graphene, carbon nanotubes
and zirconia within the matrix, the limitations associated with individual additions to ceramic
nanocomposites can be mitigated. This approach enables an optimization of the trade-off between
the mechanical properties (example: fracture toughness and strength) of alumina and advanced

ceramic matrix nanocomposites.

1.5 Research Aims and Objectives
To answer the research questions, the following objectives have been determined for the current

research as follows:

1. Develop and process advanced lightweight alumina matrix nanocomposites reinforced with

zirconia, graphene and carbon nanotubes.

2. Systematically study in detail the effect of individual additions of nano-reinforcement materials

on the microstructure and properties of alumina matrix.

3. Systematically study the effect of multiple additions of nano-reinforcement materials on the
microstructure and properties of alumina matrix, and the mechanism of synergy effect of the

multiple nano-reinforcements.



4. Investigate the interface between matrix and nano-reinforcements, and the effect of carbon

nanostructures on electrical properties of alumina matrix nanocomposites.

1.6 Publication Contributions

This dissertation has been developed in a sandwich format to form a manuscript-based thesis
authored by the PhD candidate (See Contributions section). I have contributed to five (5)
manuscript publication as a first author in the current research during my time as a PhD candidate.
These journal articles were published in highly recognized journals such as Material Science and
Engineering A, Ceramics International, Materials Characterization and Wear. The following
highlights my contributions as a first author to these manuscripts. For all papers, I designed and
performed the experiments, from device design and implementation to data analysis. I drafted the
original manuscripts and the initial responses to reviewers, and they were revised thoroughly by
Prof. Solomon Boakye-Yiadom. Prof. Solomon Boakye-Yiadom was very instrumental with idea
and concept development and provided constructive feedback to guide my research journey. This
research has also been presented by the PhD candidate and published in international conferences
including Microscopy and Microanalysis Conference (M&M), Canadian Materials Science
Conference (CMSC) and Canadian Society of Mechanical Engineering Conference (CSME).
A total of nine (9) conference publications and technical presentations have been achieved during
my PhD program. I was financially supported by Natural Sciences and Engineering Research
Council of Canada (NSERC) grants to Prof. Solomon Boakye-Yiadom for my research expenses

in the entire duration of my PhD program.

1.7 Thesis Outline and Organization

This dissertation is structured into six (6) major chapters presented in a sandwich format. Chapter
1 is an introduction section of the thesis, Chapter 2 details the literature survey for the study,
Chapter 3 describes the experimental procedures, materials and methodology. A summary of the
published articles connected to the thesis objectives is described in Chapter 4, and Chapter 5
discusses the conclusion and future works, followed by appendices with the details of the published

works and contributions. Summary of the thesis outline is described below:
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Chapter 1: Introduction
Chapter 1 introduces the research topic, with background of study, motivation for work,
identified research gaps, research questions and hypothesis, followed by research aims and

objectives and thesis outline and organization.

Chapter 2: Literature Review

This chapter presents detailed literature survey of the state-of-the art of fabrication
processes for ceramic matrix composites (CMCs) and alumina-based composites including
various consolidation and sintering techniques. Literature studies covering the
microstructural and mechanical properties of the reinforcement materials including
graphene, carbon nanotubes and zirconia will also be discussed. This chapter will also
provide details on reported trade-offs in mechanical properties of fabricated alumina matrix

composites reinforced with graphene, carbon nanotubes and zirconia nanoparticles.

Chapter 3: Experimental Procedures and Methodology

Chapter 3 introduces the experimental procedures and methods used for fabrication of the
alumina matrix based multi-material nanocomposites. The fabrication procedure involves
the dispersion of the nano-scale reinforcement particles including graphene, carbon
nanotubes and nanoparticulate zirconia within the matrix alumina material using a colloidal
mixing technique. Densification of the samples was achieved using high temperature
sintering and consolidation. This chapter also details the microstructural characterization
of the processed nanocomposite samples using techniques such as optical microscopy
(OM), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS),
focused ion beam (FIB) milling, transmission electron microscopy (TEM), and X-ray
Diffraction (XRD). This chapter also investigates and discusses the measurements
techniques used for mechanical property assessment including fracture toughness, bending
strength, microhardness. Experimental details of frictional and wear properties of the
fabricated nanocomposites are also captured in this chapter. More details on experimental

procedures and data analysis are also discussed separately in each published paper.
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Chapter 4: Summary of published articles

In this chapter, a summary of the published papers resulting from this research is provided.
The first paper gives a detailed study into the fabrication and dispersion process of alumina-
based nanocomposites, which focuses on Objectives 1 and 2 of this research. This paper
also discusses the effect of single/individual additions of graphene and zirconia on the
microstructural  evolution, friction and wear performance of alumina-based
nanocomposites. The second paper addresses Objectives 2, which highlights the influence
of single additions of reinforcement particles on mechanical properties alumina matrix, as
well as toughening mechanisms by the added reinforcement phases. The third paper also
demonstrates Objectives 3, which describes the simultaneous dispersion of multiple
reinforcement nanoparticles such as graphene, carbon nanotube and zirconia within the
alumina matrix. This article also discusses the combined effect of the multi-material
additives on the matrix grain refinement, friction and wear behaviour and synergistic
mechanisms by the simultaneous additions of graphene, carbon nanotubes and zirconia.
The fourth paper also focuses on Objective 3, which investigates the influence of the
multiple additions on mechanical properties such as fracture toughness and bending
strength. Fractography studies from this paper also assessed the toughening and synergy
mechanisms by the combined reinforcements particles. Fifth paper also provide
comparative study of hybrid additions of zirconia and graphene, and zirconia and carbon
nanotubes on alumina matrix, satisfying Objective 3 of this research. Sixth paper
(manuscript in-preparation) also addresses Objectives 4, which describe the interfacial
studies between multi-materials and the alumina matrix. This study also accounts the effect
of carbon nanostructures on electrical conductivity of alumina-based multi-material

nanocomposites.
Chapter 5: Summary and Conclusions

This chapter summarizes the major findings of this research with recommendations for

future work.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

This chapter presents a literature survey of ceramic matrix composites (CMCs), structure and
properties of alumina ceramic, fabrication and sintering techniques of alumina ceramic, alumina
matrix nanocomposites, properties and mechanical influence of graphene, carbon nanotube and
zirconia as reinforcement phases in alumina matrix composites, toughening effects and
mechanisms of reinforcements, state-of-the-art of multi-material nanocomposites and interfacial
effect of matrix and reinforcements. The literature review of ceramic matrix composites is
presented in Section 2.2. Section 2.3 gives a review study of the monolithic alumina matrix, its
properties and applications. The literature studies and overview of alumina-based composites
reinforced with graphene, carbon nanotubes and zirconia reinforcements are also detailed in
Sections 2.4-2.7. Section 2.8 details state of the art of multiple and hybrid additions of nano-

reinforcements on alumina matrix.

2.2 Overview of Ceramic Matrix Composites (CMCs) and their Applications

Ceramic Matrix Composites (CMCs) are composite materials that have ceramic matrix with
embedded reinforcements which can be a fiber, whiskers or particulates [23][37][38][39]. The
ceramic matrix material serves as the binding agent, ensuring the cohesion of all components,
while the reinforcement particles impart their distinctive properties to the matrix. Although
advanced monolithic ceramics exhibit appealing properties such as high melting point, hardness,
stiffness, corrosion resistance, thermal and electrical insulation, and low density, their application
in high-performance scenarios is often constrained due to their inherent low fracture toughness
under loading conditions [37][40]. CMCs were consequently developed to address the inherent
brittleness of monolithic ceramics and enhance their effectiveness in demanding loading and
environmental conditions. Over the years, the design and development of CMCs with
reinforcement particles has led to the significant improvement in monolithic ceramics including
toughness, shock resistance, wear resistance and reliability [37][38][39][41]. CMCs, therefore,
hold immense potential for application in areas that demand exceptional mechanical and thermal

performance, including space structures, aircraft turbines, land transportation systems, chemical
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plants, and nuclear facilities [42]. CMCs employ diverse matrices integrated with a range of
reinforcements to optimize their properties for targeted applications. Most common ceramic
matrices used include oxide-based CMCs and non-oxide-based CMCs such as silicon-carbide
based CMCs, Carbon-based CMCs and Boride-based CMCs. Major reinforcement materials
mostly used also include graphene, carbon nanotubes (CNTs), silicon carbide (SiC) and zirconia
[43]. Figure 4 illustrates the commonly used matrix material for CMCs and examples of
reinforcement particles used for oxide CMCs. Figure 5 also provides an overview of the primary
categories of CMCs based on their matrix materials, accompanied by illustrative examples of

industrial applications.

(a)
CMCs
I ]
. Non-Oxide
Oxide CMCs CMCs
I I
Alumina Aluminosilicate Carbon Silicon-carbide Titani.um- Tungs.ten—
carbide carbide
(b) Oxide CMCs
_____________________________________________________________ e I
Base Matrix Alumina Aluminosilic
Material Matrix ate Matrix
e
;I”.e::/ " Boron Silicon Titanium Titanium Alumina/
einforcemen Carbide Nitride Carbide Dioxide Mullite Fiber

Figure 2.1: (a) Examples of oxide and non-oxide CMCs (b) Commonly used oxide CMCs and their

reinforcements [43].
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Figure 2.2: An overview of key Ceramic Matrix Composites (CMCs) matrices, common

reinforcements, and prominent industrial applications [29][37][38][39].
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2.3 Alumina as an Oxide Ceramic

Alumina also referred to as aluminum oxide (Al>O3) is a natural occurring ceramic oxide which is
formed by the metal aluminum [44]. Alumina as a multifunctional advanced ceramic has many
metastable polymorphs occurring at low temperature (up to 500°C) and high temperature
(=800°C). The low temperature polymorphs include y-AlOs, y-AlbO3 and n-AlOs, whilst k-
ALO3, §-Al0O3, 8-Al203 and a-Al,O; form the high temperature Al,Os polymorphs. However, a-
ALO3 (also known as conundrum or sapphire) is the only thermodynamically stable Al,O3 phase
which has wide range of commercial and industrial applications including coating, optical, and
electrical insulation. Upon thermal treatment, all metastable polymorphs of Al>O3 undergo
irreversible transformation into a-AlO3 [45][46]. The crystal structure of a-Al,O3 consists of a
hexagonal closed-packed (HCP) array of oxygen anions (O%*) and aluminum cations (AI*") with a
rhombohedral or trigonal unit cell (a=3.56 A and @=55.333°) (Figure 2.3). The O atoms have 4 Al
neighbours, whilst each Al atom is coordinated by 6 O atoms. Hence, the O in the HCP system
fills 2/3 of the octahedral interstices. The reported lattice parameters are given as a=b=4.760A and
c=12.989A [47][48][49]. The predominant bond in a-AlLOs; is ionic for two-thirds of the lattice
structure and covalent for the remaining third. The presence of strong ionic bonding in structural
ceramics, including a-Al2Os, results in their hardness and brittleness, along with high melting
points and elastic moduli. Furthermore, these ceramics exhibit limited plastic deformation, even

at elevated temperatures [50].

Figure 2.3: The crystal lattice of a-Al>O;3 [49]
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2.3.1 Fabrication Process of Alumina Ceramic
As an advanced structural material, the final performance of alumina and other technical ceramics

are dictated by the processing-structure-property relationship. Hence, the processing
techniques/routes of advanced ceramics influence their properties and structural attributes. Due to
their low ductility, poor resistance to thermal shock and high melting temperatures, bulk
engineering ceramics including (a-AlO3) are mainly produced using powder metallurgy
technique [51][52]. Figure 2.4 details the powder processing route for forming advanced ceramics.
Ceramic powder processing involves the dispersion and formation of ceramic powders into
slurries, which are dried and shaped into final dense structures using high temperature sintering
techniques. The ceramic slurries are formed by the dispersion and distribution of the powders
within a liquid medium to create a colloidal ceramic slurry consisting of ceramic particles
suspended in a solvent. This slurry can be utilized for various manufacturing processes such as
tape casting and slip casting, which involve wet forming techniques. Alternatively, a plastic
forming method can be used where the powder is mixed with wax to enable injection molding
[52][53]. The formed part at this stage is referred to as the “green body”. Following the
formation/shaping process, a controlled heating rate is employed to execute a de-binding step,
which aims to eliminate the organic binders during dispersion. This results in the formation of a
“brown body”. Subsequently, the brown body undergoes sintering, a crucial stage where it is
subjected to elevated temperatures in a furnace. Typically, the sintering temperature ranges
between 50%-90% of the ceramic melting temperature. This controlled heat treatment induces a
physicochemical transformation, leading to the development of the component's desired material

properties and microstructure [54].

2.3.2 Powder Synthesis of Alumina (a-Al,O3)
Polycrystalline monolithic alumina ceramics are fabricated using this powder process route. The

starting raw material which is alumina powder is commercially produced from bauxite ore via a
conventional method known as the Bayer process. The Bayer process, developed by the Austrian
chemist Carl Josef Bayer in 1887 during his time in Saint Petersburg, Russia, was a significant
invention aimed at providing the textile industry with a reliable supply of alumina. The flowchart
for this process is illustrated in Figure 2.5. Common bauxite ores (precursors) used normally exist

in the form of boehmite (y-AlO(OH)), gibbsite (AI(OH); or AIO(OH)*H»0) and diaspore (a-
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Figure 2.4: Flowchart of ceramic processing route for alumina and advanced ceramics [54].

AIO(OH)) [55]. The Bayer powder synthesis method begins by dissolving or digesting
crushed/milled bauxite ore in sodium hydroxide (NaOH), at elevated temperatures (150-200°C)
and pressures. This step facilitates the separation of alumina (AlO3) from the bauxite ores by
effectively washing out the waste components such as red muds or sands. Finally, the hydrated
alumina is subjected to crystallization and subsequently dried in a furnace through a process known
as calcination. The calcination (at high temperatures: 1000-1260°C) step leads to the formation of
solid alumina [56][57]. This powder synthesis technique can produce high quality alumina
powders (purity of 99.6 - 99.9%), having particle sizes of >50nm [58]. Summary of the chemical
reactions during the synthesis with the Bayer process using diaspore ore (a-AIO(OH)) is presented

by equations (2.1)-(2.3) below [55]:

Diaspore digestion stage:
AIO(OH)(diaspore) + 2NaOH(sodium hydroxide) — NaAlO4 (sodium aluminate) + HZO (21)
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Precipitation stage:

NaAlO4 + COZ + HZO = AI(OH)3(hydrate) + NaHCO3(sodium bicarbonate) (2-2)

Calcination stage:

2A1(OH); = A1203(a—alumina) + 3H,0 (2.3)

Processing and synthesis of nano-sized a-Al.O3 powder processing requires high temperatures for
phase transition of to @-Al>Os. To initiate phase transformation, temperatures exceeding 1200°C
are necessary to surpass the activation energy barrier. However, it is important to note that such
elevated temperatures can also lead to swift grain growth or the aggregation of alumina particles,
thereby hindering the formation of nanoparticles using these techniques. This has therefore
motivated several researchers and powder manufacturing industries to develop methods to
synthesize a-AlO; at low temperatures [59]. Different precursors (including natural occurring
ores) coupled with relatively lower temperatures (<1200°C) have been used to synthesize micro
and nano-sized a-Al,O3 powders with high purity (>99%). Most common a-AlO3 powder
synthesis techniques include sol-gel, vapor deposition, hydrothermal, combustion methods,
precipitation, microemulsions, spray pyrolysis, solvothermal and mechanical milling
[60][61][62][63]. Table 2.1 shows examples of low temperature powder synthesis techniques used

for processing a-Al,Oz powders and the range of powder/particle sizes yielded.

Red mud

T=170°C-180°C

Na[AI(OH)a]
Filtering

lCooling
Al(OH);3

Usage as =J» Crystallization <= Water
Crystallization B . Addition

Rotary Kiln

Figure 2.5: Commercial processing route of alumina powder using the Bayer process [64].
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Table 2.1: Various powder sizes from derived synthesis of a-AlO;3

Purity of Powder Calcination Powder
a-AlL O3 Precursor Synthesis Temperature Sizes Refs.
(%) Technique (°O) (nm)
Aluminum alkoxide
>99.99  (Aluminum isopropoxide) Hydrolysis 1200 100-700  [58]
Al (OCsH7)3
Aluminum isopropoxide
>99 Al (OC3H7)3 + aluminum Sol-gel 100-1200 20-30 [65]
nitrate nonahydrate
up to Gibbsite (y-Al(OH)3) Hydrothermal 380-435 100-40000 [60]
99.98 Boehmite (y-AlO(OH))
Aluminum isopropoxide
— Al (OC5Hy7)3 + absolute Sol-gel 400-1000 36-50 [59]
ethanol and nitric acid
Aluminum nitrate nona-
hydrate (98%), aluminum
— chloride hexahydrate Precipitation 700-1100 80-300 [66]
(99%) and ammonium
acetate (99.99%)
high Aluminum formate Thermal 1100 20-800 [67]
purity (AlL(O2CH)3) decomposition
high Cyclohexane Microemulsion 900-1150 30-100 [68]
purity
high Aluminum chloride Spray 1100 80-100 [69]
purity (AICl3) powder (99.6%) pyrolysis
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2.3.3 Consolidation and Forming/Shaping of Alumina Ceramic
Consolidation and forming/shaping stages are essential part of the fabrication process of alumina

and advanced ceramics. These two stages dictate the final geometry and structure of the ceramic
part. Consolidation refers to the process of transforming alumina (a-Al20O3) and advanced ceramic
powders (polycrystalline and nanocrystalline powders) into uniform and dense structures [70].
Consolidation is done to ensure homogeneous packing of the powder particles in the green state.
The consolidation process which is accompanied by mechanical compaction (pressure pressing)
of dry or semi-dry powders in a die is mostly used to commercially process advanced ceramics.
The distribution of pressure/stress and friction of powder particles in the die during consolidation
determines the density variation and packing uniformity of the alumina (a¢-Al>O3) and ceramic
powders [52]. Other consolidation and shaping/forming techniques used for advanced ceramics
include tape casting, slip casting, extrusion, freeze casting, injection molding, cold isostatic

pressing and uniaxial die pressing [18][71].

2.3.4 Sintering of Alumina Ceramic
The sintering process, which follows the forming/shaping and consolidation stages determines the

final densification and microstructure of the bulk ceramic. Sintering refers to the thermal process
that facilitates the cohesive bonding of ceramic powder particles, resulting in the formation of a
solid structure through atomic-scale mass transport phenomena. This bonding mechanism reduces
the overall energy of the system and enhances the mechanical and physical properties [72]. The
sintering process of advanced ceramics including alumina, typically occurs below their melting
temperatures, and encompasses multiple stages, as illustrated in Figure 2.6. These stages are
controlled by mechanisms and driving forces, as well as the influence of key processing variables
such as particle/powder size, temperature and applied pressure, all of which are crucial in the
densification of the final sintered part [52][72]. The first stage is characterized by the interaction
of the loose ceramic powder particles randomly distributed. This is followed by the initial stage
which depicts a more pronounced contact between powder particles, accompanied by formation
and growth of particle bonds known as sinter bonds. The interactions of the randomly distributed
powder particles result in high volume of pores, which are reduced drastically at the intermediate
stage during densification. The presence of pores is also due to the burning of the remnant binders

during the temperature sintering. During the final stage, a dense structure is achieved by complete
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closure and migration of the pores by the application of temperature and pressure [73][74].
Typically, as the sintering process progresses at the microstructural level, the growth of necks at
particle interactions becomes apparent, indicating the formation of the sinter bonds. These bonds
are established through atomic-level interactions, where the particles work to minimize the surface
energy of the interacting particles. Therefore, predominant driving force during the powder particle
interactions depends on the curvature of the particles coupled with the applied pressure. The
kinetics of matter transport during sintering is governed by the diffusion of the atoms, ions and
other charged species of the ceramic structure [52][75]. The sintering conditions such as
temperature, time and pressure influence the rate of diffusion and thus control the grain growth
during sintering. For alumina (a-Al>O3), the diffusion of aluminum and oxygen atoms across the
grain boundary during sintering leads to growth of the Al>O3-Al,O3 particle bonding, which
inspires grain coarsening [76][77][78].

Loose Powder Initial Stage Intermediate Stage Final Stage

Figure 2.6: Stages of the sintering process of alumina and advanced ceramics [73].

Sintering processes can be categorized into two types: solid state sintering and liquid phase
sintering. These sintering types are widely used for processing advanced ceramics including
alumina(a-Al,Os3) for high-performance engineering applications. During the process of liquid
phase sintering, it is observed that at the sintering temperature, at least one phase experiences
melting. This melting leads to the wetting of the remaining powder particles with the liquid phase,
which facilitates particle bonding [73]. The solid-state sintering process entails compacting a green
body into a solid object of high density at temperatures ranging from 1500-1800°C, without
reaching the melting point (2050°C) [79]. Several sintering techniques have also been developed
to fabricate bulk ceramic materials for structural and multifunctional applications. Traditional
sintering methods including hot pressing (HP), hot isostatic pressing (HIP) and gas-pressure

sintering (GPS) typically involve extended time durations due to the utilization of relatively low
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heating and cooling rates (usually <50 °C/min). Other non-conventional/fast sintering techniques
that require relatively lower energy and less time have been adopted in recent times. Spark plasma
sintering (SPS), flash sintering (FS), induction sintering (HFIS), microwave sintering (FS) are
examples of these advanced sintering. These techniques are however cost-intensive as compared

to the conventional sintering technique [80][81].

2.3.5 Properties of Alumina Ceramic
Polycrystalline and nanocrystalline a-AlO3 as a structural ceramic have many attractive

properties that make it appealing for high-performance applications. The combination of its
physical, chemical, and mechanical properties, along with its ready availability, provides Al>O3
ceramic with a competitive advantage over other structural ceramics. The remarkable hardness of
a-Al,03 (=18GPa) is ascribed to the strong ionic bonding between aluminum and oxygen atoms
in its hexagonal crystal structure (HCP). As a result, a-Al>Os3 is recognized as one of the hardest
known materials in existence. Also, due to its high melting point and exceptional thermal stability,
a-Al203 maintains its mechanical and structural integrity even when exposed to extreme
temperatures. This property enables it to withstand and perform reliably in high-temperature
environments [82][83]. a-Al>O3 also exhibits excellent chemical inertness and resistance to acids
and alkalis, making it an ideal material for use in corrosive environments. Its ability to withstand
chemical attack, coupled with high hardness make it a suitable candidate as a biomaterial. In
addition, the electrical insulating properties, transparency to infra-red radiation and high dielectric
strength of a-Al>O3 offer distinct advantages in electrical, optical and other functional applications
[84][85]. These unique combinations of properties therefore enhance the broad use of a-Al;O3 in
a wide range of technological applications, including electronics, optics, high-temperature and
chemical environments. Tables 2-4 details the reported mechanical, wear/tribomechanical, thermal
and electrical attributes of commercially produced a-Al,O3 for structural and multifunctional

applications.

2.3.5.1 Mechanical Properties
The mechanical properties of bulk sintered a-Al>Os such as density, hardness, bending and tensile

strength, and elastic modulus determine their performance in structural and engineering
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applications. The lightweight and mechanical characteristics of a-AlO3 has merited several

applications in recent technologies. For instance, high compressive strength at elevated

temperatures confers the ability to withstand appreciable load without deformation or failure in

harsh conditions. Nevertheless, the inclusion of pores in the structure of ceramics leads to a notable

reduction in their mechanical properties including fracture toughness and strength. Employing

nanosized powders (particle sizes <100nm) to fabricate alumina ceramic tend to enhance the

strength of advanced ceramic materials such as alumina by forming fine-grained structures [86].

Examples of mechanical properties of fabricated a-Al.O3 is summarized in Table 2.2 below:

Table 2.2: Reported mechanical properties of alumina (a-Al203)

Sintering Grain Density Hardness Bending Fracture Elastic
Technique Size (g/cmd) (GPa)  Strength Toughness Modulus Refs.
(um) (MPa) (Kic) (GPa)
(MPa.m'?)
Hot Pressing 5 3.834 15 300 2.5 338 [87]
(HP) @ 1500°C
Spark Plasma
Sintering (SPS)  1.40 - 19.20 - 4.37 430-550  [88]
@ 1250°C
- - - 18-20 - 2-40 300-400  [89]
Hot Pressing - - 15 250 3 - [89]
(HP) @ 1650°C
SPS @ 1450°C - 3.90 9.21 - 3.88 - [90]
Hot Isostatic
Pressing (HIP)  1.23 - 21.3 - 3.5 382 [91]
@ 1300°C
Hot Pressing 10 3.70 13.73 290 4.3 380 [92]
(HP)
Hot Isostatic 0.44 3.98 21.26 - 3.7 436 [93]

Pressing (HIP)
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2.3.5.2 Wear and Tribomechanical Properties
The wear and tribomechanical characteristics of alumina (Al>O3) makes it an exceptional candidate

for various structural and tribological components. This is because alumina ceramic demonstrates
good resistance to wear, making it well-suited for applications involving components that
experience high levels of friction and wear including bearings, cutting tools, grinding disks,
biomedical components, valves and nozzles [94][95]. Wear is a phenomenon characterized by the
gradual erosion of material from the surfaces of a body as a result of their relative motion and
contact. This process involves a combination of mechanical, chemical, and thermal processes and
mechanisms, leading to both brittle fracture and plastic deformation of the solid surfaces involved.
Furthermore, alumina and other advanced ceramics exhibit various wear modes, including
adhesive wear, fatigue wear, flow wear, mild wear, and severe wear. [96][97]. The wear resistance
properties of alumina ceramic can be attributed to its microstructure, such as the grain size, as well
as its physical and mechanical properties hardness. Research has indicated that sintered monolithic
alumina with a finer grain structure tends to exhibit superior tribological properties, emphasizing
the importance of microstructure in determining wear resistance [94][96]. Meng et al. conducted
studies that clearly showed a significant difference in wear performance between coarser and finer-
grained alumina ceramic samples prepared via spark plasma sintering (SPS). Specifically, the
coarser-grained alumina exhibited a 50% higher volume loss and low wear resistance compared to
the finer-grained counterpart [98]. The low friction coefficient of alumina ceramics, which is
accompanied with minimal frictional forces is an essential trait in applications where reducing
friction and minimizing energy losses such as in sliding bearings or grinding tools [97]. The wear
response of alumina ceramic is dependent on various contact conditions. These conditions include
the contact pressure and load, the nature of the contacting surface (including its texture, roughness,
topography), the material of the counter-body, the sliding velocity, the shape of the contact, the
stiffness of the suspension, the presence of lubricant, and the environmental factors such as
temperature and humidity [96][97][98]. Various wear test configurations including reciprocating
sliding wear, rotary wear test, block-on-ring, pin-on-disk, ring-on-disk, plane bearing and crossed
cylinders are utilized to characterize the access tribological properties of alumina and other
advanced ceramics (Figure 2.7) for specific applications such as biomedical and automotive [99].

Table 2.3 summarizes reported wear and tribological properties of monolithic alumina ceramic.
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Figure 2.7: Friction and wear test configurations used for alumina (Al,O3) ceramics [99].

Table 2.3: Literature survey on wear and tribological properties of monolithic alumina Al,O3

Sintering  Grain  Friction Wear rate Wear Normal Counter-
Technique size  coefficient (mm?/ testing load bodyand Ref.

(um) (COF) N.m) configuration (N) environment

HP @ 0.7,5 0.2-0.65 103-10"'° Reciprocating 8-40  Diamond [100]
1300°C and 25 (Ball-on-flat) Dry sliding
HP @ 13.0 0.44-0.77 106 Block-on-ring 4.9,14.7 Tool steel [101]
1550°C ,24.5 Dry and water
HIP @ 0.16 0.19-0.55 103 Ball-on-disk 2, 8, 16 Alumina ball [102]
1450°C Fluid
HP @ 4,045 ~0.155 107 Pin-on-disk 10and  Bovine [103]
1275°C  and 0.95 50 serum fluid
- 0.098 0.24 106 Reciprocating  9.81 Tungsten  [104]
(Ball-on-flat) carbide ball
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2.3.5.3 Thermal and Electrical Properties
Thermal and electrical properties are useful physical properties of alumina (Al2O3) ceramic that

merits several multi-functional applications. These functional attributes, coupled with attractive
mechanical characteristics make advanced alumina ceramic ideal for a wide range of applications
including electronics, power generation, aerospace, automotive, and high-temperature processing
components. Specific thermal properties such as high melting temperature (~2050°C), good
thermal conductivity, thermal diffusivity, low thermal coefficient of friction, thermal shock
resistance and stability, good specific heat capacity are favorable in many applications [105][106].
For example, the combination of low coefficient of thermal expansion, thermal shock resistance
and stability attributes are essential in limiting thermal stress, cracking and deformation during
high-temperature environments [ 107]. Further, alumina ceramic has appealing electrical properties
including high electrical resistivity (10* Q-cm), good dielectric strength, low electrical
conductivity and low dielectric loss. Excellent insulating material for use in electrical and
electronic applications due to high resistivity to electric current flow. Alumina ceramics can
tolerate high voltages without damaging as a result of their high dielectric strength. Low dielectric
loss property enables minimum dissipation of energy in the presence of electric field [105][107].
Combination of these functional properties makes them ideal candidates in many industries where
thermal and electrical performances are needed. Summary of thermal and electrical properties of

monolithic alumina is presented in Table 2.4:

Table 2.4: Thermal and electrical properties of alumina (Al.03)

Coefficient = Thermal Specific Thermal Electrical Dielectric Dielectric

of thermal conductivity  heat shock  resistivity constant  strength Ref.
expansion (W/m.K) at capacity resistance at20°C (kV/mm)
(10% /K) 20°C J/kg.K) (K) Q.cm
8.5 30 900 190 10%- 101 - >25 [92]
8.3 29 900 180 10 - 19 [108]
- 33 800 - >101 - >30 [92]

5.8 41.9 753 - >1016 7.5-10.5 17 [109]
8.0 28-35 - - >101 9-10 10-35  [109]
8.0 34 780 - >101 9.9 15 [92]
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2.4 Alumina Matrix Nanocomposites

Alumina matrix nanocomposite is a type of oxide-based CMCs that combines a monolithic
alumina (Al,O3) ceramic matrix with at least one nano-scale reinforcement phase (<100nm) or
additives with nanometric dimensions. Through microstructural tailoring and design, the inclusion
of nanometric reinforcement materials to the alumina ceramic matrix confers superior physical
(thermal and electrical), mechanical and biomedical properties and functionalities relative to the
pure or monolithic alumina structure [20][25]. The concept of ceramic structural design to form
nanocomposite systems was introduced in 1991 by K. Niihara [110]. Figure 2.8 shows the
distribution of various nano-phase reinforcement with different geometries in a typical ceramic
matrix ranging from nano-fillers (nanospheres and nanoparticles), fibers and particulate powders
[20]. The nanometric reinforcement phases commonly used for alumina matrix include carbon-
based nanostructures (carbon nanotube, graphene, nanofibers), zirconia nanoparticles (npZrO)
and silicon carbide nanoparticles (npSiC) [20][25]. These low-density reinforcement particles
enhance the fracture toughness and other mechanical and physical properties of alumina-based
nanocomposites whilst maintaining their desirable lightweight attributes. The enhanced properties
of the nanocomposites are dependent on several factors such as initial powder/particle size, particle
distribution within the matrix, amount of the reinforcement phases (wt%, vol%), final grain
structure, interfacial interactions between matrix and the reinforcement particles and active
toughening mechanisms [111]. The dispersion of reinforcement particles within the alumina
ceramic matrix is accomplished through the utilization of nanocomposite fabrication and sintering

techniques, which closely resemble the processing method employed for monolithic ceramics.

A B C

TR S T
e k )

Figure 2.8: Distribution of different reinforcement morphologies illustrating the dispersion of

(a) particulates (b) elongated/fiber and (c) platelet-like nano-reinforcement particles within

ceramic matrix grains and on grain boundaries [20].
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2.4.1 Properties of Alumina Matrix Nanocomposites
The addition of different nano-reinforcement materials with specific physical and mechanical

properties to alumina matrix confers exceptional properties to the nanocomposites for wide range
of applications including cutting tools, wear-resistant coatings, biomedical, defense and aerospace
components. The improved mechanical strength, hardness, fracture toughness, wear resistance,
chemical stability, high-temperature resistance, thermal and electrical properties compared to pure
monolithic alumina is credited to the inherent nature of inclusions, matrix microstructure and
mechanisms introduced by the nano-reinforcement structures. The effect on the nano-
reinforcement particles on the properties of alumina matrix nanocomposites is dependent mainly

on the distribution and optimum amount of the reinforcement within the alumina matrix.

The final grain structure with the inclusion of nano-reinforcement phases is essential for the bulk
property enhancement of processed alumina matrix nanocomposite. According to the Hall-Petch
phenomenon, the mechanical attributes such as strength and microhardness have inverse
relationship with the grain size of the structural material, as presented in equation (2.4) below

[112]:

k

05:%"‘\/_3

(2.4)

where o represents strength, g, is the yield stress, k is a constant and d represents the grain size
the polycrystalline or nanocrystalline material. The anticipated increased strength in alumina and
ceramic nanocomposite structures can be attributed to the load-transfer and load-bearing
capabilities of nanostructures including carbon nanotubes, graphene and nanofibers. The
dissemination of applied load and stress to the surrounding matrix structure leads to increased
strength properties in alumina-based nanocomposites [20][113]. Other micro-strengthening
mechanisms such as dislocation motion inhibition and obstruction by reinforcement particles at
convenient sites within the matrix grains, as well as the grain boundaries, enhance the flexural and
bending strength properties of the nanocomposites. These strengthening mechanisms is also
associated with intergranular (along grain boundary) and transgranular (within grains) fracture
modes which is predominant in alumina and ceramic nanocomposite systems [113]. The presence
of a robust interface facilitates efficient load transfer between the reinforcement and the matrix,
thereby reducing the occurrence of interfacial debonding or failure. This, in turn, enhances the

overall strength of the ceramic nanocomposite structure [41].
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However, the fracture toughness property of ceramic nanocomposites is not always dependent on
grain size and grain structure of the matrix but rather on the toughening mechanisms and interfacial
response in the presence of applied load. Fracture toughness can be defined as the capacity of a
material or nanocomposite system to absorb energy in the presence of a flaw or crack without
experiencing failure. Brittle ceramics such as monolithic alumina experiences little or no plastic
deformation and exhibit catastrophic failure in the presence of propagating crack due to low
resistance to crack propagation. The critical crack which results in failure of brittle ceramics such
as alumina is characterized by the stress intensity factor expressed by Griffith’s relation in equation

2.5 below [114]:
Kic =0 XY Xm-a (2.5)

where K is the fracture toughness, of represents the critical stress, ¥ denotes the calibration factor

which is dependent on configuration of the crack and loading geometry, and a is the crack
size/length. The dispersion of nano-reinforcement materials such as zirconia, graphene and carbon
nanotubes produce better resistance and impedance to crack initiation, growth and propagation
within the alumina matrix material, and consequently result in higher fracture toughness properties
as compared to the monolithic matrix. Predominant toughening mechanisms including crack
deflection, crack bridging, micro-cracking, crack branching and phase transformation toughening
are achieved by the inclusion of optimum amount of the nano-reinforcement phases in the

nanocomposite system [40][41][113].

Alumina matrix nanocomposite structures also exhibit improved thermal and electrical properties
with the addition of carbon-based nanostructures such as graphene, carbon nanotubes and carbon
fibers. The addition of thermally and electrically conductive nano-reinforcements forms heat
transfer and electrical pathways within alumina ceramic matrix for efficient transport of thermal
(heat transfer and dissipation) and electrical charges. The enhanced thermal and electrical

conductivity makes these nanocomposites suitable for applications in the thermal and electronic

industries [115][116].

The lubricating properties coupled with excellent mechanical attributes of nana-reinforcements
such as graphene, carbon nanotubes and zirconia can also result in good tribo-mechanical

performance of alumina-based nanocomposites. The dispersion of the nano-reinforcement
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particles act as barriers to minimize friction, surface deformations and abrasions by effectively
transporting and distributing load or wear-induced stresses during localized sliding, which
enhances the overall wear resistance of the nanocomposite system and improves their tribological

performances [36][117].

Summary of mechanical, tribo-mechanical, thermal and electrical properties of fabricated alumina

matrix nanocomposites is illustrated in Table 2.5.

Table 2.5: Summary of reported properties of fabricated alumina (Al>O3) matrix
nanocomposites

Mechanical Properties

Processing Alumina matrix  Grain size Hardness  Fracture Flexural
conditions Nanocomposite (um) (GPa) toughness  strength Refs.

(MPa.m'?) (MPa)

Hot pressing ~ Monolithic Al2O3 0.99 ~19.8 ~4.5 ~470
(HP) ALO; +GN(1wt%)  0.55(44%l) 21.3(7.6%T) 7.4(65%7T) 764(55%T) [118]
@ 1550°C  ALO3; +GNQBwt%) 0.86(13%l) ~16(19%l) ~4.8(7%T) ~560(19%7)
Pressureless Monolithic Al2O3 1.4 14.3 4.2 425
sintering  ALO3;+CNT(0.1wt%) 1.1(21%!) 15.2(6.3%T) 4.3(2.3%T) 439(3.3%T) [120]
@ 1600°C  ALOs+CNT(0.5wt%) 0.98(30%1) 15.7(9.7%1) 4.8(4.7%T) 443(4.2%T)
Pressureless Monolithic A[,Os 1.4 14.3 4.2 425 [120]
@ 1600°C  ALO3+ZrO2(20wt%) 1.2(14%!) 12.4(13%1) 4.6(9.5%7T) 403(5.1%l)

Hot pressing ~ Monolithic Al,0O3 28 14.8 2.8 220 [121]
@ 1550°C ALO3+SIC(5wt%) ~8(71%1) 20.8(41%T) 5.9(111%T) 230(4.5%T7)

Thermal and Electrical Properties

Processing Alumina matrix  Grain size Electrical Thermal  Thermal

conditions Nanocomposite (um)  conductivity conductivity diffusivity Refs.
(S/m) (W/m.K) (cm?/s)
Hot pressing Monolithic Al,O3 1.4 106 28 0.093

@ 1350°C  ALOs+SiC(10vol%) 2.2 (57%1) 107 (105%1) ~32 (14%7) 0.11(18%1) [122]
ALO3+SIC(20vol%) 1.5 (7%T) 107 (10°%T)  ~40 (42%1) 0.14(51%1)

32



Spark plasma ~ Monolithic ALLO; 3 - ~21 0.54

sintering  ALO3+GN(0.5Wt%) ~1 (67%l!) - ~30 (43%T) ~0.78(44%T7) [123]

1500°C ALO;+GN(Q2wt%)  ~1(67%)) - ~27 (29%T) ~0.72(8%T)

Spark plasma ~ Monolithic ALO; 0.89 - - -

sintering ALO3+GN(0.58wt%) 0.47(47%1) 0.85%10? - - [124]

@ 1375°C  ALO3+GN(0.77wt%) 0.46(48%l) 1.84x10? - -

Hot pressing Monolithic Al,O3 2.15 1013 32.7 -

@ 1550°C  ALO3;+CNT(0.5wt%) 0.4(81%1) 10'3(10'%T) 25.5(22%) - [125]
ALOs+CNT(1.5wt%) 0.26(88%!) 102 (10'7%T) 22.5(31%) -

Sintering Monolithic Al,O3 - - 24 0.0108 [126]

@ 1350°C ALO3+ZrO2(20wt%) - - 15(38%1) 0.014(30%T)

Tribo-mechanical properties

Processing Alumina matrix Grainsize Coefficient Wear mass Wear

conditions Nanocomposite (um) of friction loss volume loss Refs.
(COF) (1g) (mm?)
Hot pressing ~ Monolithic Al,O3 1.3 0.5 ~32.5 -
@ 1600°C ALOs+CNT(2wt%) 0.45(65%!) 0.47(6%1) ~17(47%]) - [127]
ALO3+CNT(Swt%)  0.37(72%!) 0.43(14%l) ~11(66%!) -
Sintering Monolithic Al2O3 1.8 0.68 - ~0.95 [128]
@1300°C AbLO3;+ZrOx(15wt%) 0.8(72%!) 0.67(14%l) - ~0.1(89%1)
Spark plasma  Monolithic Al2O3 0.96 0.45 - ~0.17
sintering ALO3+GN(0.5v0l%) 0.80(17%L) 0.35(22%!) - 0.06(53%!) [129]

@ 1400°C  ALO3+GN(5vol%)  0.77(20%) 0.5(11%1) - ~0.3(76%)

NB: %T denotes percentage increase, %! denotes percentage decrease, Al,O3 denotes alumina,

GN denotes graphene, CNT denotes carbon nanotubes, ZrO: denotes Zirconia, SiC denotes silicon

carbide.

2.4.2 Potential Applications of Alumina Matrix Composites and Nanocomposites
Alumina matrix nanocomposite as an advanced material merits wide range of applications in

current and future applications. These applications include but not limited to cutting tools,
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aerospace, automotive, ballistic and defense, electronics, chemical, biomedical, energy and power

generation and environmental. Through the deliberate design and customization of the

microstructure of the monolithic alumina matrix, incorporating nano-reinforcement structures, a

diverse range of physical, mechanical, and tribological properties can be achieved. These enhanced

properties make these nanocomposite systems well-suited for structural and multifunctional

applications. Therefore, the specific application of nanocomposites relies on the selection of the

appropriate nano-reinforcement material. Figure 2.9 presents a depiction of different nano-

reinforcements employed in alumina matrix nanocomposites along with their potential

applications.
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Figure 2.9: Potential applications of alumina matrix nanocomposites [130][131][132][133]
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2.5 Fabrication Approach of Alumina Matrix Nanocomposites
Manufacturing of alumina (Al,O3) matrix nanocomposites which involves the dispersion of nano-

reinforcement materials within the alumina matrix follows similar powder route as monolithic
alumina fabrication. The quality of the final nanocomposite structure depends on the concentration
of the nano-reinforcements and their dispersion approach, the consolidation and final sintering
technique. Effective dispersion of nano-reinforcements in alumina and other ceramic matrices lead
to high density structures with improved mechanical properties. Over the years, dispersion issues
including agglomeration have been identified with nanometric additives such as graphene and
carbon nanotubes [134][111]. High agglomeration due to van der Waals forces within these
carbon-based nanostructures results in inhomogeneous dispersions leading to porosities and
defects after sintering. In addition, the high surface area and aspect ratio of carbon nanotubes and
graphene, although advantageous in certain aspects, pose a significant challenge in terms of
achieving proper dispersion. This limitation has prompted the exploration of various techniques
aimed at enhancing the dispersion of graphene, ultimately facilitating effective load transfer from
the ceramic matrix to the graphene nanofillers [134][135][136]. Hence, mixing and consolidation
methods are essential in dictating the final structural integrity and properties of alumina-based

nanocomposites. Figure 2.10 summarizes fabrication approach for alumina and ceramic-based

nanocomposites.
[ Dispersion methods ]4— —»[Processing techniques]
e Ultrasonication e C(Colloidal mixing
e Stirring e Sol-gel processing
e Ball milling Fabrication methods e Molecular level mixing
of alumina matrix e Polymeric derived ceramic
nanocomposites

e Hot pressing (HP)

e Hot isostatic pressing (HIP)
e Spark plasma sintering (SPS)
e Microwave sintering (MS)

—»[ Sintering techniques ]

Figure 2.10: Fabrication methods for alumina-based nanocomposites
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2.5.1 Colloidal Processing Method
Colloidal processing is a wet method employed to consolidate particles with a high density and

achieve a homogeneous microstructure. This is accomplished by controlling the interparticle
interaction within a suspension. Colloidal processing has been used in recent years to fabricate
alumina and ceramic-based nanocomposites to produce high performance nanocomposite
structures with high degree of microstructural homogeneity and minimum defects from the mixing
to the green compact stage [137]. A multiphase system is formed by dispersing one or more phases
(normally in powder form) in liquids for either direct consolidation of the suspensions or as an
intermediate step for subsequent processing operations. The size of the dispersed phase typically
falls within the nanometer (10 m) to micrometer (10 m) range, making colloidal dispersions
predominantly composed of large molecules and/or small particles. The interface between the
dispersed phase and the dispersing medium plays a critical role in determining surface properties,
such as adsorption, surface charge, and electrical double layer. In colloidal suspensions, particles
are dispersed within a surrounding medium, and the overall interaction involves particle-particle
interactions, as well as interactions between the medium and particles or between different
components of the medium [138][139]. Typically, a colloidal process for alumina and ceramic-
based nanocomposites involves five stages: (i) powder synthesis (ii) preparation of suspension (iii)
consolidation into desired shape and geometry (iv) solvent phase removal and (v) densification
process to produce final microstructure [140][141]. Figure 2.11 illustrates colloidal processing of

ceramic matrix nanocomposites.

Water/Solvent ‘ I '

Dispersion Drying

(sonication, Ceramic +

chemical- Densification CNTs-CMCs

oxidation etc...) ‘ + pellet
CNT nanofluid Ceramic Powder Sintering

Figure 2.11: Schematic diagram of colloidal processing illustrating the dispersion of CNTs into
CNT suspension and ceramic powder mixed for densification and sintering into CNTs-CMCs

pellets [142].
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2.5.2 Sintering Techniques for Alumina Matrix Nanocomposites
Final bulk alumina matrix nanocomposite structure with high density is achieved using high

temperature sintering techniques. Achieving full or nearly full density during the sintering of
nanocomposite powders without significant grain growth remains a considerable practical
challenge. In alumina and other ceramic-based nanocomposites, conventional sintering techniques
that require high temperatures (~1300°C-1600°C) for complete densification often led to the
formation of large grain sizes. Sintering parameters such as applied pressure, temperature, powder
size and time have been optimized via several sintering techniques to overcome this densification
challenge during sintering of ceramic nanocomposites [111][143]. Hot pressing (HP), hot isostatic
pressing (HIP), spark plasma sintering (SPS) and microwave sintering have been adapted in recent
years to achieve high densification and limited grain growth in alumina and oxide ceramic
nanocomposites. The identified sintering parameters can be applied simultaneously to achieve a
fully dense nanocomposite structure for high performance applications. The mechanisms during
sintering such as driving force and mass diffusion is similar to that of the monolithic ceramic
previously discussed in section 2.3.4. However, the rate of these mechanisms including diffusion
rate are influenced by the addition of the nano-reinforcement dispersed within the matrix material.
The choice of the sintering method is dependent on cost, nanocomposite material, conditions of

sintering and availability of sintering equipment.

2.5.2.1 Hot Pressing (HP)
Hot pressing is widely employed as the primary technique for manufacturing dense, non-oxide

monolithic ceramics and their composites. Hot-pressing techniques typically require demanding
processing conditions, which involve high temperatures (around 1600°C), high pressure, and
extended holding times ranging from minutes to hours. These conditions are necessary to achieve
effective densification of the nanocomposite material [88]. During hot pressing, both temperature
and pressure are applied simultaneously to the powder compact within a die. Induction coils and a
graphite die are commonly used for heating, while hydraulic systems are often employed for
applying pressure. The application of pressure leads to the development of high stress at the contact
points between particles, which in turn increases local diffusion rates. Various factors including
particle size, temperature, pressure, heating rate, and holding time influence the density and

microstructure of the hot-pressed compacts. It is important to note that a controlled atmosphere is
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typically necessary for hot pressing non-oxide materials to limit contamination and reaction in the

chamber [111][144][145]. Figure 2.12 presents a schematic representation of hot-pressing.
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Figure 2.12: Schematic illustration of hot-pressing sintering technique used for alumina matrix

nanocomposites [146].

2.5.2.2 Spark Plasma Sintering

Spark Plasma Sintering (SPS) has gained significant attention in the past two decades due to its
exceptional effectiveness in achieving rapid sintering and densification. It has proven particularly
advantageous for materials that are challenging to sinter, including highly refractory materials,
metastable phases, and nanomaterials. SPS technique involves the simultaneous application of
uniaxial pressure and high-intensity, low-voltage, pulsed current. It can be viewed as a
modification of hot pressing, where the traditional furnace is replaced by a mold that contains the
sample [147]. The mold and the sample are directly heated by the current passing through them
during the SPS process. The design of the direct current heating in SPS enables higher ramp rates
and shorter holding times, which are crucial for preserving the fine microstructure of the starting
powder in the final sintered nanocomposite [148]. The SPS technique can be applied to both
conducting and non-conducting composites to achieve a poreless state under optimal sintering

conditions. In the case of a high-resistance powder, a significant portion of the current passes
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through the conductive die, resulting in minimal direct current Joule heating of the sample itself.

Figure 2.13 illustrates the spark plasma sintering (SPS) technique.

‘ Uniaxial pressure Graphite punch

Pulsed DC
Graphite die

Lattice filled by powder
Pyrometer or Thermocouple

t Punch compression
Figure 2.13: Schematic illustration of spark plasma sintering technique used for alumina matrix

nanocomposites [149].

2.6 Properties of Zirconia (ZrOz) Reinforcements

Zirconia (ZrO») is a highly desirable structural ceramic that is frequently employed to enhance the
fracture toughness of structural alumina. The superior fracture toughness, low thermal and ionic
conductivity, as well as its biocompatibility, make zirconia ceramic an appealing choice for a wide
range of applications. These properties also make it an attractive reinforcement phase when
combined with alumina [150]. In addition to restraining the abnormal grain growth of alumina
during sintering, the inclusion of the zirconia particles also provides the improved strength and
toughness of alumina (Kjc from 3-8MPa.m'?) in the form of phase transformation [151][152]. The
metastable tetragonal to monoclinic phase transformation (t-ZrO; to m-ZrO,) of the added zirconia
reinforcements is accompanied with substantial volume expansion (about 3-5%) which causes
constraint of the matrix grains and provide toughening effect to the composites [153][154]. The
level of increase in the fracture toughness property of alumina/zirconia composites is however
dependent on the distribution of the zirconia particles, grain size of the particulate zirconia phase

and the concentration of the zirconia added [150][155]. Figure 2.14 shows the distribution of ZrO»
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reinforcement materials within alumina (Al>O3) matrix. Homogeneous dispersion of an optimum
amount (>8vol%) of zirconia phases within alumina have been reported by several studies to yield
significant increase in the fracture toughness and other mechanical properties of the fabricated
composites [156][157]. A sufficient amount of zirconia incorporated within the alumina provide
substantial inhibition of the matrix grain movements during sintering and decrease the grain size,
as reported by several works [156]. Rao et al used co-precipitation route to prepare ZrO»-Al,03
composites and estimated the fracture toughness (Kc) value using the Vickers micro-indentation
method, and recorded an increase from 4.45MPa.m'?to about 7.6MPa.m'?> when 10wt%ZrO, was
added to the alumina matrix. The 71% improvement in the toughness was attributed to the fine
distribution of the ZrO phase and smaller grain size of the matrix [157]. Ganesh et al also reported
an approximate increase in fracture toughness up to 7.38MPa.m'? in zirconia toughened alumina
(ZTA) composites prepared by gel casting method with different zirconia compositions (30wt%
and 60wt%ZrO,) [158]. Naglieri et al also studied the mechanical properties of alumina-zirconia
composites (with ZrO, amounts varying from 5-20vol%), which were prepared using a
combination of wet chemical method and pressureless sintering at 1500 °C for 60 minutes. The
composite with 10vol%ZrO, had the highest fracture toughness value with finer grains as
compared to the 5vol%ZrO; which recorded the lowest toughness due to the coarsened

microstructure [159].

Figure 2.14: Microstructure of Al,03-ZrO> nanocomposite system showing distribution of ZrO»

particles within the matrix [159].

40



2.6.1 Toughening Effect of Zirconia (Zr0O;) in Alumina-Zirconia Nanocomposites

The toughening influence in zirconia (ZrO2) ceramic make it an essential reinforcement material
for alumina matrix nanocomposites. The relatively high toughness exhibited by ZrO, can be
attributed to its inherent toughening mechanisms, which are closely associated with its metastable
phase. As a polymorphic ceramic material, monolithic ZrO> can exist in 3 crystalline phases
namely: monoclinic, tetragonal and cubic (Figure 2.15) [153]. Phase transformations occur in the
presence of temperature or applied stress. In its unmodified state, ZrO, undergoes crystallization
in a specific sequence during cooling from high temperature. Initially, it crystalizes in the cubic
phase (c-ZrO.) at temperatures below 2,680°C. As the temperature decreases further, it undergoes
a transformation to the tetragonal phase (t-ZrO;) at 2,370°C. Lastly, at temperatures below
1,770°C, it transitions to the monoclinic phase (m-ZrO;) [153][154]. However, in the presence of
crack or applied stress, the localized transformation results in toughening. This is known as stress-

induced transformation toughening. The phase transformation from the metastable t-ZrO- to the

1,770 °C
e

4% volume
expansion

Cubic (c) phase Tetragonal (t) phase Monoclinic (m) phase

Figure 2.15: Temperature dependent polymorphic phases in ZrO, [153].

stable monoclinic structure (m-ZrO:) under the influence of mechanical stress/propagating crack
front is accompanied by volume expansion (~4%) and a shear strain. This process can induce a net
compressive force in the surrounding zone of the propagating crack tip (Figure 2.16). This
mechanism hinders the propagation of cracks and enhances the overall toughness of the

AlO3-ZrO; nanocomposite systems [160].
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Figure 2.16: Transformation toughening of ZrO> in the presence of crack [153].

2.6.2 Deteriorating Effect of ZrO: Addition to Alumina Matrix Nanocomposites

Even though the ideal composition of added ZrO> (8vol% and above) within the monolithic Al>O3
matrix yields improved toughness and strength, other mechanical properties accompanied such as
hardness, strength and wear resistant properties are not necessarily improved relative to that of the
monolithic Al,O3 [159][161][162]. In the work of Naglieri et al, it was shown that the Vickers
hardness decreased gradually with the addition of ZrO; with compositions from 10-20vol% despite
the significant improvement in matrix grain refinement and fracture toughness. The addition of
5vol%ZrO; rather had the highest hardness value regardless of the larger Al,O3 grain size recorded
[159]. Also, Ifthikar et al recently prepared Al.O3-ZrO> nanocomposites and reported a fairly small
decrease in the hardness of Al203-8vol%ZrO2 even though the fracture toughness was largely
enhanced. He suggested that microstructural defects and the ZrO»/Al>Os interfacial micro-cracking
might be the possible cause of the decline in the hardness property [163]. Clearly, the effect of
these nano-phase particles on the microstructure and its direct influence on the mechanical
properties are still not very well understood, even though extensive studies have been carried out

on Al,03-ZrO> matrix composites.
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2.7 Properties of Graphene and Carbon Nanotube Reinforcements

The addition of carbon-based materials such as graphene and carbon nanotubes have been used
recently to reinforce alumina matrix. Exceptional properties of two-dimensional (2D) graphene
including high stiffness (~1TPa) and strength (up to 130GPa), good flexibility, low density, higher
electrical and thermal conductivity and higher surface area (~2600 m?/g) makes it a potential
nanofiller for producing tough, wear resistant and electrically conductive alumina composites for
industrial applications [123][124][111]. Carbon nanotubes which are one-dimensional (1-D) rolled
graphene sheets also exhibit combined physical and mechanical properties such as high aspect
ratio (length/diameter aspect ratios of about 1250-3750 is typical for MWCNTs), tensile strength
(20-100GPa), high thermal (>3000W/mK) and electrical (>10° S/m) conductivity, high Young’s
modulus (up to 1000GPa) which presents significant toughening in ceramic structures [32]
[90][115]. In the last decades, the addition of these nano-scale reinforcements in alumina-based
composites have become an interesting field due to their effect on the matrix grain structure and
the enhanced mechanical properties generated. For example, reports have shown that the addition
of low content of carbon nanotubes (<2wt%) results in fine-grained structure with improved
mechanical properties. It is also perceived that the addition of certain amounts of graphene (less
than 1.0wt%) refines the matrix grain structure and improves the wear resistance and mechanical

properties [164][165][166].

Figure 2.17: Structure of (a) graphene and (b) carbon nanotube [9]

2.7.1 Toughening Effect of Graphene and Carbon Nanotubes in Alumina Nanocomposites
Carbon-based nano-reinforcements such as graphene and carbon nanotubes have been widely used
to reinforce alumina ceramic due to their toughening and strengthening capabilities. The addition
of these nano-scale structures can activate these mechanisms and improve the interfacial bonding

with the matrix if an optimal amount (wt% and vol%) are used. The potential of these carbon-
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based additives to impart toughness, strength and improve electrical and thermal conductivity
increases the structural and multifunctional applications of ceramic matrix composites [167][168].
In recent years, the use of single addition of either graphene or CNTs within alumina matrix has
shown interesting results. More specifically, the enhancement in fracture toughness and bend
strength by these additives has piqued attention [20][169][170]. In addition, literature has reported
on various toughening mechanisms displayed by these individual carbon-based additives within
the ceramic matrix including crack bridging, graphene/CNTs pull-out, and crack deflection
[20][111]. For instance, Centeno et al demonstrated about 50% increase in fracture toughness of
alumina composite reinforced with 0.22wt% graphene. Crack bridging action by the graphene was
identified as the main phenomena for inducing toughening in the composite [171]. Further, the
pull-out and crack bridging mechanisms illustrated by CNTs (0—3vol%) in the alumina matrix
yielded improved fracture toughness (Kic) value up to 40% (from 3.32—4.68MPa'?), as
demonstrated in the work by Kim et al [172]. In a more recent study by Guo et al, both the fracture
toughness and bending strength of CNTs/alumina having different CNTs amounts (0-2wt%) were
evaluated using 3-point bending and Single Edge Notched Beam (SENB) tests. They reported
about 182% and 55% increment in the toughness and strength of the composite with 0.5wt% CNTs
concentration, as compared to the monolithic alumina. High load-bearing capacity, as well as CNT
pull-outs, and bridging of cracks within grains were outlined as the main toughening and
strengthening mechanisms in the fabricated CNTs/alumina composites [173]. Other literature
studies have however concluded a decline or comparable bulk fracture toughness values after
dispersing either graphene or carbon nanotubes within the Al,O3 matrix [174][175]. In Aguilar’s
report, after 0.05-0.1wt% of CNTs were added to pure alumina matrix to form alumina/CNTs
composites via pressureless sintering, both the hardness and toughness lowered, with the Kic
values declining up to about 41% [175]. A similar trend was also identified in alumina-GNPs
system incorporated with 1.33vol%GNPs by Liu et al, who realized no significant increment in
the hardness and Kic values [176]. In both reports, poor dispersion, agglomeration of GNPs and
CNT bundles, and pore formation restricted the toughening efficiency of the composites and its
constituents, which degraded the mechanical properties. Hence, it is obvious that the single
addition of either CNTs or GN to ceramic matrix have not yielded conclusive result. Figure 2.18

illustrates the toughening mechanisms of graphene and carbon nanotubes in alumina matrix.
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Figure 2.18: Demonstration of toughening effect of graphene and carbon nanotubes in alumina

and ceramic matrix nanocomposites [36].

2.7.2 Tribo-mechanical Effect of Graphene and Carbon Nanotubes in Alumina
Nanocomposites

The effect of graphene and carbon nanotubes on the wear and tribological properties of alumina
nanocomposite systems has also received enormous attention in recent years. In both carbon-based
systems, a carbon-rich tribofilm formed from the wear-induced action increases the wear response
of alumina and other ceramic-based nanocomposite structures by acting as a lubricant to protect
the contacting surfaces. This is also accustomed to the exceptional lubricating properties of
graphite which merits these carbon-based composites with high wear resistance [177]. Yazdani et
al added 0.5wt% of graphene to alumina matrix and achieved about 75% increase in the wear rate
with a 23% decrease in the friction coefficient. This was due to the formation of a smooth tribofilm
on the worn surface which decreased the friction between contact bodies when the low content
graphene was added [34]. Winarto et al also used a cold spray process on Al-Si surface to fabricate
alumina-CNT nanocomposites and recorded an improvement in both hardness and wear properties
with the addition of 2wt% CNT. A uniform distribution of the CNT particles with increased load-

bearing capacity contributed to the enhanced mechanical properties [178]. Gutierrez-Gonzalez et
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al. also reported about half the wear rate and ~10% decline in the coefficient of friction of alumina-
graphene composite, as compared to the parent alumina under similar reciprocating wear testing
conditions when 0.22wt% added to the matrix. This was ascribed to the presence of a self-
lubricating layer of the embedded graphene platelets that provided sufficient lubrication in the

alumina-graphene composite [179].

2.7.3 Deteriorating Effect of Graphene and Carbon Nanotube Addition to Alumina
Matrix Nanocomposites
Contrary to the improvements in mechanical and wear properties by the additions of these

nanofillers to a ceramic matrix, other studies have also shown that the individual additions result
in the depletion of the properties. The decline in both the physical and mechanical properties are
mainly due to the problems with homogeneous dispersion of the individual nano-scale additives
and their interfacial bonding with the matrix [180][181]. For instance, the Van der Waals forces
and large specific surface area of graphene nanoplatelets (GNPs) lead to inhomogeneity in the
dispersion by promoting agglomeration and limiting matrix-graphene interface bonding.
Agglomeration of carbon nanotubes and graphene in the reinforced nanostructures also limits their
effect on matrix grain refinement, weakens bond formation and hampers sintering activities to
produce denser structured composites [117][111]. In addition, graphene re-stacking which is
caused by the strong sheet-to-sheet Van Der Waals interactions tend to limit the inter-sheet contact
area and results in small gaps between sheets. This phenomenon reduces the active surface
properties of graphene and consequently leads to pore formation in the composite [182]. Bernal et
al reported about 8-40% decrease in the fracture toughness of A,O3-CNT composite with 0.1wt%
synthesized via spark plasma sintering (SPS). Agglomeration of the CNT, increased grain size and
weak interfacial bonding accounted for the decline in the fracture toughness [27]. Wang et al also
claimed a comparable fracture toughness value of alumina/CNT composite with the brittle
monolithic alumina, when reinforced with 10vol% CNT [183]. In the work of Ruthowski et al,
adding graphene content of more than 2wt% increases the material wear rates, which can be a
result of the graphene removal process and filling of voids by the wearing off of fine silicon nitride
particles on the track after the friction test [184]. Therefore, it is clear that the addition of single-
phase carbon-based nano-reinforcements (having various amounts) to the alumina matrix still

presents challenges that need further studies.
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2.8 State of the Art of Multiple and Hybrid Reinforcements used in Alumina
Matrix Nanocomposites

There is a growing interest in the utilization of hybrid and multiple reinforcements in alumina and
ceramic-based nanocomposites. In the case of alumina-based multi-material nanocomposites, at
least two nano-reinforcement phases can be incorporated simultaneously within the alumina
matrix. This approach leads to the development of improved physical and mechanical properties
compared to monolithic alumina and single-reinforced alumina-based nanocomposites.
Consequently, several research efforts have been made to concurrently reinforce these advanced
ceramic materials with carbon-based structures such as graphene and carbon nanotubes, aiming to
enhance their toughness. This concept is based on the belief that by combining the exceptional
properties of both graphene and carbon nanotubes, these ceramic structures can benefit from a
synergistic effect, resulting in superior performance for high-demand structural applications [185].
Other studies also suggest that the limitations of reinforcing a matrix with either GN or CNTs only,
such as agglomeration and graphene re-stacking can be minimized when both carbon-based
structures are combined in the matrix [33][186][182]. Figure 2.19 depicts the simultaneous
dispersion of graphene (GN) and carbon nanotubes (CNTs) within an alumina matrix. Up till now,
there have been few reports on the toughening effects of these multiple reinforcement phases
within the ceramic matrix. In the studies of Rahman et al, about 250% increase in fracture
toughness was achieved in consolidated alumina/Iwt%GNPs/0.5wt%CNTs nanocomposites,
which were prepared via spray drying followed by spark plasma sintering (SPS). The abrupt
toughness enhancement was associated with known toughening mechanisms such as CNT pull-
out, crack-bridging and deflection, CNT embedded graphene and CNT yarning [186]. In another
similar work, Yazdani et al utilized ultrasonication and hot-pressing to reinforce alumina-based
nanocomposites with both 0.5wt%GNPs and 1wt%CNTs, and reported about 63% and 18%
increase in the fracture toughness and flexural strength respectively, relative to the parent alumina.
Though there was no significant reduction in the grain size, the improved mechanical properties
were accustomed to the unique structural morphologies of the combined carbon-based materials,
and toughening effects including GNP pull-out, CNT pinning and pull-out, and CNT crack
bridging [187]. The concept of reinforcing ceramic matrices with multiple additives can, therefore,
offer drastic improvement to the mechanical properties. However, more studies are needed to

further understand the microstructural and mechanical performance of these novel ceramic-based
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multi-material nanocomposites. Research work focusing on the effect of selected optimal amount
of each nano-reinforcement to disperse within an alumina-based multi-material system is essential

to understand the synergistic effect of these nano-inclusions within the ceramic.

Figure 2.19: (a) Scanning electron microscopy (SEM) micrograph of hybrid additions of graphene
(GN) and carbon nanotubes (CNTs) (b) Transmission electron microscopy (TEM) showing the
distribution of both GN and CNTs within Al,O3 matrix [35].
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CHAPTER 3

EXPERIMENTAL PROCEDURES AND METHODOLOGY

3.1 Introduction
This chapter details the materials, experimental procedures and methods used in this research. The

fabrication procedure used for the alumina (Al,O3) matrix multi-material nanocomposites with the
identified optimum nano-reinforcement concentrations and sintering parameters are presented in
section 3.2. Colloidal mixing followed by hot-pressing sintering at high temperature (1600°C)
were used to consolidate and achieved near-dense bulk structural nanocomposites. The objective
of this research is to study the effect of these selected optimal nano-reinforcement amounts on the
microstructural evolution, mechanical, tribological, thermal and electrical properties of alumina
matrix. Hence, the systematic characterization of the microstructural, mechanical, tribological and
physical and functional properties of the alumina matrix nanocomposites is also detailed in

sections 3.3-3.5. Detailed experimental set-ups are also presented in this chapter.

3.2 Fabrication of Alumina Matrix Nanocomposites

Figure 3.1 below illustrates the flow process of the fabrication of the alumina (Al2O3) matrix multi-
material nanocomposites. The fabrication route adopted in this research is the colloidal mixing
route followed by hot-pressing sintering procedure. Selected amounts of zirconia (4wt% and
10wt%Zr0O,), graphene (0.5wt%GN) and carbon nanotubes (2wt%CNTs) were selected as the
nano-reinforcement phases for the alumina matrix after thorough literature studies. The as-
received a-alumina powder (commercially procured from Sigma Aldrich), having an average
particle size of <50nm and purity of 99.96% was uniformly dispersed in distilled water to form an
alumina suspension. The graphene was prepared from graphite oxide(GO), which was obtained
from fine graphite flakes using the Hummer's method discussed elsewhere [55]. The as-received
surface enhanced graphite flakes (Grade-3775, Asbury Graphite Mills Inc., NJ, USA) were first
chemically modified to graphite oxide (GO) followed by thermal exfoliation upon heating to
1600°C at 1000°C/min and 4.5x10? Torr pressure in an induction-heat furnace. Carbon nanotubes
(Multi-walled) with length 15um and diameter about 50nm were also obtained from MK Imprex,

Canada. To enhance interfacial bonding and remove impurities, the CNTs were functionalized by
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treating in acidic solution. The carbon nanotubes (CNTs) were subsequently suspended in distilled

water and subjected to continuous sonication to ensure their continuous dispersion.
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Figure 3.1: Flow diagram of hot-pressing technique used to fabricate alumina (Al,O3) matrix
nanocomposites with identified optimum nano-reinforcement materials

Concentrations of 4wt% and 10wt% of zirconia (<80 nm in diameter, Sigma Aldrich, UK),
0.5wt%graphene and 2wt%CNTs were separately dispersed in distilled water. A surfactant was
used together with ultrasonic vibrations to enhance uniform dispersion of both graphene and CNTs

by decreasing the Van der Waal’s attractive forces. The alumina slurry was added to both zirconia

and the carbon nanofiller suspensions whilst continuously stirred using ultra-sonication to obtain
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a homogeneous mixture. The slurry formed were then dried on a hot plate at temperatures between
120-150°C under sonication to obtain the powder mixture. Dried powder mixture was constantly
milled in a mortar to obtain very fine and uniform nanocomposite powders. Consolidation was
then carried out by hot-pressing in a graphite die at 1600°C at a constant 60 MPa pressures for 1
hour holding time. The final processed alumina-based nanocomposites which are rectangular
shaped with approximate dimensions of about 50mmX40mmX2mm were then subjected to

mechanical and microstructural characterization.

Table 3.1: Summary of prepared Alumina (Al20O3) matrix multi-material nanocomposites

Fabricated Hot-Pressed Alumina (Al>,O3) Alumina Zirconia Graphene Carbon

Matrix Nanocomposite Samples (ALO3) (Zr0O») (GN) Nanotubes

Matrix  (Wt%) (wt%) (CNTs)
(Wt%) (Wt%)

1. Monolithic/Pure Al,O3 (Aa) 0 0 0 0

2. Aa+4wt%ZrO; 96 4 0 0

3. Aa+10wt%ZrO; 90 10 0 0

4. Aa+0.5wt%GN 99.5 0 0.5 0

5. Aa+4wt%Zr02+0.5wt%GN 95.5 4 0.5 0

6. Aa+4wt%ZrO2+2wt%CNTs 94 4 0 2

7. Aa+10wt%ZrO,+0.5wt%GN 89.5 10 0.5 0

8. Aa+10wt%ZrO,+2wt%CNTs 88 10 0 2

9. Aa+10wt%ZrO>+0.5wt%GN+2wt%CNTs 87.5 10 0.5 2

3.3 Structural and Microstructural Characterization of Fabricated Alumina
Matrix Multi-Material Nanocomposites

The bulk as-sintered alumina (Al,O3) matrix multi-material nanocomposites were also subjected

to various characterization techniques to assess the effect of single, hybrid and multiple additions

of nano-reinforcement materials including graphene (GN), carbon nanotubes (CNTs) and zirconia

on the density, defects (porosity) and microstructural evolution of the alumina matrix. Various

characterization techniques via the scanning electron microscope (SEM), energy dispersive
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spectroscopy (EDS) and X-ray diffraction (XRD) have been used to determine the evolved
crystallite phases, structural morphology, topography, grain sizes and their distributions after the

high temperature sintering procedure.

3.3.1 Density and Relative Density Measurements

Bulk densities of the as-sintered nanocomposites were determined using the Archimedes method,
with distilled water as the medium of immersion. Relative density values were then estimated by
dividing the measured density by the theoretical density. Rule of mixture was used to calculate the
theoretical densities using literature density values of 3.97gem, 5.87gem™, 2.21gem™ and
1.85gcm™ for monolithic alumina (Al>O3), zirconia (ZrO>), Graphene(GN) and Carbon Nanotubes
(CNTs) respectively [35][189]. Figure 3.2 shows the experimental set-up for the density and

relative density estimation using the Archimedes principle.

Beaker with
distilled
water Basket for
weight in water
measurements

Figure 3.2: Experimental set-up for density and relative density measurements of fabricated
nanocomposites using Archimedes principle.
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3.3.2 X-Ray Diffraction (XRD) Analysis and Crystallite Phases

The different phase compositions of the sintered monolithic alumina and alumina-based multi-
material nanocomposites were detected using X-ray diffraction (XRD) (Rigaku Miniflex 600), as
shown in Figure 3.3. The XRD system was equipped with Cu-Ka radiation of A = 1.54056 A. XRD
patterns were collected in a 20 range from 5-110°, at a 1.4°/min scanning rate. Post-processing of
the XRD patterns was also done using MDI JADE 6.0 to identify the crystallite phases and their

corresponding planes.

The content of the monoclinic (m-ZrO) and tetragonal (#-ZrO;) were also determined and
compared to analyse the possible effect of GN and CNTs additions on the phase transformations
of the Al,0O3-ZrO> nanocomposites reinforced with ZrO, amounts (4wt% and 10wt%). The XRD
intensities were used to quantitatively estimate the m-ZrO; and #-ZrO> amounts in the alumina-
zirconia multi-material nanocomposites. The respective volume fractions were approximately

calculated using reflections of the various patterns coupled with equations proposed by Toraya and

Garvie below [190]:

(A1) +1,(111)]

M Iy (T11) + Iy (111)+1(111)] 3.1
_ 1311Xpy
Vin-zro, = 14+0.311X, 32

where X, is the integrated intensity ratio of the -m ZrO; phases, 1}, is the monoclinic ZrO phase
volume fraction, I,,,(111) and I,,,(111) are the intensities of the monoclinic phase at planes (111)
and (111) respectively, and ;,(111) denotes the tetragonal (111) reflection. The tetragonal

volume fraction (V;) was approximately estimated from the relation:
Vt—ZTOZ =1- Vm—ZrOZ 33

3.3.2.1 Crystallite Size Estimation from XRD Spectrum

The crystallite sizes of the fabricated monolithic Al,O3 and nanocomposite samples were estimated
from the XRD patterns by measuring the full width at half-maximum (FWHM) of the various
diffraction peaks within each sample. The measured FWHM values were coupled with Scherrer

equation below to calculate the crystallite sizes [191],

p =% 3.4

" Bcos 6
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where D is the crystallite size in nm, X is the crystallite shape factor, with a known value of ~0.9,
A represents the wavelength of the incident X-rays given as 0.154056nm, B is the FWHM value of

a specific diffraction peak in radians, and @ is the peak position (Bragg angle) in radians.

Intensity (Counts)

T s T 58
Position [*2Theta] (Cu K-alpha)

Figure 3.3: Illustration of X-ray diffraction (XRD) working principle [192]

3.3.3 Metallographic and Microstructural Analysis

The sintered multi-material nanocomposites were subjected to routine metallographic procedures
involving grinding using silicon carbide (SiC) pads (from 400grits up to 1200 grits) and polishing
down to 0.5um with a diamond suspension and polishing cloths. The polished sections of the
fabricated samples were also observed using a Field Emission Scanning Electron Microscope (FE-
SEM, Quanta 3D, Thermofisher) operating at an accelerating voltage of 10kV to reveal the
morphology of the grain and structural features of the prepared nanocomposites. Attached to the
SEM is an EDS detector which was used to analyse the chemical and elemental composition of
the multi-material nanocomposites. The distribution of the nano-reinforcements such as ZrO:
particles were also analysed in detail using a backscattered electron (BSE) imaging mode to give

contrast and topographical information.

3.3.4 Grain Size Estimation and Distributions
The AlO; matrix grain size and distributions within the sintered nanocomposites were also
estimated from the captured SEM micrographs via the linear intercept method, in conjunction with

image J software, according to the ASTM E112-13. At least 10 different micrographs were used
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for each nanocomposite sample and the mean grain size value recorded. The ZrO; grains were also

measured for each AlO3-ZrO; nanocomposites using similar technique described above.

3.4 Mechanical Property Characterization

3.4.1 Micro-Hardness Property

Vickers micro-hardness of the polished rectangular samples were also measured by means of a
diamond indenter installed on a Vickers microhardness tester (METLAB, Canada) (Figure 3.4).
The diamond indenter was used to apply a load of 9.807N (1 kg) on the flat sample surface at a
dwell time of 15s, in accordance with the ASTM C1327-15. The diagonal lengths of the diamond-
shaped indent made on the sample surface after removal of the indenter was measured by means
of an optical microscope attached to the microhardness equipment. The Vickers hardness (Hv) was

estimated according to equation:
Hv = 0.0018544 x (=) 3.5

where P is the applied load in N and d is the average diagonal length in mm. Ten separate
indentations were made using similar load and dwell time, at appreciable distance apart on the
sample surface to avoid cracks connecting and ensuring accuracy. Also, the indents were carefully

made at fresh regions without visible pores or cracks to prevent poor indent formation.

(b)
Light l?iamond
source indenter

Microscopic
camera

Pyramid
indent on
sample

Display

Figure 3.4: (a)Vickers micro-hardness tester (b)Schematic illustration of Vickers Hardness Testing
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3.4.2 Fracture Toughness Measurements

3.4.2.1 Fracture toughness (Kic): Single Edge Notched Beam (SENB) Test

Single edge notched beam (SENB) test (Figure 1(a)) was used to evaluate the fracture toughness
(Kic) values of the nanocomposites under ambient conditions using the Hybrid Rheometer
(Discovery 3, Canada) (Figure 3.5). A 30mm (length) X 2mm (width) X 2mm (thickness) was
used as the test sample, which was sectioned from the bulk fabricated nanocomposite. A notch was
created in the centre part of the test specimen with the aid of a diamond saw, having a typical
notch-depth ratio (a/W) of ~0.45—0.55 [187]. Three samples with similar geometry were tested
for each nanocomposite. A span length of 25mm and crosshead speed of 0.05mm/min were applied
to each test specimen during the test. The fracture toughness (Kic) was subsequently calculated

using the following equations [193][194]:

_ [ 3XLmaxXS 1/2
Ko = (Zomec?) x q1/2 x v 3.6
where L,,,, 1s the maximum applied load during fracture, S is the span length, B and W are the
width and thickness (height) of the test specimen respectively, a is the notch depth, « is the notch
ratio (a/W) and Y is a coefficient (calibration factor) estimated from the equation [193][194]:

_ 1.99-a(1-a)((2.15-3.93a+2.7a?)

Y (1+2a)(1-a)3/2

3.7
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Figure 3.5: (a) Schematic illustration and (b) experimental set-up for single edge notch beam

(SENB) test

3.4.2.2 Fracture Toughness (Kic): Direct Crack Measurement (DCM) Technique

Another method used to estimate the fracture toughness (Kic) is the direct crack measurement
(DCM) using various theoretical equations. The Kic values were calculated by measuring crack
extensions from the indents made on samples’ surface during the Vickers hardness measurements.
With the aid of an attached optical microscope and Image J software, the lengths of the emerging
cracks were determined for the indents made. The measured crack lengths were combined with

known theoretical equations to estimate the Kjc values as follows:

1.5
Niihara equation [195]: K,c = 0.203 (g) “H - a5 3.8

0.5 -15
Lawn equation [196]: K;c = 0.028(H - a®®) (S) . (5) 3.9

a
where a is half of the length of Vickers indent diagonal (mm), H is the Vickers microhardness
(GPa), c is the length of the measured crack (mm) from the crack tip to the center of the diamond-
shaped indent and E is the Young’s modulus estimated from rom literature values of Al>O3, ZrO»,
CNTs and GN. The results of the estimated Kic values from the SENB test and theoretical equation
(DCM) were also compared and discussed in this study.

Advancing
cracks from
indent

_ SEMHV:30.0KV. | WD:24838mm
View field: 461 ym Det: SE 100 pm
SEM MAG: 300 x Date(m/dly): 06/03/19 Performance in nanospace

Figure 3.6: Sample with emanating radial cracks from indent after micro-hardness test.
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3.4.3 Flexural/Bending Strength

The bending strength (af) of the nanocomposites was determined using the 3-point bending
configuration on the Hybrid rheometer (Discovery 3, Canada), as shown in Figure 1 (b). The
dimension of the test samples was S0mm (length) X 2mm (width) X 2mm (thickness). A bending
span of 40mm was used, with an axial loading speed of 0.5mm/min. Crack initiation and
subsequent fracture occurred at regions closer to the applied axial load during the bending. Three
different test samples were used for each fabricated nanocomposite and the bending strength
evaluated from the equation below [197]:

_ 3XPpaxXL

ar = S XbxhZ 3.10

where P, ., is the fracture load, L is the bending span, b and h denote the sample width and

thickness, respectively.

Figure 3.7: Experimental set-up for the 3-point bending test.

3.4.4 Analysis of Fractured Surfaces (Fractography)

To critically analyse the toughening mechanisms of the nano-reinforcements and the nature of
fracture of the Al,O3; nanocomposites, the fractured surfaces were studied under a high-resolution
field-emission scanning electron microscope (FE-SEM, Quanta-3D). The fractured surfaces of the

nanocomposites were mounted on an SEM angular mounts to expose the cross-section of the
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fractured surfaces within the SEM. These surfaces were also coated with the thin layer of platinum
to enhance conductivity and prevent charging in the SEM chamber. Detailed fractography of these
surfaces was conducted using both lower and higher resolutions (50x-100kx) in the FE-SEM to
elucidate and document the influence of the nano-reinforcements during bending and subsequent

fracture of the nanocomposites.

3.5 Tribological Property Characterization

3.5.1 Surfaces Roughness Measurements Prior to Wear Test

Prior to wear test, surface roughness of the polished composites was measured by a Non-contact
White Light Interferometry using a Bruker Contour GT Optical profilometer system. The surface
roughness of each specimen was investigated using the ISO 25178, which utilizes a high pass and
low pass filter to reveal the asperities of the polished composite surface. Ten separate
measurements were made on each sample surface over an area of 961x721 um? and the average

3D surface roughness value (Sa) was calculated.

Lens and
light
source

Power
controls

A

Figure 3.8: Bruker contour GT optical profilometer used for surface property measurements.

3.5.2 Ball on-Flat Reciprocating Wear Test
A ball-on-flat configuration (Figure 3.9) was used to conduct a dry sliding wear test on a flat

polished specimen using the UMT tribolab (Bruker Tribometer, Canada). The specimens were

59



prepared for the test in accordance with the conditions described in ASTM G133-10. A 9.525mm
diameter spherical silicon nitride (Si3N4) ball with purity of 99.9% and surface roughness (S.) of
5.11£0.25 nm was used as the counter body during the experiment. SizN4 against Al2O3 is one of
the ceramic-on-ceramic material combinations proposed for artificial joint or joint replacement.
The counter ball was cleaned in an ethanol ultrasonic bath for about Sminutes prior to the wear
test as prescribed by the standard. The ball was then secured in an appropriate customized holder
which was suspended normally to the specimen stage. The tip of the ball was closely examined to
prevent ball movements in the holder during the test. The finely polished alumina specimens with
dimensions (15mm X10mm X 2mm) was also cleaned ultrasonically and secured on the
reciprocating stage using a pair of rectangular holders to limit vibrations. A preload of SN was
applied to the SizN4 ball at the initiation of each test for 5s, to ensure smooth engagement of the
contact surfaces before the sliding and to ensure safe condition of the sensitive loading force
sensor. A constant normal load of 25N was applied to the stationary ball immediately after the pre-
load sequence for 1000s, using a to and fro sliding velocity of 100mm/s of the sample stage, which
represents the testing frequency of 0.5Hz according to the ASTM standard [198]. The stroke length
used was 10mm which gave a total sliding distance of 100m equivalent to 5000cycles which was

calculated according to equations 3.11 and 3.12 below:
Total sliding distance(m) = 0.002X t X f X L 3.11
Total number of cycles =t X f 3.12

where t is test time, f is oscillating frequency and L is stroke length. The experiment was repeated
three times on each sample surface by changing the position of the counterball and moving to an
unworn area on the sample surface. The test was conducted in a dry sliding condition at room
temperature of 2243 °C and relative humidity of 40-60%. The coefficient of friction (COF) and
frictional forces were determined from the tribometer at every 0.01s during the test operations.
Three separate tests were done for each sample and on unworn regions of the polished surface.

The mean coefficient of friction (COF) was estimated for all the 3 tests.

Post-wear testing analysis of each sample having wear tracks were carried out to determine the
volume loss and consequent wear rate of each sample. The optical profilometer was utilized to

generate the 2D and 3D wear track profiles in order to measure their wear width and depth. Prior
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to these measurements, the tracks covered with debris were thoroughly cleaned and dusted using
air pressure to reveal the true depth and width for accurate measurements. The wear rate (Wy) was

calculated using the relation in equation (9) [198].

Wy = — 3.13

with V as the volume loss (mm?®), F represents the applied load (N) and L is the total sliding
distance (m). The worn surfaces and wear debris of each nanocomposite were also studied after
the wear test using the FE-SEM, to determine various wear mechanisms during the dry sliding

tests.
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Figure 3.9: Illustration of ball-on-flat sliding wear test configuration according to ASTM G 133.

3.6 Functional Property Characterization

The functional properties of the fabricated alumina matrix multi-material nanocomposites were
also estimated to assess their electrical conductivities. This is essential to maximize the full
potential of carbon nano-reinforcements via the simultaneous dispersions of CNTs and GN within
the bulk alumina matrix. The prospect of achieving a stiffer, stronger and more electrically

conductive bulk AlO3; matrix structure by incorporating the exceptional properties of CNTs and
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GN can generate even wider spectrum of applications for demanding but extreme environmental

conditions.

3.6.1 Electrical Resistivity and Conductivity using Four-Point Probe

The electrical properties of the Al2O3; based multi-material nanocomposites were estimated by
measuring the electrical resistivity and conductivity. The electrical resistivity was measured using
the Four-Point Probe method. The experimental set-up for the four-point measurement is
illustrated in Figure 3.10. The four-point probe system (Lucas/Signatone Model SP4 4-Point Probe
Head, S-32 Test Stand) used for the experiment consists of four collinear probes made of tungsten
carbide (WC), with 1.016mm (0.040 inch) tip spacing and 0.254mm (0.010inch) tip radius. The
probes are mounted into the probe head and made to gently contact the sample surface. The
electrical resistivity is determined by passing direct electric current (Ip ) through the outer probes

and measuring the corresponding voltage (Vp) across the two inner probes.

Prior to the measurements, all samples were ground and polished to minimize undulated surfaces
and ensure good contact of probe tips with sample surface. The tips of the four probes were lowered
gently to contact the surface of the polished Al,O3 nanocomposite samples. A current measurement
of SmA was applied to the two outer probes by a precision DC current source (KEITHLY 2231A-
30-3 Triple Channel DC Power Supply), as illustrated in Figure 3.10. The applied current was
increased from S5mA to 35mA in a range of SmA for each measurement. Care was taken to ensure
a constant contact force applied between the probe pins and the sample surface for every
measurement. Every sample was measured 10 times and the corresponding DC voltage was
recorded by a multi-voltmeter (KEITHLY 2110 5 1/2 Digit Multimeter). Each of the ten
measurements is derived from three separate measurements, which were automatically executed
with a change in polarity between each single measurement. This procedure ensures that the
polarity or electrical charging does not influence the measured voltages. The average value of the
measured voltages was employed to calculate the bulk resistivity and conductivity of the
nanocomposites. This calculation was performed in accordance with Ohm's law and Smits' relation

[199], which incorporates a correction factor in equation 3.14 and 3.15 below:

p="T—-Tot-k=4532-7-t-k 3.14

n2

I <

3.15

D~
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current
source

Where p is the bulk resistivity ({.cm), o is the electrical conductivity (S/m), V denotes the voltage
measured between the two inner probes (v), I is the magnitude of the source current applied (A),
t represents the thickness of the sample (cm) and k denotes the correction factor, which is based

on the ratio of sample thickness (t) to probe spacing (d).

During the measurements, there were instances where the detectable voltage exceeded the
measurable range of the device due to high resistivity of the ceramic nanocomposites devoid of
carbon nano-structure additions, namely: Al,O3; matrix, Al,03-4wt%ZrO, and Al,O3-10wt%ZrO»
nanocomposites. An overflow reading was therefore detected. If so, the resistivity of these
nanocomposites was assumed to be 103 Q.cm according to literature [92][108]. This value

represents the limit of the measurement device and can be regarded as an approximation.
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Figure 3.10: Experimental set-up and schematic illustration for electrical conductivity

measurement using the Four-Point Probe.
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3.7 Interfacial Characterization using Transmission Electron Microscopy (TEM)

3.7.1 Preparation of Electron Transparent Lamella for TEM Analysis using Focused Ion
Beam (FIB) Milling

Details of the nature of the ceramic Al2O3 matrix and the nano-reinforcements’ interface at the
nano-scale are essential to assess the interfacial characteristics of fabricated nanocomposites. To
this effect, thin transparent lamellae were prepared for analysis on the transmission electron
microscope. The thin lamella was prepared using advanced focused ion beam (FIB) milling
technique. The focused ion beam (FIB) milling process is a highly precise and maskless nano-
fabrication technique utilized for creating 3D nano-structures, commonly referred to as lamella,
with a thickness of less than 200nm. This unique method involves gradually removing material
from a bulk sample through the application of a focused beam of ions (gallium ions) and sculpting
into a thin lamella for TEM characterization [200]. This method was adopted due to the difficulty
and limitation with conventional thin lamella preparation technique such as double-jet polishing
and ion milling, which can also cause distortion and damage to thin specimen [200]. The FIB
technique gives the flexibility to fabricate site-specific thin lamellae for TEM analysis without
inducing stresses, cracking and permanent damage to FIB specimen. For this study, the Helios 5
UC DualBeam FIB milling system (ThermoFisher Scientific, McMaster University, Canada) was
used to create the transparent lamella from the bulk Al,O3-10wt%ZrO2-0.5wt%GN-2wt%CNTs
sample. The Helios FIB-SEM uses high-resolution imaging and high material contrast to produce
fast and precise high-quality milling and deposition of complex structures with dimensions less
than 10nm. A site-specific step by step milling, lift-out and thinning during the FIB process is
illustrated in Figure 3.11.

The ceramic Al,O3 nanocomposite sample surface was initially gold (Au) sputtered (up to 15nm)
to make surface and region of interest conductive for imaging in the FIB-SEM system by
dissipating charges. Pt layer was deposited on the surface of interest with carbon nano-structure
distributions within the A1 O3 matrix using the gas injection system (GIS). The purpose of these
platinum stripes is to act as protective barriers for the sensitive regions of the sample during further
processing or imaging. By strategically placing the platinum stripes, potential damage or unwanted
interactions with the specimen's surface can be limited, allowing for more precise and controlled

manipulation in the FIB system. Following the Pt stripe, an amorphous thin carbon electron
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deposition with 15 kV and 13 nA was done. The carbon layer was deposited to protect the surface

from the ion beam before the thick W deposition, as the 15 nm of Au was not enough to protect
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Cut cross-section from
bulk specimen
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Section of specimen to grid
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cross-section
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Cut cross-section
from bulk
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Transparent
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Figure 3.11: Step-by-step lift-out process during focused ion beam (FIB) milling of ceramic

lamella.

the surface against the ion beam. As soon as the sample is loaded, a region of interest is located,

then locally a pad of amorphous carbon is deposited with the electron beam at a stage tilt of 0°.

This electron deposition happened at 15 kV first to allow any pores to get filled with carbon then
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an energy of 5 kV was used for the rest of the coating. Then a thick W pad is deposited with the
ion beam at a stage tilt of 52° (30 kV, 0.43nA). The thickness of the carbon layer is around 200
nm. It is noteworthy that the thickness of W was 5-6 um (thicker than needed for most TEM sample

preparations but it was necessary for the ceramic sample to planarize the surface.

A high current Ga beam was used to trench around the region of interest (30kV, 65 nA) to form a
thick membrane of the sample at a stage tilt of 52°. Then the beam current was decreased to 9.3nA
to get closer to the region of interest and continue trenching. Sample is then carefully lifted out
with a micromanipulator (microprobe) at a stage tilt of 0° and attached to a Cu grid, as
demonstrated in Fig 3.11. Sample is then thinned out with at a stage tilt of 52.7° from both sides
using a 30kV Ga beam with different beam currents. The thinner the sample gets, the lower the
beam current used. After thinning and reaching a thickness of 700 nm, some holes are filled with
W with the electron beam, 13 nA and 5 kV as thinning continued. TEM sample preparation was
concluded with a final cleaning step by exposing each side of the TEM lamella to a 2 kV and 0.19
nA Ga FIB beam for a few minutes per side. Redeposition of material is associated with FIB
milling and TEM sample prep. which can't be fully avoided. The purpose of the last cleaning step
is to clean the sample from both sides removing the damaged/amorphized layer due to the thinning
with the high energy Ga beam (30 kV) and to remove any redeposited material. Three separate
electron-transparent TEM windows were ion-milled in the FIB by thinning three sides of the

membrane.

3.7.2 Structural and Interfacial Characterization using Transmission Electron
Microscopy (TEM)
High resolution transmission electron microscopy (HRTEM) analysis carried out on the FIB

lamella (thin electron transparent sample, thickness < 200nm) using the Talos HRTEM (Canada)
operating at an accelerating voltage of 300kV. Different imaging modes of the TEM including
high resolution transmission electron microscopy (HRTEM), high-angle annular dark field
(HAADF), selected area electron diffraction (SAED), were used to observe and study the details
of the interface between Al,O3 matrix and multi-material reinforcements including zirconia
(ZrOz), graphene (GN) and carbon nanotubes (CNTs). Further analyses were done using the TEM
micrographs and the Gatan's Digital Micrograph software.
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CHAPTER 4

SUMMARY OF PUBLISHED JOURNAL PAPERS PRESENTED IN FULL IN

APPENDICES

4.1 Introduction

In this chapter, the summary of the published papers and prepared manuscripts related to this

research are presented. The purpose of this chapter is to provide a concise overview of the main

findings from each paper and how they contribute to the overall research objectives. These

published articles are presented in full detail in the Appendix section of this thesis for a

comprehensive understanding of my findings. By summarizing and relating these papers to the

research gaps and objectives outlined in Chapter 1, I aim to demonstrate the coherence and

significance of our research. This chapter serves as a critical link between our research work and

the broader context of the academic and scientific community. Below are the list of published

papers targeting the set objectives in this research:

II.

I1I.

S. H. Duntu, I. Ahmad, M. Islam, S. Boakye-Yiadom (2019) Effect of Graphene and
Zirconia on Microstructure and Tribological Behaviour of Alumina Matrix

Nanocomposites, Wear, 438-439, (https://doi.org/10.1016/j.wear.2019.203067).

S. H. Duntu, F. Tetteh, I. Ahmad, M. Islam, S. Boakye-Yiadom (2020)
Characterization of the Structure and Properties of Processed Alumina-Graphene and

Alumina-Zirconia Composites, Ceramic  International,  p. 135577,

(https://doi.org/10.1016/j.ceramint.2020.08.142).

S. H. Duntu, A. Eliasu, I. Ahmad, M. Islam, S. Boakye-Yiadom (2021), Synergistic
effect of Graphene and Carbon Nanotubes on Wear Behavior of Alumina-Zirconia

nanocomposites,  Materials =~ Characterization,  vol. 175, p.  111056.

(https://doi.org/10.1016/j.matchar.2021.111056).
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https://doi.org/10.1016/j.wear.2019.203067
https://doi.org/10.1016/j.ceramint.2020.08.142
https://doi.org/10.1016/j.ceramint.2020.08.142

IV. S. H. Duntu, K. Hukpati, I. Ahmad, M. Islam, S. Boakye-Yiadom (2022), Deformation
and Fracture Behaviour of Alumina-Zirconia Multi-Material Nanocomposites

Reinforced with Graphene and Carbon Nanotubes, Materials Science and Engineering

A, vol. 835, p. 142655, (https://doi.org/10.1016/j.msea.2022.142655).

V. S. H. Duntu, J. Agyapong, I. Ahmad, M. Islam, S. Boakye-Yiadom (2022), Combined
Effect of Low ZrO> Content and Carbon Nanostructures on Mechanical and Wear
Properties of Hot-Pressed AlLO3/ZrO, Hybrid Nanocomposites, Ceramics
International, vol. 48, p. 34803-34816, (https.//doi.org/10.1016/].ceramint.2022.08.069

VI.  S. H. Duntu, I. Ahmad, M. Islam, S. Boakye-Yiadom (2023), Hot-Pressed Alumina-
Based Nanocomposites: A Study of Effect of Multiple Reinforcement Particles on
Interfacial Behaviour, Residual Stress, Electrical and Thermal Properties (7o be

submitted: Materials Characterization).

The focus of this research is to develop, design and fabricate advanced ceramic alumina (Al>O3)-
based multi-material nanocomposites by dispersing nano-reinforcement phases such as zirconia
(ZrOy), graphene (GN) and carbon nanotubes (CNTs). To understand the effect of these multiple
nano-phase additives to the ceramic Al>Os, it was crucial to identify the concentration of these
nano-reinforcements with the potential to yield a high-performance structure with superior
mechanical properties and multi-functionalities. To bridge the identified gaps in Chapter 1 and
provide concise response to the research objectives, systematic studies were carried from design,
processing, microstructural, mechanical and functional characterization before and after subjecting
the processed nanocomposite structures to various experimental conditions. Objective 1 was
achieved by fabricating the alumina (Al20O3)-based multi-material nanocomposites using colloidal
mixing of the dispersing nano-phases coupled with identified optimum sintering conditions

(through literature studies) to yield a near-dense advanced ceramic nanocomposite structure.

In Paper I, we studied the effect of single additions of nano-reinforcement particles on the

microstructure and tribological properties of the Al,O3; matrix, which focuses on Objective 2 of
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this research. The alumina-based nanocomposites were fabricated by homogeneously dispersing
zirconia (4wt% and 10wt%) and graphene (0.5wt%) using colloidal mixing. The next step involved
hot-pressing the mixture at 1600°C for 1 hour. To understand the microstructure of the processed
nanocomposites, we extensively observed it under high-resolution electron microscopes
(FESEM). Additionally, we investigated the effects of zirconia (ZrO,) and graphene (GN) on the
mechanical and tribological properties of the nanocomposites. The microstructural analysis
revealed that the addition of 0.5wt%GN and 10wt% ZrO- led to extensive grain-refinement in the
parent alumina matrix. However, the introduction of 4wt% ZrO; resulted in a coarse-grain

microstructure due to insufficient inhibition of alumina grain growth during the sintering process.
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Figure 4.1: SEM micrographs of as-sintered (hot-pressed) samples under the same magnifications
illustrating AlbO3 matrix refinement with the addition of reinforcement materials (a) Pure Al,O3
with relatively coarse microstructure (b) Al,O3 with 0.5wt% graphene addition showing grain-
refinement of Al,O3 matrix (c) AlOs with 4wt% ZrO; with relatively coarse-grain structure (d)
ALO3 with 10wt%ZrO, showing a refined Al,O3 matrix. (e)-(f) Backscattered Electron SEM
micrographs showing ZrO phase distribution within Al>O3 matrix () A,O3 with 4wt% ZrO: (f)
ADLO3 with 10wt%ZrO> showing a relatively refined alumina matrix. (g)-(i) EDS mapping of
elements in Al,O3-ZrO; samples (g) overall mapped data (h) EDS mapping of element Al (i) EDS

mapping showing Zr elements and ZrO- distribution within the Al>O3 matrix.

For the tribological properties, we conducted wear tests using a UMT Tribolab equipment with a
constant normal load of 25N and a sliding velocity of 100mm/s for 1000 seconds, following the
ASTM G133-05 standard. Interestingly, we observed a steep increase in the coefficient of friction
for the addition of 4wt% zirconia, while a significant decrease was observed for the addition of
10wt% ZrO,. Consequently, the incorporation of 10wt%ZrO: led to an impressive ~98% reduction
in the wear rate, attributed to its refined microstructure and effective load-bearing properties due
to the uniformly dispersed ZrO; precipitates. On the other hand, the addition of 0.5wt% graphene
resulted in a fine-grained microstructure and a consequent lower wear rate of approximately
~90.5%. However, we noted a relative increase in the coefficient of friction with graphene
addition, suggesting a direct relationship between the microstructure and wear behavior rather than

the coefficient of friction itself.

In conclusion, our study demonstrated the significance of carefully controlling the nanocomposite
microstructure by incorporating optimal amounts of zirconia (ZrOz) and graphene (GN). These
findings shed light on the connection between microstructure and wear behavior, providing
valuable insights for the development of advanced alumina (Al>O3) matrix nanocomposites with

tailored mechanical and tribological properties.
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Figure 4.2: (A)-(a) 3D optical profile of full wear track using the optical profilometer (b) Graph of
wear rate (mm?>/N.m) variations of A>O3 nanocomposites. (B) SEM micrographs showing peeling
off within wear tracks (a) wear track of Pure Al2O3 with large and coarse peel-off and delamination

areas (b) AlbOz with 0.5wt%GN addition depicting small and very fine delamination areas within
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wear track (c¢) Al203-4wt%ZrO: with large delamination and peel-offs (d) ALO3-10wt%ZrO; with

relatively uniform worn surface

In Paper 11, we investigated the influence of the single additions on the microstructural evolution
and mechanical properties of fabricated AlO; nanocomposites. This paper also addresses
Objective 2 of this study. The evolving microstructure including defects such as porosity, and
mechanical properties of the hot-pressed Al2Os-graphene (0.5wt%GN) and Al203-ZrO: (4wt% and
10wt%) nanocomposites including, micro-hardness (Hv) and fracture toughness (Kic) were
studied (Figure 4.3A). For the Al,O3-ZrO> nanocomposites, we observed that the addition of
10wt%ZrO; resulted in a notable 23% reduction in the grain size of the AlO3 matrix. However,
the inclusion of 4wt%ZrO> led to a surprising 14% increase in grain size compared to the parent
AlO3 matrix. X-ray diffraction (XRD) analysis indicated that the Al,O3-4wt%ZrO; sample had
an approximately 85% monoclinic (m) and 15% tetragonal (t), while the Al2O3-10wt%ZrO>
sample had about 93% monoclinic (m) and 7% tetragonal (t) contents. The high volume fraction
of the monoclinic crystal structure in the AlO3-10wt%ZrO> sample explained the presence of
numerous cracks, as the transition from the ductile tetragonal to brittle monoclinic phase is

associated with the initiation and propagation of cracks.

One of the unique discoveries in this study is the mechanism of Al,O3; matrix grain refinement by
the ZrO> particles via phase transformation during sintering. The interactions between the matrix
grain and the phase transition mechanisms of ZrO> during sintering and cooling are essential to
the final grain structure, as illustrated in (Figure 4.3B). The sintering process involves the heating
and cooling of a material to create a cohesive structure. In this context, a reversible diffusionless
shear-type martensitic phase transformation occurs, changing the crystal structure of ZrO> from
monoclinic (m-ZrO,) to tetragonal (t-ZrO>) and vice versa. Initially, at room temperature, the
dispersed nanocomposite contains a stable m-ZrO; structure (Figure 4.3B-a). As temperature
increases during sintering, the transformation to t-ZrO. at approximately ~1170°C leads to a
decrease in volume, creating room for matrix grain growth (Figure 4.3B-b). At this stage, the
matrix can coalesce and form larger grains as high-temperature diffusion continues up to maximum

sintering temperature of 1600°C, in the presence of the transformed t-ZrO> (Figure 4.3B-c).
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Figure 4.3: (A) FE-SEM micrographs of nanocomposites illustrating apparent microstructural
defects (a) Pure AlbO3 showing large grains with micro-cracks (b) Al,O3 with 0.5wt% graphene
depicting micro pores (c) Al2O3 with 4wt%ZrO, showing a coarse microstructure (d) Al,O3 with
10wt%ZrO, showing micro-pores and grain boundary cracking. (B) Schematics of the effect of
tetragonal to monoclinic (z-m ZrQO;) transformation on matrix grain growth during sintering and
cooling.

During cooling, a tetragonal to monoclinic phase transformation (t-m ZrO:) occurs due to
cooperative changes in short and long-range interactions. The extent of this transformation and the
volume fraction of the transformed monoclinic phase (m-ZrO;) at the matrix grain boundaries
significantly impact the final grain structure of the Al2O3 matrix. Two scenarios are discussed
regarding the cooling phase and its effect on Al,O3; matrix grain size:

1. Scenario (dl): A high volume of monoclinic transformation during cooling causes
expansion, inducing high stress on the matrix boundaries, leading to the refinement of
AlLO3 grains as m-ZrO; expands. This explains the A,O3-10wt%ZrO> sample's behavior,
where most of the t-ZrO, transforms to m-ZrO> (93% monoclinic vs. 7% tetragonal),
resulting in higher induced stresses on the matrix grains and consequent reduction in grain
size of the AlO3; matrix.

2. Scenario (d2): In contrast, insufficient transformation of the monoclinic phase upon
cooling allows the matrix grains to continue growing and increasing in size. As a result,
more tetragonal phase is retained in the structure, leading to relatively lower inhibition of
matrix grain growth. This explains the larger grain size in the A,O3-4wt%ZrO; sample,
where there was a higher volume of t-ZrO> (85% monoclinic vs. 15% tetragonal) after
cooling.

The study also suggests that the limitation to Al2O3; matrix grain growth during sintering is due to
the increased grain boundary drag force caused by the added ZrO; particles (10wt%) on the matrix
grain boundaries. Overall, the phase transition mechanisms of ZrO; play a crucial role in
determining the grain growth behavior of the matrix materials during sintering, with different
transformation patterns leading to varied grain sizes and structures.

On the other hand, the incorporation of 0.5wt% graphene (GN) in the Al>O3 matrix resulted in
about a 37% reduction in the size of the alumina grains (Figure 4.3A-b). This addition also led to

an approximately 10% increase in hardness due to the distribution of graphene along the grain
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boundaries of the parent Al>O3 matrix, which effectively restricted grain coalescence and growth.
Furthermore, the inclusion of 0.5wt%GN and 10wt%ZrO- contributed to significant improvements
in the fracture toughness (Kic). The fracture toughness increased up to 115% with the addition of

0.5wt% graphene and 164% with 10wt%ZrO>. These enhancements were primarily attributed to
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Figure 4.4: (A) Graph showing the (a) the effect of Graphene and ZrO: on the Vickers micro-
hardness of fabricated nanocomposites (b) the effect of Graphene and ZrO, on the Fracture
toughness (Kic) of fabricated nanocomposites (B) FE-SEM micrographs of fractured surface of
(a) pure AlbO; matrix sample showing both intergranular and transgranular mode of fracture
(b) AlLO3-0.5wt% nanocomposite sample demonstrating both intergranular and transgranular
fracture behaviour (c) AlLO3-4wt%ZrO, depicting intergranular fracture and grain-boundary

cracking, with ductile fracture of the ZrO» precipitates

the fine-grained microstructures and toughening mechanisms of the intergranular graphene and
ZrO; particles. Notably, micro-crack toughening induced from ZrO: phase transition played a
crucial role in toughening the nanocomposites as illustrated in the fractography studies (Figure
4.4B). Overall, our study revealed valuable insights into the structural and mechanical properties
of Al,Os-graphene and Al,O3-ZrO; nanocomposites, highlighting the potential for tailoring these

materials for various advanced structural applications.

Paper III focuses on Objective 3 of this study, as identified in Chapter 1. In this study, we
described the simultaneous dispersion of multiple reinforcement nanoparticles such as graphene,
carbon nanotubes, and zirconia, within the alumina matrix. The article further delves into the
collective impact of these multi-material additives on matrix grain refinement, friction, and wear
behavior, as well as the synergistic mechanisms that arise from the simultaneous incorporation of
graphene, carbon nanotubes, and zirconia. The Al,O3 matrix multi-material nanocomposites were
developed and fabricated, reinforced with multiple nano-materials: zirconia (ZrO2), graphene
(GN), and carbon nanotubes (CNTs). The objective was to investigate the synergistic effect of
these multi-materials on microstructural evolution, mechanical properties, and tribological
behavior, particularly the wear mechanism. To prepare the samples, monolithic A>O3 and Al>Os3-
based nanocomposites with 10wt% ZrO2, 0.5wt%GN, and 2wt%CNTs were produced using the
colloidal mixing process and similar sintering conditions described in Chapter 3. The results were

then compared to the monolithic Al,O3 for benchmarking purposes.

The addition of 10wt%ZrO; alone led to about 25% decrease in matrix grain size, while the

combination of ZrO,, GN and CNTs resulted in a remarkable reduction in both the matrix and
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ZrO; grains, up to 88% and 46%, respectively (Figure 4.5). This reduction was attributed to the
effective parallel pinning action of the matrix grains by the homogeneously dispersed multi-

materials in the monolithic Al,Os.
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Figure 4.6: (A) Effect of multi-material reinforcement on the wear rate of Al,O3; nanocomposites
(B) 3D optical profile of wear track and wear mechanisms during sliding wear on nanocomposite

surface.

Moreover, the nanocomposite with only 10wt%ZrO, exhibited an 88% decrease in wear rate
(Figure 4.6A). In contrast, the multiple additions of GN and CNTs demonstrated superior wear
resistance, with up to 93% reduction in wear rate compared to the monolithic Al>O3. This enhanced
wear resistance was attributed to the micro-crack bridging and restriction to intergranular fracture,
preventing pull-out of the matrix grains during sliding wear (Figure 4.6B). Additionally, the
combined crack pinning by the finely dispersed ZrO» particles, along with the bridging action of
GN and CNTs, contributed to the synergistic response of these multi-materials, resulting in

improved wear performance of the fabricated nanocomposites.

In Paper IV, we investigated in detail the influence of multiple reinforcement additions on the
mechanical properties of alumina (Al,O3) and elucidated various combined strengthening and
toughening mechanisms by the nano-reinforcements within the AloO3 matrix. This study also
satisfies Objective 3, and addresses the trade-off in mechanical properties with the addition of
selected nano-reinforcement amounts to the monolithic AlOs; structure. A comprehensive
understanding of the mechanical performance and deformation behavior resulting from various
combinations of these nano-structured additives within advanced Al,O3 matrix structures was
provided in this paper. The under-study Al,Os3-based nanocomposites reinforced with selected
optimal amounts of ZrO; (10wt%), GN (0.5wt%), and CNTs (2wt%) were fabricated through a
hot-pressing process at 1600°C according to the fabrication route discussed in Chapter 3. The
mechanical properties, specifically fracture toughness (Kic), and bending strength (or), were
measured using three-point bending techniques, including single-edge notched beam (SENB) tests
and direct crack measurement (DCM) methods. These measurements were compared against the
monolithic Al2O3; matrix material under similar experimental conditions. Vickers hardness showed
a 48% increase with the combined additions of ZrO>, GN and CNTs, in contrast to the 25%
decrease observed with the single addition of ZrO in comparison to the monolithic Al>O; (Figure
4.7a). This improvement was attributed to the refined grain structures and effective load transfer

capabilities of the combined multi-phase materials.
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Figure 4.7: (a) Effect of multi-materials and grain size/crystallite size on micro-hardness of
fabricated nanocomposites (b) Effect of multi-material addition on fracture toughness (Kic) of
nanocomposites as measured by SENB and DCM methods.
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Figure 4.8: (A) (a)-(b) FE-SEM fractographs demonstrating toughening mechanisms within multi-
material nanocomposites (B) Schematics of toughening mechanisms by fabricated monolithic
AlO3 and nanocomposites (a)-(b) fractured surface of monolithic AlO; without any
reinforcement particles (c)-(d) fractured surface of nanocomposites reinforced with ZrO», GN and

CNTs

From the conventional SENB tests, we observed a substantial 60% increase in fracture toughness
with the addition of only 10wt%ZrO> to the monolithic Al,O3. Remarkably, the incorporation of
both GN and CNTs within the Al>O3-ZrO> structure led to a drastic 159% increase in fracture
toughness compared to the monolithic Al>O3. While Kic values obtained from SENB tests were
slightly lower than those from the DCM method, the overall trend in toughness behavior remained
consistent (Figure 7b). Moreover, the bending strength of the prepared monolithic Al,O3 increased
by up to 46% when combined with ZrO,, GN, and CNTs. Our investigation identified various
toughening and strengthening mechanisms, including pull-outs by GN and CNTs, crack arrest, and
crack bridging, as the primary sources of enhancement in the mechanical properties of the multi-
material nanocomposites (Figure 4.8). Additionally, the incorporation of carbon additives
influenced monoclinic and tetragonal ZrO: phase transformations, further contributing to the

overall mechanical behavior of the Al203-10wt%ZrO2 nanocomposites.

Paper V presents a comparative study of hybrid reinforcement additions of ZrO> (4wt%) and GN
(0.5wt%), as well as ZrO; (4wt%) and CNTs (2wt%), in the alumina (Al>O3) matrix, which also
satisfies Objectives 3. The incorporation of higher ZrO; amounts (= 20wt%) in AlO3/ZrO»
composite systems can improve fracture toughness. However, this improvement often comes at
the cost of reduced hardness, wear resistance, and strength performances. To address this property
trade-off, a novel approach involves adding a third-phase carbon nanostructure, such as CNTs and
GN to Al,O3/ZrO; reinforced with low ZrO; content (<5wt%). This hybrid nanocomposite system
allows us to explore the remarkable mechanical properties of these materials while overcoming
the limitations of high ZrO; content. In this study, we utilized a colloidal mixing process followed
by hot pressing at 1600°C to consolidate four different nanocomposite structures: monolithic

ALLO3, AlO3/ZrO,, Al,O3/ZrO2/CNTs, and Al,O3/ZrO>/GN. We used low ZrO; content (4wt%)
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and optimum amounts of CNTs (2wt%) and GN (0.5wt%) as hybrid reinforcement phases. The
addition of ZrO»/CNTs and ZrO»/GN hybrids to the monolithic Al,Os resulted in notable matrix

grain refinement (up to 78% reduction in matrix grain size), as illustrated in Figure 4.9.
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(A) Effect of hybrid nano-reinforcements on tribological properties
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Significant improvements in microhardness, fracture toughness, and flexural strength were also
demonstrated by the hybrid inclusion. The microhardness increased from 19 GPa to 24 GPa, the
fracture toughness improved from ~3 MPa.m'?to ~7 MPa.m'?, and the flexural strength rose from
260 MPa to 374 MPa. These enhancements were primarily attributed to the reduction in the matrix
and ZrO> grain sizes, the favorable interaction between the reinforcement phases, and the
combined mechanisms of crack bridging and deflection, matrix grain wrapping, and grain gluing

facilitated by CNTs and GN (Figure 4.10).

Furthermore, the wear rate of the monolithic AlO3; material was significantly improved from 9.71
x 10> mm3*/N.m to 0.81 x 10> mm?/N.m, representing a ~92% decrease, with the inclusion of
ZrOy/CNTs and ZrO2/GN hybrid nano-reinforcements (Figure 4.11A). This improvement was
attributed to the overall enhanced mechanical properties and wear-resistant mechanisms during

dry sliding (Figure 4.11B).

Paper VI (manuscript in-preparation) investigates the nature of interfacial bonding between the
alumina (Al,O3) matrix and the nano-reinforcement phases. We also assessed the roles of the
multiple additions of carbon nanostructures such as graphene and carbon nanotubes (CNTs) on the
functional performance of the fabricated advanced Al.O3 multi-material nanocomposites such as
electrical properties. This study satisfies Objective 4 of this research. The mechanical properties
of the fabricated nanocomposites are influenced by the interfacial structures and interfacial
barriers. Our previous studies in Paper [-V demonstrated a drastic refinement in matrix grain size
with consequent enhancement in hardness, fracture toughness, bending strength and tribological
performance. This stems from the nature of the interface which dictates mechanisms such as load
carrying capacity of the nanocomposite in the presence of applied stress. Figure 4.12(a)-(b) shows
a transmission electron micrograph (TEM) which illustrates good adherence of the Al>O3 matrix
with the carbon nanostructures such as GN and firm connection at the interface. The high nanoscale
roughness on the GN surface is known to improve interfacial bonding with ceramic matrix,
enhancing physical bonding and inducing high frictional forces at the matrix-GN boundary. This
in turn produces high energy for the system during pull-out activities resulting in the high
mechanical properties demonstrated in Papers II-V. Figure 4.12 (c)-(d) illustrates the high-

resolution transmission electron micrograph (HRTEM) images of the nanocomposites illustrating
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GN/ALO;
interface

Graphene (GN)

Figure 4.12: (a)-(b) TEM micrograph showing the bonding and the interface of the carbon
nanostructures with the AlO3 matrix (c)-(d) HRTEM of the two distinct crystalline regions
oriented in different directions (e)-(g) IFFT image of the graphene (GN), interface and the Al,O3

matrix.
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Figure 4.13: (a) High angle annular dark field (HAADF) image showing Wrappig of AlO3 matrix
grain by large GN sheet (b)-(f) Elemental distribution maps of Al2O3-GN interaction obtained from
electron energy loss (EELS) signals.
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two distinct layers with different orientations and crystalline appearance. Detailed image
processing using the Gatan digital micrograph software were used to analyse these regions
including the interface. The Inverse Fast Fourier Transformation (FFT) technique was used to
analyse each region separately (Figure 4.12e-g). The IFFT image confirms that the d-spacing of
~0.356nm belongs to the GN nanostructure at (002) plane (Figure 4.12-¢). The (002) plane is one

of the major peaks observed for carbon according to the XRD analysis from Paper IV, as seen in

CJ Zr M Signal (EELS)_1
Bl Al K Signal (EELS)_1
B C K Signal (EELS)_1

Carbon Aluminum ﬂ

Figure 4.14: (a) High angle annular dark field (HAADF) image depicting the interaction of Al>O3
with ZrO> and carbon nanostructures (b)-(¢) Elemental distribution maps of Al,O3-ZrO»-GN

interactions obtained from electron energy loss (EELS) signals.
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the Appendix section of this thesis. In addition, the IFFT image in Figure 4.12-g d-spacing of
~0.238nm was observed for the Al>O3 matrix at the (104) plane. This plane corresponds to a major
intensity in the XRD peaks according to Paper II-V. A clean interface was demonstrated by the
IFFT image of the interface in Figure 4.12-f, which depicts no reaction or products were formed
at the interface. This is essential for the load-transfer capability at the interface of the Al,O3; matrix
and the carbon nanostructures especially during bending. Furthermore, the mechanism of grain
refinement is evidently demonstrated with the wrapping action of the carbon nanostructure on
surrounding Al>O3 matrix grains, as demonstrated by the high angle annular dark field (HAADF)
image in Figure 4.13. The growth of the trapped Al>O3 grains between the GN sheets are restricted
and compressive forces are exerted on the matrix grains during consolidation and sintering. Figure
4.14 also shows the interaction of AlO; matrix with ZrO> and the carbon nanostructures
(specifically CNTs) sandwiched between the matrix and ZrO; grains. This is also evident of the
affinity of the carbon nanostructures to the matrix grain boundary to hinder diffusion process
across the matrix boundary during sintering, leading to finer grain structure and improved load

distribution by the reinforcements.

This study also explored electrical conductivity as the functional attribute of the nanocomposites.
Figure 4.15 shows the variation of the electrical conductivity with the addition of carbon
nanostructures to the ceramic Al> O3 matrix. Due to high resistance, the conductivity of the purely
ceramic structures such as ALOs matrix, AlO3-4wt%ZrO, and ALO3-10wt%ZrO-
nanocomposites registered overflow, due to the range limitation of the source meters. Hence, 103
(1.cm was approximated as the measured bulk resistivity, with corresponding conductivity values
estimated as 10713 S/m [92][108]. Several literature studies establishes that most ceramics are
categorized as insulators, characterized by their high electrical resistivity values exceeding 10'?
Q.cm, and minimal electrical conductivity, typically falling below 102 S/m [92][108] [109][201].
Figure 14.15 illustrates the variation of the electrical conductivity of the nanocomposites with the
addition of various nano-reinforcement phases. The graph clearly illustrates that the incorporation
of GN and CNTs led to a substantial enhancement in electrical conductivity, increasing from
1013 S/m to 10? S/m. This remarkable improvement signifies an increase of up to 15 orders of
magnitude. This improvement is due to many factors including the intrinsic electrical properties
of CNTs and GN, percolation effect, as well as the refined grain structure of the nanocomposite.

High aspect ratio of CNTs due to its one-dimensional (ID) structure increases electron mobility by
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Table 4.1: Electrical properties of alumina (Al>O3) matrix multi-material nanocomposites

Fabricated Hot-Pressed Alumina (Al2O3) Sample Electrical Electrical
Matrix Nanocomposite Samples ID Resistivity Conductivity
(Q.cm) (S/m)
1. Monolithic/Pure Al;O3 (Aa) Aa 1013 1013
2. Aa+4wt%ZrO; A4z 1013 10-13
3. Aa+10wt%ZrO: A10Z 1013 10-13
4. Aa+0.5wt%GN AG 10.4 x 107! 9.6 x10!
5. Aa+4wt%ZrO2+0.5wt%GN A4ZG 11.92 x 10! 8.4 x10!
6. Aa+4wt%ZrO+2wt% CNTs A4ZC 9.89 x 10! 1.06 x10?
7. Aa+10wt%Zr0:2+0.5wt%GN A10ZG 9.49 x 107! 1.05 x10?
8. Aa+10wt%ZrO2+2wt%CNTs A10ZC 7.03 x10°! 1.49 x10?
9. Aa+10wt%Zr0;+0.5wt%GN+2wt%CNTs A10ZGC  9.15 x10! 1.09 x10?
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Figure 4.15: Graph showing the effect of carbon nanostructures on electrical conductivity of Al>O3

multi-material nanocomposites.

creating continuous pathway and networks within the Al2O3 matrix. The incorporation of two
dimensional (2D) GN with relatively large GN-Al,O3; matrix contact area, as seen from Figures
4.12-4.14, also enhances conductivity of the nanocomposite by creating large interface to promote
electron transport. The formation of the continuous network structure by CNTs and GN is known
as the percolation effect. This phenomenon enhances the bulk and macroscopic electrical
properties of the CNTs and GN reinforced nanocomposites by reaching a critical percolation
threshold as optimal amounts of CNTs and GN are distributed within the Al,O3 ceramic matrix

[202].

Numerous studies have supported the influence of a refined grain structure on the enhanced
electrical properties observed in nanocomposites reinforced with CNTs and GN [203][204]. For
ceramic structures such as Al,Os, the introduction of these carbon nanostructures has been found
to minimize grain boundary resistance. This, in turn, establishes a conductive network at the matrix
boundaries due to the strong affinity of CNTs and GN for these grain boundaries. The arrangement
of CNTs and GN along the grain boundaries is further illustrated through fractography studies in
Papers V-V, as outlined in the Appendix. This, combined with a well-defined interface between
the matrix and the nanostructures, ensures minimal impedance to electron transfer within the
nanocomposites. Consequently, the incorporation of selected optimal amounts carbon
nanostructures into the AlO; matrix holds the potential to enhance the mechanical and
multifunctional attributes of AlO3; ceramics. Such advancements position these novel materials

for prospective high-performance applications, even in challenging environmental conditions.
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CHAPTER 5
SUMMARY AND CONCLUSIONS

5.1 Summary of Thesis

In summary, the quest for robust structural materials capable of withstanding extreme conditions
has led to a critical demand for advanced technologies. The need for lightweight materials
possessing exceptional mechanical attributes, especially in challenging environments, underscores
the significance of advanced ceramics such as alumina (Al,O3). However, the intrinsic limitations
of monolithic alumina, particularly its relatively low fracture toughness, have hindered its potential

for critical applications.

In response, microstructural design and tailoring emerged as a solution, involving the dispersion
of sub-micron and nano-phase reinforcements within the alumina matrix to form nanocomposite
structures. This research systematically investigates the influence of individual and combined
additives: zirconia (ZrO»), graphene (GN), and carbon nanotubes (CNTs), on microstructure,
mechanical, tribological and functional properties. In the current studies, the alumina (Al2O3)-
based multi-material nanocomposites were prepared by dispersing multiple nano-reinforcement
particles such as graphene (0.5wt%), carbon nanotubes (2wt%) and zirconia (4wt% and 10wt%)
within monolithic AlO3 matrix via colloidal mixing of the nano-reinforcements and alumina
matrix. This was instantly followed by hot-pressing sintering at 1600°C, with a constant applied
pressure of 60MPa for 1 hour. The fabrication process yielded dense sintered Al,O3-ZrO>-GN-

CNTs nanocomposites with densities around 3.98 g/cm?.

Microstructural analysis using advanced characterization techniques such as SEM and TEM
revealed the role of the nano-reinforcements in the evolving microstructure of the nanocomposite.
Various mechanical, tribological and functional properties including microhardness, fracture
toughness (Kic), bending strength (o5 ), sliding wear performance and electrical conductivity were
also assessed in this study. Compared to the monolithic Al,Os3, the mechanical properties,
tribological performances and functional properties of the fabricated multi-material
nanocomposites were improved with the incorporation of ZrO,, GN and CNTs due to the
significant grain size reduction, and various strengthening and toughening mechanisms occurring

simultaneously. The grain refinement, coupled with load transfer capabilities of the nano-phase
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reinforcements and various mechanisms, resulted in notable enhancement in the bulk properties of

the fabricated nanocomposites. In this study, the multi-material additions of selected optimal

amounts of the nano-reinforcements to the Al,O3; matrix limited the issue with the trade-off in

properties such as fracture toughness and strength, by simultaneously yielding improved combined

mechanical properties. A summary of the major findings and conclusions from this research are

presented below:

1.

The microstructure of the hot-pressed monolithic Al,Os displayed a coarse-grained structure
following the sintering process. This coarse-grained microstructure contributed to the
comparatively diminished mechanical properties, including fracture toughness (Kic), bending
strength (of), and an elevated wear rate. The existence of micro-cracks within this structure
substantiates the derived value for the original Al>O3; sample. In addition, the monolithic Al>O3
exhibited typical intergranular fracture mode along the grain boundaries with a measured
fracture toughness (Kic) (up to ~3.1 MPa.m'? for SENB and ~3.4 MPa.m'? for DCM), and
bending strength of 259 MPa.

With the single addition of 0.5wt%GN to Al>Os3, a fine-grained structure with reduced grain
size produced higher mechanical properties and wear resistance. This was mainly due to the
homogeneous distribution of the GN nano-phase, making the load-transfer effective within

the Al,O3 matrix. The fracture toughness (Kic) was also increased up to 6 MPa.m'?.

The addition of 4wt%ZrO, to Al,O3 resulted in a coarser microstructure comparable to that of
ALOs. The microhardness and fracture toughness (Kic) behaviour with added 4wt%ZrO> was
also related to the structure and distribution of limited amount of ZrO» particles. A
comparative the toughness (Kic) value (up to 3.7MPa.m'?) suggests that an insufficient load-
bearing activity of the added ZrO> due to the limited tetragonal to monoclinic (#-m) ZrO»
transformation. Though the addition of only 4wt%ZrO> yielded comparable grain sizes to the
Al>O3 matrix, there was however a significant refinement of the matrix grains with the hybrid
inclusion of ZrO,-CNTs and ZrO,-GN within the matrix, with up to 78% and 38% grain size
reduction observed for the AlO3-4wt%ZrO2-2wt%CNTs and Al2O3-4wt%ZrO2-0.5wt%GN
hybrid nanocomposites respectively. The ZrO> grains were also refined up to 69% and 27%

with the respective additions of ZrO>-CNTs and ZrO-GN hybrid reinforcements to the Al2O3
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matrix. Hybrid additions of ZrO>-CNTs and ZrO>-GN also increased the fracture toughness
and flexural strength of the parent A,O3 from ~3MPa.m'? and ~7MPa up to ~260MPa.m'?
and ~374MPa respectively. This was due to the finer grain structure, and the combined
presence and interaction of the reinforcement nanostructures precipitating within the matrix
grains and grain boundaries, simultaneous toughening and strengthening mechanisms
including crack bridging and deflection by GN and CNTs, GN grain wrapping, CNT pull-outs
and grain gluing which illustrated good CNT-matrix bonding. The wear resistance also
improved from 9.71 X107 mm3/N.m up to 0.81x10° mm*/N.m with the additions of ZrO»-
GN and ZrO,-CNTs, which was accustomed to the enhanced mechanical properties and the
wear resistant mechanisms such as crack arrest, bridging and deflection by the reinforcement

phases.

. The incorporation of both 10wt%ZrO-> and 0.5wt%GN caused a relatively finer grain structure
in the AbO3 matrix. Even though hardness value was comparable to the monolithic Al>O3, the
wear resistance was highly increased. ZrO; pinning effect and bridging by the added GN
restricted microcrack propagation to cause high volume loss and wear rate. The fracture mode
changed from intergranular with few transgranular fracture of the matrix and the ZrO> grains,
with a slight 4% decrease in Kic against the Al203-10wt%ZrO: but up to 56% increase when
compared to that of the monolithic Al2O3. The presence of micro-pores could hinder the
anticipated rise in toughness value (up to 8.78MPa.m!?) even though GN pull-outs action
were operative. However, the dissipated energy during GN pull-out was responsible for the
increase in the bending strength (~325MPa) with the addition of the 0.5wt%GN. Meanwhile,
the immense enhancement in the mechanical properties such as fracture toughness (up to
7.55MPa.m!?) with the addition of both 10wt%ZrO, and 2wt%CNTs to the Al,O3 matrix is
ascribed to the homogeneous dispersion, fine-grained structure, as well as the toughening and
strengthening mechanisms including crack bridging, crack arrest and pull-out activities of the
CNTs. The fusion of the CNTs to the matrix material also depicts good interfacial bonding

which accounts for the high strength in the nanocomposite up to 460MPa.

. The synergy effect of the simultaneous additions of 10wt%ZrO», 2wt%CNTs and 0.5wt%GN

reinforcement phases is also revealed in the AlO3; matrix structure, as well as the hardness
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and wear properties. Relative to the monolithic Al2Os, the refined grain structure, the
complementary roles and toughening mechanisms of the combined ZrO;, GN and CNTs
within the Al,O3 multi-material nanocomposite reached an improved fracture toughness (Kic)
value by up to 123% and 159%, as measured from the SENB and DCM respectively. This
therefore displays a good coordination of the carbon nanostructures which also demonstrated
the highest value in the bending strength (~483MPa). The effectiveness of this addition on the
overall mechanical properties of the multi-material nanocomposites is attributed to the
uniform dispersion of these nanophase structures in the AlO3; matrix. Excellent coordination
between the homogeneously dispersed second-phase particles yielded a higher wear resistance
(93% reduction in the wear rate) through the pinning and bridging effect of the embedded

710, and carbon-based nano-reinforcements.

Interfacial studies showed a clean interface between matrix and nano-reinforcements.
Advanced TEM characterization depicts the favorable adherence of AlO3 matrix to carbon
nanostructures, contributing to high mechanical properties through improved interfacial
bonding. A clean interface is vital for load-transfer at the Al>O3 matrix-carbon nanostructures
interface during bending. Grain refinement mechanism is demonstrated using high angle
annular dark field (HAADF) images which showed restricted growth of Al,O3 grains due to
the wrapping action of carbon nanostructures. The interaction of Al,O3 matrix with ZrO; and
carbon nanostructures (CNTs) was also evident, highlighting their affinity to matrix grain
boundaries to hinder diffusion during sintering, resulting in finer grain structure and improved

load distribution.

This study further investigated the electrical properties including electrical resistivity
conductivity as a functional attribute of the fabricated nanocomposites. The enhancement in
electrical conductivity with the incorporation of GN and CNTs, elevating it from 10713 S/m to
10% S/m, an increase of up to 15 orders of magnitude. Factors contributing to this enhancement
include the intrinsic electrical properties of CNTs and GN, the percolation effect, and the
refined grain structure of the nanocomposite. CNTs and GN, with their 1D and 2D structures
respectively promote electron mobility within the AlO3 matrix by creating substantial contact

area and forming continuous networks and pathways. This network formation is known as the
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percolation effect, Additionally, the incorporation of the carbon nanostructures minimizes

grain boundary resistance and establishes a conductive network at the matrix boundaries.

In conclusion, this study showcases the promise of microstructural design in enhancing advanced
ceramic materials for demanding engineering applications. By strategically integrating these
nano-phase reinforcements in their optimal contents, mechanical properties, wear resistance and
functional performance of ceramic alumina (Al,O3)-based nanocomposites can be remarkably
improved. These findings offer practical solutions for diverse industries, addressing challenges in

harsh environments and lightweight structural demands.

97



REFERENCES

[1]

[2]

[3]

[4]

[5]
[6]

[7]

[8]

[9]

[10]

[11]

[12]

W. G. Fahrenholtz and G. E. Hilmas, “Ultra-high temperature ceramics: Materials for
extreme environments”, Department of Materials Science and Engineering Missouri

University of Science and Technology, Rolla, MO 65049.

Innovative Clean Energy Technologies, “Materials for Harsh Service Conditions Chapter

6: Technology Assesments,” 2015.

M. Belmonte, “Advanced ceramic materials for high temperature applications,” Adv. Eng.

Mater., vol. 8, no. 8, pp. 693—703, 2006, doi: 10.1002/adem.200500269.

C. S. Responsibility, “Global Affairs Canada Website,” pp. 1-9, 2020, [Online]. Available:

http://www.international.gc.ca/international/index.aspx?lang=eng
Canada’s Aviation Climate, Catalogue No. T42-29/2022E-PDF, 2022.

S. Siengchin, “A review on lightweight materials for defence applications: Present and

future developments,” Def. Technol., no. xxxx, 2023, doi: 10.1016/;.dt.2023.02.025.

F. Czerwinski, “Current trends in automotive lightweighting strategies and materials,”

Materials (Basel)., vol. 14, no. 21, 2021, doi: 10.3390/mal14216631.

J. Altmann, “Military nanotechnology: Potential applications and preventive arms control”,

(1st ed.). Routledge, 2005, doi:10.4324/9780203963791.

S. Wu, P. Sikdar, and G. S. Bhat, “Recent progress in developing ballistic and anti-impact
materials: Nanotechnology and main approaches,” Def. Technol., vol. 21, pp. 3361, 2022,
doi: 10.1016/j.dt.2022.06.007.

E. L. Thomas, “Opportunities in protection materials ccience and technology for future

army applications, ” 2012. doi: 10.1002/9781118217498.ch13.

M. Saini, “Implant biomaterials: A comprehensive review,” World J. Clin. Cases, vol. 3,

no. 1, p. 52, 2015, doi: 10.12998/wjcc.v3.11.52.

M. Zwawi, “Recent advances in bio-medical implants; mechanical properties, surface
modifications and applications,” Eng. Res. Express, vol. 4, no. 3, 2022, doi: 10.1088/2631-
8695/ac8ae?2.

98



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

W. R. Matizamhuka, “Advanced ceramics - The new frontier in modern-day technology:
Part I,” J. South. African Inst. Min. Metall., vol. 118, no. 7, pp. 757-764, 2018, doi:
10.17159/2411-9717/2018/v118n7a9.

T. Ayode Otitoju, P. Ugochukwu Okoye, G. Chen, Y. Li, M. Onyeka Okoye, and S. Li,
“Advanced ceramic components: Materials, fabrication, and applications,” J. Ind. Eng.

Chem., vol. 85, pp. 34-65, 2020, doi: 10.1016/j.jiec.2020.02.002.

R. Gadow and V. V Mitic, Advanced Ceramics and Applications. Berlin, Boston: De
Gruyter, 2021. doi: doi:10.1515/9783110627992.

K. S. Randhawa, “A state-of-the-art review on advanced ceramic materials: fabrication,
characteristics, applications, and wettability,” Pigment Resin Technol., no. March, 2023,

doi: 10.1108/PRT-12-2022-0144.

G. Richards, “Aluminum oxide ceramics,” in Concise Encyclopedia of Advanced Ceramic
Materials, R. J. Brook, Ed., Oxford: Pergamon, 1991, pp. 16-20. doi:
https://doi.org/10.1016/B978-0-08-034720-2.50014-9.

C.S.Yuan, Z.J. Wang, Q. Zhi, Y. M. Zhang, X. D. Wang, and J. F. Yang, “The preparation
and properties of alumina ceramics through a two-step pressureless sintering process,” in

Eco-Materials Processing and Design XVIII, in Materials Science Forum, vol. 922. Trans

Tech Publications Ltd, 2018, pp. 47-54. doi: 10.4028/www.scientific.net/MSF.922.47.

M. Suarez, A Fernandez, . L. Menendez, R. Torrecillas, H. U. Kessel, J. Hennicke, R.
Kirchner, and T. Kessel, “Challenges and opportunities for spark plasma sintering: A key

technology for a new generation of materials,” Sinter. Appl., 2013, doi: 10.5772/53706.

P. Palmero, “Structural ceramic nanocomposites: A review of properties and powders’
synthesis methods,” Nanomaterials, vol. 5, no. 2, pp. 656-696, 2015, doi:
10.3390/nan05020656.

P. Du, A. Zebrowski, J. Zola, B. Ganapathysubramanian, and O. Wodo, “Microstructure
design using graphs,” npj Comput. Mater., no. August, pp. 1-7, 2018, doi: 10.1038/s41524-
018-0108-5.

D. B. Marshall, “Surface damage in ceramics: Implications for strength degradation erosion

99



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

and wear, ” Nitrogen Ceram., no. ed. F.L. Riley, Martinus Nijhoff, pp. 635-56, 1983.

A. Basutkar, A. Bhanudas Kolekar, A. G. Basutkar, and A. Kolekar, “A Review on
properties and applications of ceramic matrix composites,” Int. J. Res. Sci. Innov., vol. 2,

no. 12, pp. 28-30, 2015.

D. Galusek and D. Galuskova, “Alumina matrix composites with non-oxide nanoparticle
addition and enhanced functionalities,” Nanomaterials, vol. 5, no. 1, pp. 115-143, 2014,

doi: 10.3390/nano5010115.

P. Palmero, F. Kern, F. Sommer, M. Lombardi, R. Gadow, and L. Montanaro, “Issues in
nanocomposite ceramic engineering: Focus on processing and properties of alumina-based
composites,” J. Appl. Biomater. Funct. Mater., vol. 12, no. 3, pp. 113-128, 2014, doi:
10.5301/jabfm.5000185.

S. Dhanasekar, A. T. Ganesan, T. L. Rani, V. K. Vinjamuri, M. N. Rao, E. Shankar,
Dharamvir, P. S. Kumar, and W. M. Golie, “A comprehensive study of ceramic matrix

composites for space applications,” Adv. Mater. Sci. Eng., vol. 2022, 2022, doi:
10.1155/2022/6160591.

M. H. Bocanegra-Bernal, C. Dominguez-Rios, J. Echeberria, A. Reyes-Rojas, A. Garcia-
Reyes, and A. Aguilar-Elguezabal, “Spark plasma sintering of multi-, single/double- and
single-walled carbon nanotube-reinforced alumina composites: Is it justifiable the effort to
reinforce them?,” Ceram. Int., vol. 42, no. 1, pp. 2054-2062, 2016, doi:
10.1016/j.ceramint.2015.09.060.

J. Liu, Y. Yang, H. Hassanin, N. Jumbu, S. Deng, Q. Zuo, and K. Jiang, “Graphene —
alumina nanocomposites with improved mechanical properties for biomedical

applications,” 2015, doi: 10.1021/acsami.5b10424.

P. Spriet, “CMC applications to gas turbines,” in ceramic matrix composites, John Wiley &

Sons, Ltd, 2014, pp. 591-608. doi: https://doi.org/10.1002/9781118832998.ch21.

M. J. Mayo, “Nanocrystalline ceramics for structural applications: Processing and
properties,” Nanostructured Mater., pp. 361-385, 1998, doi: 10.1007/978-94-011-5002-
6 _18.

100



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

K. Liu, J.; Yan, H.; Jiang, “Mechanical properties of graphene platelet-reinforced alumina

ceramic composites,” Ceram. Int., no. 39 (6), p. 6215-6221., 2013.

I. A. Kinloch, J. Suhr, J. Lou, R. J. Young, and P. M. Ajayan, “Composites with carbon
nanotubes and graphene: An outlook,” Science (80)., vol. 362, no. 6414, pp. 547-553, 2018,
doi: 10.1126/science.aat7439.

B. Yazdani, H. Porwal, Y. Xia, H. Yan, M. J. Reece, and Y. Zhu, “Role of synthesis method
on microstructure and mechanical properties of graphene/carbon nanotube toughened Al,O3
nanocomposites,” Ceram. Int., vol. 41, no. 8, pp. 9813-9822, 2015, doi:
10.1016/j.ceramint.2015.04.054.

B. Yazdani, F. Xu, I. Ahmad, X. Hou, Y. Xia, and Y. Zhu, “Tribological performance of
Graphene/Carbon nanotube hybrid reinforced Al,O3 composites,” Sci. Rep., vol. 5, no.

March, pp. 1-11, 2015, doi: 10.1038/srep11579.

B. Yazdani, Y. Xia, I. Ahmad, and Y. Zhu, “Graphene and carbon nanotube (GNT)-
reinforced alumina nanocomposites,” J. Eur. Ceram. Soc., vol. 35, no. 1, pp. 179-186, 2015,

doi: 10.1016/j.jeurceramsoc.2014.08.043.

S. Goswami, R. Ghosh, H. Hirani, and N. Mandal, “Mechano-tribological performance of
Graphene / CNT reinforced alumina nanocomposites — Review and quantitative insights,”

Ceram. Int., 2022, doi: 10.1016/j.ceramint.2022.02.214.

J. A. DiCarlo, “Advances in SiC/SiC composites for aero-propulsion,” in ceramic matrix
composites, John Wiley & Sons, Ltd, 2014, pp. 217-235. doi:
https://doi.org/10.1002/9781118832998.ch7.

L. Criscuolo, G. Daniele, D. Martino, and S. Mungiguerra, “Aero-thermo-chemical
characterization of ultra-high-temperature ceramics for aerospace applications,” J. Euro.

Ceram. Soc., vol. 38, pp. 2937-2953, 2018, doi: 10.1016/j.jeurceramsoc.2017.12.043.

W. Krenkel and J. Georges Thébault, “Ceramic matrix composites for friction applications,”
in ceramic matrix composites, John Wiley & Sons, Ltd, 2014, pp. 647-671. doi:
https://doi.org/10.1002/9781118832998.ch23.

A. G. Evans, “Perspective on the development of high-toughness ceramics,” J. Am. Ceram.

101



[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Soc., vol. 73, no. 2, pp. 187-206, 1990, doi: 10.1111/j.1151-2916.1990.tb06493 .x.

K. K. Chawla, “Interface mechanics and toughness,” in Ceramic Matrix Composites,

Boston, MA: Springer US, 1993, pp. 291-339. doi: 10.1007/978-1-4757-2216-1 9.

A. Tontisakis, W. Simpson, J. Lincoln, R. Dhawan, and M. Opliger, “Evaluation of surface
finish technology in the manufacture of Oxide-Oxide ceramic matrix composites,” Ceram.

Int., vol. 47, no. 4, pp. 5347-5363, 2021, doi: 10.1016/j.ceramint.2020.10.116.

G. Karadimas and K. Salonitis, “Ceramic Matrix Composites for Aero Engine Applications

— A Review,” Applied Sciences, 2023.

“Karen Davis, Material Review: Alumina (Al>O3), School of Doctoral Studies (European

Union) Journal — 2010”.

J. Gangwar, B. K. Gupta, S. K. Tripathi, and A. K. Srivastava, “Phase dependent thermal

and spectroscopic responses of AlOs; nanostructures with different morphogenesis,”

Nanoscale, vol. 7, no. 32, pp. 13313 — 13344, 2015, doi: 10.1039/c5nr02369f.

G. Busca, “Chapter Three - Structural, surface, and catalytic properties of aluminas,” F. C.
Jentoft, Ed., in Advances in Catalysis, vol. 57. Academic Press, 2014, pp. 319—404. doi:
10.1016/B978-0-12-800127-1.00003-5.

G. J. Dienes, D. O. Welch, C. R. Fischer, R. D. Hatcher, O. Lazareth, and M. Samberg,
“Shell-model calculation of some point-defect properties in a-Al203,” Phys. Rev. B, vol.
11, no. 8, pp. 3060-3070, 1975, doi: 10.1103/PhysRevB.11.3060.

W.Y. Ching and Y. -N Xu, “First-principles calculation of electronic, optical, and structural
Properties of a-AlO3,” J. Am. Ceram. Soc., vol. 77, no. 2, pp. 404411, 1994, doi:
10.1111/3.1151-2916.1994.tb07008 .x.

B. Ramogayana, D. Santos-Carballal, K. P. Maenetja, N. H. De Leeuw, and P. E. Ngoepe,
“Density functional theory study of ethylene carbonate adsorption on the (0001) surface of
aluminum oxide a-AlO3,” ACS Omega, vol. 6, no. 44, pp. 29577-29587, 2021, doi:
10.1021/acsomega.1c03771.

J. LLorca and V. M. Orera, “Directionally solidified eutectic ceramic oxides,” Prog. Mater.

102



[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Sci., vol. 51, no. 6, pp. 711-809, 2006, doi: 10.1016/j.pmatsci.2005.10.002.

F. Klocke, “Modern approaches for the production of ceramic components,” J. Eur. Ceram.
Soc., vol. 17, no. 2, pp. 457465, 1997, doi: https://doi.org/10.1016/S0955-2219(96)00163-
X.

M. N. Rahaman, “Grain growth and microstructure control,” Sinter. Ceram., pp. 121-192,

2014, doi: 10.1201/b15869-6.

Y.U. Yang, E R. Laarz, S. U. Kaushik, E. R Mueller, W. O. Sigmund, 3.1. Forming and
drying. Handbook of Advanced Ceramics; Elsevier: Amsterdam, The Netherlands. 2003
Sep 17:131-85.”.

Y. Lakhdar, C. Tuck, J. Binner, A. Terry, and R. Goodridge, “Additive manufacturing of
advanced ceramic materials,” Prog. Mater. Sci., vol. 116, no. October 2019, p. 100736,
2021, doi: 10.1016/j.pmatsci.2020.100736.

D. Kopeliovich, “Bayer Process,” Van Nostrand’s Sci. Encycl., 2006, doi:
10.1002/0471743984.vse7754.

A. M. Donoghue, N. Frisch, and D. Olney, “Bauxite mining and alumina refining: Process
description and occupational health risks,” J. Occup. Environ. Med., vol. 56, no. 5, 2014,

doi: 10.1097/JOM.0000000000000001.
E. S. Martin, “High-purity alumina,” Am. Ceram. Soc. Bull., vol. 72, no. 7, pp. 71-77.

Y. Fujiwara, Shinji;Tamura, Yasuaki;Maki, Hajime;Azuma, Norifumi; Takeuchi,
“Development of new high-purity alumina,” Sumitomo Kagaku, vol. 2007-1, no. 1, pp. 1-

10, 2007.

L. Xu, H. Song, and L. Chou, “Facile synthesis of nano-crystalline alpha-alumina at low
temperature via an absolute ethanol sol-gel strategy,” Mater. Chem. Phys., vol. 132, no. 2—

3, pp. 1071-1076, 2012, doi: 10.1016/j.matchemphys.2011.12.069.

W. L. Suchanek, “Hydrothermal synthesis of alpha alumina (a-Al>O3) powders: Study of
the processing variables and growth mechanisms,” J. Am. Ceram. Soc., vol. 93, no. 2, pp.

399412, 2010, doi: 10.1111/.1551-2916.2009.03399 x.

103



[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

R. Rogojan, E. Andronescu, C. Ghitulicd, and B. Stefan Vasile, “Synthesis and
characterization of alumina nano-powder obtained by sol-gel method,” UPB Sci. Bull. Ser.

B Chem. Mater. Sci., vol. 73, no. 2, pp. 67 — 76, 2011.

S. Wang, X. Li, S. Wang, Y. Li, and Y. Zhai, “Synthesis of y-alumina via precipitation in
ethanol,” Mater. Lett., vol. 62, no. 20, pp. 3552-3554, 2008, doi:
10.1016/j.matlet.2008.03.048.

T. D. Isfahani, J. Javadpour, A. Khavandi, R. Dinnebier, M. Goodarzi, and H. R. Rezaie,
“Mechanochemical synthesis of alumina nanoparticles: Formation mechanism and phase
transformation,”  Powder  Technol., vol. 229, pp. 17-23, 2012, doi:
10.1016/j.powtec.2012.05.034.

D. Dodoo-Arhin, R. A. Nuamah, B. Agyei-Tuffour, D. O. Obada, and A. Yaya, “Awaso
bauxite red mud-cement based composites: Characterisation for pavement applications,”
Case Stud. Constr. Mater., vol. 7, no. June, pp. 45-55, 2017, doi:
10.1016/j.cscm.2017.05.003.

F. Mirjalili, L. C. Abdullah, H. Mohamad, A. Fakhru’l-Razi, A. B. Dayang Radiah, and R.
Aghababazadeh, “Process for producing nano-alpha-alumina powder,” ISRN Nanotechnol.,

vol. 2011, pp. 1-5, 2011, doi: 10.5402/2011/692594.

J. Y. Park, S. G. Oh, U. Paik, and S. K. Moon, “Preparation of aluminum oxide particles
using ammonium acetate as precipitating agent,” Mater. Lett., vol. 56, no. 4, pp. 429434,

2002, doi: 10.1016/S0167-577X(02)00517-7.

N. Vargas-Martinez, A. D. J. Ruiz-Baltazar, N. A. Medellin-Castillo, and S. Y. Reyes-
Lépez, “Synthesis of a-alumina nano-onions by thermal decomposition of aluminum

formate,” J. Nanomater., vol. 2018, 2018, doi: 10.1155/2018/9061378.

J. Ma and B. Wu, “Effect of surfactants on preparation of nanoscale a-Al.O3 powders by
oil-in-water microemulsion,” Adv. Powder Technol., vol. 24, no. 1, pp. 354-358, 2013,

doi:10.1016/.apt.2012.08.008.

A. LY. Tok, F. Y. C. Boey, and X. L. Zhao, “Novel synthesis of Al,O3 nano-particles by
flame spray pyrolysis,” J. Mater. Process. Technol., vol. 178, no. 1-3, pp. 270-273, 2006,

104



[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

doi: 10.1016/j.jmatprotec.2006.04.007.

A. V. Ragulya, “Consolidation of ceramic nanopowders,” Adv. Appl. Ceram., vol. 107, no.

3, pp. 118-134, 2008, doi: 10.1179/174367608X318844.

Z. Chen, Z. Li, J. Li, C. Liu, C. Lao, Y. Fu, C. Liu, Y. Li, P. Wang, and Y. He, “3D printing
of ceramics: A review,” J. Eur. Ceram. Soc., vol. 39, no. 4, pp. 661-687, 2019, doi:
10.1016/j.jeurceramsoc.2018.11.013.

R. M. German, Sintering theory and practice., Wiley-VCH (1996).

C. Van Nguyen, S. K. Sistla, S. Van Kempen, N. A. Giang, A. Bezold, C. Broeckmann, and
F. Lange, “A comparative study of different sintering models for Al20O3,” J. Ceram. Soc.

Japan, vol. 124, no. 4, pp. 301-312, 2016, doi: 10.2109/jcersj2.15257.

S. N. Kulkov and M. V. Grigoriev, “Sintering of Al2O3 ceramics based on different sizes
powders,” Epa. - J. Silic. Based Compos. Mater., vol. 62, no. 3, pp. 66—69, 2010, doi:
10.14382/epitoanyag-jsbcm.2010.13.

S. J. L. Kang, “Sintering : densification, grain growth, and microstructure.” Elsevier

Butterworth-Heinemann, Amsterdam, 2005. doi: LK - https://worldcat.org/title/162591399.

H. Yoshida, S. Hashimoto, and T. Yamamoto, “Dopant effect on grain boundary diffusivity
in polycrystalline alumina,” Acta Mater., vol. 53, no. 2, pp. 433-440, 2005, doi:
10.1016/j.actamat.2004.09.038.

A. H. Heuer, “Oxygen and aluminum diffusion in a-Al2O3: How much do we really
understand?,” J. Eur. Ceram. Soc., vol. 28, no. 7, pp. 1495-1507, 2008, doi:
10.1016/j.jeurceramsoc.2007.12.020.

A. H. Hmjert and K. P. D. Lagerlof, “Oxygen self-diffusion in corundum (0a-AlO3): A
conundrum,” Philos. Mag. Lett., vol. 79, no. 8, pp. 619-627, 1999, doi:
10.1080/095008399177002.

D. Landek, L. Curkovi¢, 1. Gabelica, M. Kerolli Mustafa, and 1. Zmak, “Optimization of
Sintering Process of Alumina Ceramics Using Response Surface Methodology,”

Sustainability, vol. 13, no. 12, p. 6739, 2021, doi: 10.3390/sul3126739.

105



[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

L. Ropus, L. Curkovié, V. Mandi¢, M. Kerolli Mustafa, and I. Gabelica, “Conventional and
non-conventional sintering techniques of high purity alumina ceramics,” Teh. Vjesn., vol.

28, no. 5, pp. 15261531, 2021, doi: 10.17559/TV-20200825223809.

P. Figiel, M. Rozmus, and B. Smuk, “Properties of alumina ceramics obtained by
conventional and non-conventional methods for sintering ceramics,” J. Achiev. Mater.

Manuf. Eng., vol. 48, no. 1, pp. 29-34, 2011.

P. Auerkari, “Mechanical and physical properties of engineering alumina ceramics,” VIT

Tied. - Valt. Tek. Tutkimusk., no. 1792, 1996.

F. Konstantiniuk, M. Tkadletz, C. Kainz, C. Czettl, and N. Schalk, “Mechanical properties
of single and polycrystalline a-Al203 coatings grown by chemical vapor deposition,” Surf.
Coatings Technol., vol. 410, no. December 2020, p. 126959, 2021, doi:
10.1016/j.surfcoat.2021.126959.

J. F. Brun, L. Del Campo, D. De Sousa Meneses, and P. Echegut, “Infrared optical
properties of a-alumina with the approach to melting: y-like tetrahedral structure and small

polaron conduction,” J. Appl. Phys., vol. 114, no. 22, 2013, doi: 10.1063/1.4846077.

C. L. Huang, J. J. Wang, and C. Y. Huang, “Sintering behavior and microwave dielectric
properties of nano alpha-alumina,” Mater. Lett., vol. 59, no. 28, pp. 3746-3749, 2005, doi:
10.1016/j.matlet.2005.06.053.

R. A. Andrievskij and A. M. Glezer, “Size effects in nanocrystalline materials: Mechanical

and physical properties,” Fiz. Met. i Metalloved., vol. 89, no. 1, pp. 91-112, 2000.

R. G. Munro, “Evaluated material properties for a sintered a-alumina,” J. Am. Ceram. Soc.,

vol. 80, no. 8, pp. 1919-1928, 1997, doi: 10.1111/1.1151-2916.1997.tb03074.x.

F. Rubino, G. Rotella, M. Perrella, P. Carlone, and T. S. Sudarshan, “Microstructural and
mechanical properties of Al2O3 and Al>O3/TiB; ceramics consolidated by plasma pressure
compaction,” J. Mater. Eng. Perform., vol. 32, no. 10, pp. 4391-4403, 2022, doi:
10.1007/s11665-022-07403-1.

W. Acchar and A. M. Segadaes, “Properties of sintered alumina reinforced with niobium

carbide,” Int. J. Refract. Met. Hard Mater., vol. 27, no. 2, pp. 427-430, 2009, doi:

106



[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

10.1016/j.ijrmhm.2008.05.004.

T. Zhang, L. Kumari, G. H. Du, W. Z. Li, Q. W. Wang, K. Balani, A. Agarwal, “Mechanical
properties of carbon nanotube-alumina nanocomposites synthesized by chemical vapor
deposition and spark plasma sintering,” Compos. Part A Appl. Sci. Manuf., vol. 40, no. 1,
pp- 8693, 2009, doi: 10.1016/j.compositesa.2008.10.003.

N. Ueda, T. Yamakami, T. Yamaguchi, K. Kitajima, Y. Usui, K. Aoki, T. Nakanishi, F.
Miyaji, M. Endo, N. Saito, and S. Taruta, “Fabrication and mechanical properties of high-

dispersion-treated carbon nanofiber/alumina composites,” J. Ceram. Soc. Japan, vol. 118,

no. 1381, pp. 847-854, 2010, doi: 10.2109/jcersj2.118.847.
Fine Ceramics World, “Characteristics of fine ceramics - heat -thermal expansion”.

L. Schmidtner, M. Herrmann, and C. G. Aneziris, “Grain-size effects on multi-wire slurry
sawing of translucent alumina ceramics,” Ceramics, vol. 3, no. 4, pp. 428439, 2020, doi:

10.3390/ceramics3040036.

L. Esposito and A. Tucci, “Microstructural dependence of friction and wear behaviours in
low purity alumina ceramics,” Wear, vol. 205, no. 1-2, pp. 88-96, 1997, doi:
10.1016/S0043-1648(96)07322-X.

A. S. Kumar, A. R. Durai, and T. Sornakumar, “Wear behaviour of alumina based ceramic
cutting tools on machining steels,” Tribol. Int., vol. 39, no. 3, pp. 191-197, 2006, doi:
10.1016/j.triboint.2005.01.021.

J. Olofsson, “Friction and wear mechanisms of ceramic surfaces,” p. 6.
9

T. E. Fischer and H. Tomizawa, “Interaction of tribochemistry and microfracture in the
friction and wear of silicon nitride,” Wear, vol. 105, no. 1, pp. 29-45, 1985, doi:
10.1016/0043-1648(85)90004-3.

F. Meng, X. Zhang, Y. Zhang, Y. Dong, “Friction and wear behavior of fine-grained
alumina ceramic under articular biomimetic synovial fluid conditions. ” J. Chin. Ceram.

Soc. 2013, 41, 890-894.

In Our Element: What value for coefficient of friction should I use in my calculations?”

107



[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]
[108]

[109]

[110]

https://materion.com/about/new-at-materion/in-our-element-what-value-for-coefficient-of-

friction-should-i-use-in-my-calculations (accessed Jun. 07, 2023).

A. K. Mukhopadhyay and M. Yiu-Wing, “Grain size effect on abrasive wear mechanisms
in alumina ceramics,” Wear, vol. 162-164, no. PART A, pp. 258-268, 1993, doi:
10.1016/0043-1648(93)90508-J.

C. Yang and S. Bahadur, “Friction and wear behavior of alumina-based ceramics in dry and
lubricated sliding against tool steel,” Wear, vol. 157, no. 2, pp. 263-277, 1992, doi:
10.1016/0043-1648(92)90066-H.

M. Fellah et al., “Effect of calcination temperature on friction and wear behavior of o—
alumina (a-Al>O3) for biomedical applications,” Int. J. Appl. Ceram. Technol., vol. 16, no.

2, pp. 462470, 2019, doi: 10.1111/ijac.13116.

R. S. Roy, A. C. A. Mondal, and M. K. M. D. Basu, “Sliding wear behavior of submicron-
grained alumina in biological environment,” J. Biomed. Mater. Res. Part A, vol. 79, no. 4,

pp- 963-73, 2006, doi: 10.1002/jbm.a.

A. S and K. Balani, “Fretting wear behaviour and frictional force mapping of Al,Os based
thermal barrier coatings,” Int. J. Refract. Met. Hard Mater., vol. 98, no. October 2020, p.
105525, 2021, doi: 10.1016/j.ijrmhm.2021.105525.

P. H. Abelson, Materials science and engineering, vol. 232, no. 4757. 1986. doi:
10.1126/science.232.4757.1485.

N. P. Bansal and D. M. Zhu, “Thermal Conductivity of Alumina-Toughened Zirconia
Composites,” Nasa/Tm, vol. 212896, no. December, 2003.

Coorstek, “Ceramics: The Powerhouse of Advanced Materials,” no. V, pp. 123—-154, 2010.
Ceramics table. http://keranova.se/Engelsk/Exceltabell E.htm (accessed Jun. 09, 2023).

A. Materials, “Alumina - aluminium oxide - ALLO; - A refractory ceramic oxide alumina -

aluminium oxide - Al,O3 - A refractory ceramic oxide,” pp. 11-12, 2013.

K. Niihara, “New design concept of structural ceramics. Ceramic nanocomposites,” J.

Ceram. Soc. Japan. Int. ed., vol. 99, no. 10, pp. 945-952, 1991.

108



[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

M. T.T Markandan, K. Chin, J.K., Tan, “Recent progress in graphene based ceramic
composites: A review,” J. Mater. Res, vol. 32, pp. 84 — 106, 2017, doi:
10.1557/jmr.2016.390.

C. S. Pande and K. P. Cooper, “Nanomechanics of Hall-Petch relationship in
nanocrystalline materials,” Prog. Mater. Sci., vol. 54, no. 6, pp. 689-706, 2009, doi:
10.1016/j.pmatsci.2009.03.008.

T. Ohji, Y. K. Jeong, Y. H. Choa, and K. Niihara, “Strengthening and toughening
mechanisms of ceramic nanocomposites,” J. Am. Ceram. Soc., vol. 81, no. 6, pp. 1453—

1460, 1998, doi: 10.1111/1.1151-2916.1998.tb02503.x.

“Lawn, B. Fracture of Brittle Solids, 2nd ed.; Cambridge Solid State Science Series:
Cambridge, UK, 1993”.

R. Khare and S. Bose, “Carbon nanotube based composites- A Review,” J. Miner. Mater.

Charact. Eng., vol. 04, no. 01, pp. 3146, 2005, doi: 10.4236/jmmce.2005.41004.

M. Hamidinejad, “Thermal and electrical properties of graphene-based polymer

nanocomposite foams,” TSpace, pp. 1-170, 2018.

A. Nieto, A. Bisht, D. Lahiri, C. Zhang, and A. Agarwal, “Graphene reinforced metal and
ceramic matrix composites: a review,” Int. Mater. Rev., vol. 62, no. 5, pp. 241-302, 2017,

doi: 10.1080/09506608.2016.1219481.

J. Zhu, B. Jia, Y. Di, B. Liu, X. Wan, W. Wang, R. Tang, S. Liao, and X. Chen, “Effects of
graphene content on the microstructure and mechanical properties of alumina-based

composites,” Front. Mater., vol. 9, pp. 1-8, 2022, doi: 10.3389/fmats.2022.965674.

I. Ahmad, M. Islam, H. S. Abdo, T. Subhani, K. A. Khalil, A. A. Almajid, B. Yazdani, and
Y. Zhu, “Toughening mechanisms and mechanical properties of graphene nanosheet-
reinforced alumina,” Mater. Des., vol. 88, pp. 1234-1243, 2015, doi:
10.1016/j.matdes.2015.09.125.

C. A. O. De Couto, S. Ribeiro, and F. R. Passador, “Effect of carbon nanotubes
reinforcement on the mechanical properties of alumina and ZTA composites for ballistic

application,” Ceramica, vol. 64, no. 372, pp. 608-615, 2018, doi: 10.1590/0366-

109



[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

69132018643722475.

E. Akbari, M. Ghassemi Kakroudi, V. Shahedifar, and H. Ghiasi, “The influence of different
SiC amounts on the microstructure, densification, and mechanical properties of hot-pressed
AL Os3-SiC composites,” Int. J. Appl. Ceram. Technol., vol. 17, no. 2, pp. 491-500, 2020,
doi: 10.1111/ijac.13406.

M. Parchoviansky, D. Galusek, P. Svanéarek, J. Sedlagek, and P. Sajgalik, “Thermal
behavior, electrical conductivity and microstructure of hot pressed Al2O3/SiC
nanocomposites,” Ceram. Int., vol. 40, no. 9 PART A, pp. 14421-14429, 2014, doi:
10.1016/j.ceramint.2014.06.038.

C.J.Lin, I. C. Lin, and W. H. Tuan, “Effect of graphene concentration on thermal properties
of alumina—graphene composites formed using spark plasma sintering,” J. Mater. Sci., vol.

52, no. 3, pp. 1759-1766, 2017, doi: 10.1007/s10853-016-0467-6.

A. Weibel, A. Flaureau, A. Pham, G. Chevallier, J. Esvan, C. Estournes, and C. Laurent,
“One-step synthesis of few-layered-graphene/alumina powders for strong and tough
composites with high electrical conductivity,” J. Eur. Ceram. Soc., vol. 40, no. 15, pp. 5779—
5789, 2020, doi: 10.1016/j.jeurceramsoc.2020.06.029.

C. Bechteler, L. Machuj, K. Hebendanz, A. Riibling, R. Girmscheid, and H. Kiihl,
“Electrical and thermal conductivity of CNT/alumina-nanocomposite ceramics,” Int. J.

Ceram. Eng. Sci., vol. 5, no. 1, pp. 1-13, 2023, doi: 10.1002/ces2.10167.

J. Hostasa, W. Pabst, and J. Mat¢jicek, “Thermal conductivity of Al,O3-ZrO> composite
ceramics,” J. Am. Ceram. Soc., vol. 94, no. 12, pp. 4404-4409, 2011, doi: 10.1111/5.1551-
2916.2011.04875 x.

I. Ahmad, A. Kennedy, and Y. Q. Zhu, “Wear resistant properties of multi-walled carbon
nanotubes reinforced AlOs nanocomposites,” Wear, vol. 269, pp. 71-78, 2010, doi:
10.1016/j.wear.2010.03.009.

Y.J. He, A. J. A. Winnubst, D. J. Schipper, A. J. Burggraaf, and H. Verweij, “Effects of a
second phase on the tribological properties of Al>O3 and ZrO; ceramics,” Wear, vol. 210,

no. 1-2, pp. 178-187, 1997, doi: 10.1016/S0043-1648(96)07515-1.

110



[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

C. Zhang, A. Nieto, and A. Agarwal, “Ultrathin graphene tribofilm formation during wear
of Al,Os-graphene nanoplatelet composites,” Nanomater. Energy, vol. 5, no. 1, pp. 1-9,

2016, doi: 10.1680/jnaen.15.00027.

F.S.da Luz, F. da C. G. Filho, M. S. Oliveira, L. F. C. Nascimento, and S. N. Monteiro,
“Composites with natural fibers and conventional materials applied in a hard armor: A

comparison,” Polymers (Basel)., vol. 12, no. 9, pp. 1-13, 2020, doi:
10.3390/POLYM12091920.

GE Aviation Vows to ‘Blueprint’ CMC Material Production | American Machinist.
https://www.americanmachinist.com/news/article/21900728/ge-aviation-vows-to-

blueprint-cmc-material-production (accessed Jul. 10, 2023).

Swiss CNC Lathes | NTK Cutting Tools Co., Ltd.

https://www.ntkcuttingtools.com/us/products/cnc/ (accessed Jul. 10, 2023).

C. Lethien, J. Le Bideau, and T. Brousse, “Challenges and prospects of 3D micro-
supercapacitors for powering the internet of things,” Energy Environ. Sci., vol. 12, no. 1,

pp- 96—115, 2019, doi: 10.1039/c8ee02029a.

I. Ahmad, H. Cao, H. Chen, H. Zhao, A. Kennedy, and Y. Q. Zhu, “Carbon nanotube
toughened aluminium oxide nanocomposite,” J. Eur. Ceram. Soc., vol. 30, no. 4, pp. 865—

873, 2010, doi: 10.1016/j.jeurceramsoc.2009.09.032.

K. Wang, Y. Wang, Z. Fan, J. Yan, and T. Weli, “Preparation of graphene nanosheet/alumina
composites by spark plasma sintering,” Mater. Res. Bull., vol. 46, no. 2, pp. 315-318, 2011,
doi: 10.1016/j.materresbull.2010.11.005.

R. Sahithi, B. Harshit, K. Mansi, B. Ganesh, and V. R.P., “A review on synthesis of CNTs
and its application in conductive paints,” larjset, vol. 2, no. 3, pp. 50-54, 2015, doi:
10.17148/iarjset.2015.2312.

J. Sun, L. Gao, and W. Li, “Colloidal processing of carbon nanotube/alumina composites,”

Chem. Mater., vol. 14, no. 12, pp. 5169-5172, 2002, doi: 10.1021/cm020736q.

R. Moreno, “Colloidal processing of ceramics and composites,” Adv. Appl. Ceram., vol.

111, no. 5-6, pp. 246-253, 2012, doi: 10.1179/1743676111Y.0000000075.

111



[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

M. H. Blees, “Foundations of colloid science,” Colloids Surfaces A Physicochem. Eng.

Asp., vol. 210, no. 1, p. 125, 2002, doi: https://doi.org/10.1016/S0927-7757(02)00170-X.

“Aksay, 1. A. (1984). Microstructure control through colloidal consolidation. In Advances

in Ceramics (pp. 94-104). (Advances in Ceramics; Vol. 9). American Ceramic Soc Inc.”.

J. A. Lewis, “Colloidal processing of ceramics,” J. Am. Ceram. Soc., vol. 83, no. 10, pp.

2341-2359, 2000, doi: https://doi.org/10.1111/5.1151-2916.2000.tb01560.x.

K. F. Chan, M. H. M. Zaid, M. S. Mamat, S. Liza, M. Tanemura, and Y. Yaakob, “Recent
developments in carbon nanotubes-reinforced ceramic matrix composites: A review on
dispersion and densification techniques,” Crystals, vol. 11, no. 5, 2021, doi:

10.3390/cryst11050457.

Y. Fan, L. Wang, J. Li, J. Li, S. Sun, F. Chen, L. Chen, and W. Jiang, “Preparation and
electrical properties of graphene nanosheet/Al>O3 composites,” Carbon N. Y., vol. 48, no.

6, pp. 1743-1749, 2010, doi: 10.1016/j.carbon.2010.01.017.

J. Binner and T. S. R. C. Murthy, “Structural and thermostructural ceramics,” in
Encyclopedia of Materials: Technical Ceramics and Glasses, M. Pomeroy, Ed., Oxford:

Elsevier, 2021, pp. 3—24. doi: https:10.1016/B978-0-12-818542-1.00067-9.

J. M. Torralba, “3.11 - Improvement of mechanical and physical properties in powder
metallurgy,” in Comprehensive Materials Processing, S. Hashmi, G. F. Batalha, C. J. Van
Tyne, and B. Yilbas, Eds., Oxford: Elsevier, 2014, pp. 281-294. doi:10.1016/B978-0-08-
096532-1.00316-2.

S. Moustafa, W. Daoush, A. Ibrahim, and E. Neubaur, “Hot forging and hot pressing of
AlSi powder compared to conventional powder metallurgy route,” Mater. Sci. Appl., vol.

02, no. 08, pp. 1127-1133, 2011, doi: 10.4236/msa.2011.28152.

U. Anselmi-Tamburini, “Spark plasma sintering,” in Encyclopedia of Materials: Technical
Ceramics and Glasses, M. Pomeroy, Ed., Oxford: Elsevier, 2021, pp. 294-310. doi:
10.1016/B978-0-12-803581-8.11730-8.

Y. F. Yang and M. Qian, “13 - Spark plasma sintering and hot pressing of titanium and
titanium alloys,” in Titanium Powder Metallurgy, M. Qian and F. H. (Sam) Froes, Eds.,

112



[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

Boston: Butterworth-Heinemann, 2015, pp. 219-235. doi:10.1016/B978-0-12-800054-
0.00013-7.

R. Rahmani, M. Antonov, and K. G. Prashanth, “The impact resistance of highly densified
metal alloys manufactured from gas-atomized pre-alloyed powders,” Coatings, vol. 11, no.

2, pp. 1-14, 2021, doi: 10.3390/coatings11020216.

J. Chevalier, L. Gremillard, A. V. Virkar, and D. R. Clarke, “The tetragonal-monoclinic
transformation in zirconia: Lessons learned and future trends,” J. Am. Ceram. Soc., vol. 92,

no. 9, pp. 1901-1920, 2009, doi: 10.1111/5.1551-2916.2009.03278.x.

M. Boniecki, T. Sadowski, P. Golebiewski, H. Weglarz, A. Piatkowska, M. Romaniec, K.
Krzyzak, K. Kosiewicz, “Mechanical properties of alumina/zirconia composites,” Ceram.

Int., 2019, doi: 10.1016/j.ceramint.2019.09.068.

S. Rezaee, K. Ranjbar, and A. R. Kiasat, “Characterization and strengthening of porous
alumina-20 wt % zirconia ceramic composites,” Ceram. Int., no. August, pp. 0—1, 2019, doi:

10.1016/j.ceramint.2019.09.047.

K. Jitwirachot, P. Rungsiyakull, J. A. Holloway, and W. Jia-Mahasap, “Wear Behavior of
different generations of zirconia: Present literature,” Int. J. Dent., vol. 2022, 2022, doi:

10.1155/2022/9341616.

R. H. J. Hannink, P. M. Kelly, and B. C. Muddle, “Transformation toughening in zirconia-
containing ceramics,” J. Am. Ceram. Soc., vol. 83, no. 3, pp. 461-487, 2000, doi:
10.1111/5.1151-2916.2000.tb01221 .x.

D. B. Marshall, A. G. Evans, and M. Drory, “Transformation toughening in ceramics.,”

Fract. Mech. Ceram., vol. 6, no. 190144, pp. 289-307, 1983.

F. F. Lange and M. M. Hirlinger, “Hindrance of grain growth in Al>O3 by ZrO> Inclusions.,”
J. Am. Ceram. Soc., vol. 67, no. 3, pp. 164-168, 1984, doi: 10.1111/5.1151-
2916.1984.tb19734 x.

P. K. Rao, P. Jana, M. I. Ahmad, and P. K. Roy, “Synthesis and characterization of zirconia
toughened alumina ceramics prepared by co-precipitation method,” Ceram. Int., vol. 45, no.

13, pp. 16054-16061, 2019, doi: 10.1016/j.ceramint.2019.05.121.

113



[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

I. Ganesh, S. M. Olhero, P. M. C. Torres, F. J. Alves, and J. M. F. Ferreira, “Hydrolysis-
induced aqueous gelcasting for near-net shape forming of ZTA ceramic composites,” J. Eur.

Ceram. Soc., vol. 29, no. 8§, pp. 1393-1401, 2009, doi: 10.1016/j.jeurceramsoc.2008.08.033.

V. Naglieri, P. Palmero, L. Montanaro, and J. Chevalier, “Elaboration of alumina-zirconia
composites: Role of the zirconia content on the microstructure and mechanical properties,”

Materials (Basel)., vol. 6, no. 5, pp. 2090-2102, 2013, doi: 10.3390/ma6052090.

E. P. Butler, “Transformation-toughened zirconia ceramics,” Mater. Sci. Technol., vol. 1,

no. 6, pp. 417-432, 1985, doi: 10.1179/mst.1985.1.6.417.

F. Kern, P. Palmero, F. G. Marro, and A. Mestra, “Processing of alumina-zirconia
composites by surface modification route with enhanced hardness and wear resistance,”

Ceram. Int., vol. 41, no. 1, pp. 889—898, 2015, doi: 10.1016/j.ceramint.2014.09.006.

C. He, Y. S. Wang, J. S. Wallace, and S. M. Hsu, “Effect of microstructure on the wear
transition of zirconia-toughened alumina,” Wear, vol. 162—164, no. PART A, pp. 314-321,
1993, doi: 10.1016/0043-1648(93)90514-M.

I. Ahmad, M. Islam, S. Parvez, N. AlHabis, A. Umar, K. S. Munir, N. Wang, and Y. Zhu,
“Reinforcing capability of multiwall carbon nanotubes in alumina ceramic hybrid

nanocomposites containing zirconium oxide nanoparticles,” Int. J. Refract. Met. Hard

Mater., vol. 84, no. July, p. 105018, 2019, doi: 10.1016/j.1jrmhm.2019.105018.

S. Tan, Y. Zhuang, and J. Yi, “Preparation and mechanic properties of multi-wall carbon
nanotube reinforced alumina matrix composites by spray drying and hot-pressing

sintering,” Mater. Res. Express, vol. 8, no. 6, 2021, doi: 10.1088/2053-1591/ac0a01.

F. Inam, H. Yan, D. D. Jayaseelan, T. Peijs, and M. J. Reece, “Electrically conductive
alumina-carbon nanocomposites prepared by Spark Plasma Sintering,” J. Eur. Ceram. Soc.,

vol. 30, no. 2, pp. 153-157, 2010, doi: 10.1016/j.jeurceramsoc.2009.05.045.

E. A. Klyatskina, A. Borrell, E. G. Grigoriev, A. G. Zholnin, M. D. Salvador, and V. V.
Stolyarov, “Structure features and properties of graphene/Al,O3 composite,” J. Ceram. Sci.

Technol., vol. 9, no. 3, pp. 215-224, 2018, doi: 10.4416/JCST2018-00006.
X. An, T. Simmons, R. Shah, C. Wolfe, K. M, Lewis, M. Washington, S. K. Nayak, S.

114



[168]

[169]

[170]

[171]

[172]

[173]

[174]

Talapatra, and S. Kar, “Stable aqueous dispersions of noncovalently functionalized
graphene from graphite and their multifunctional high-performance applications,” Nano

Lett., vol. 10, no. 11, pp. 4295-4301, 2010, doi: 10.1021/n1903557p.

K. Balazsi, M. Furkd, and C. Balézsi, “Ceramic matrix graphene and carbon nanotube
composites,” in Encyclopedia of Materials: Technical Ceramics and Glasses, M. Pomeroy,
Ed., Oxford: Elsevier, 2021, pp. 243-259. doi: https://doi.org/10.1016/B978-0-12-818542-
1.00070-9.

J. Sun, L. Gao, and X. Jin, “Reinforcement of alumina matrix with multi-walled carbon
nanotubes,” Ceram. Int., vol. 31, no. 6, pp. 893-896, 2005, doi:
https://doi.org/10.1016/j.ceramint.2004.10.002.

P. Palmero, F. Kern, F. Sommer, M. Lombardi, R. Gadow, and L. Montanaro, “Issues in
nanocomposite ceramic engineering: Focus on processing and properties of alumina-based
composites,” J. Appl. Biomater. Funct. Mater., vol. 12, no. 3, pp. 113-128, 2014, doi:
10.5301/jabfm.5000185.

A. Centeno, V. G. Rocha, B. Alonso, A. Fernandez, C. F. Gutierrez-Gonzalez, R.
Torrecillas, and A. Zurutuza, “Graphene for tough and electroconductive alumina
ceramics,” J. Eur. Ceram. Soc., vol. 33, no. 15-16, pp. 3201-3210, 2013, doi:
10.1016/j.jeurceramsoc.2013.07.007.

S. W. Kim, W. S. Chung, K. S. Sohn, C. Y. Son, and S. Lee, “Improvement of flexure
strength and fracture toughness in alumina matrix composites reinforced with carbon
nanotubes,” Mater. Sci. Eng. A, vol. 517, no. 1-2, pp. 293-299, 2009, doi:
10.1016/.msea.2009.04.035.

C. Guo, X.Luo, W. A. Shah, J. K. Li, B. Huang, M. A. Umer, and Y. Q. Yang, “Mechanical
and thermal properties of multiwalled carbon-nanotube-reinforced Al2O3 nanocomposites,”

Ceram. Int., vol. 46, no. 11, pp. 17449-17460, 2020, doi: 10.1016/j.ceramint.2020.04.039.

J. Liu, H. Yan, M. J. Reece, and K. Jiang, “Toughening of zirconia/alumina composites by
the addition of graphene platelets,” J. Eur. Ceram. Soc., vol. 32, no. 16, pp. 4185-4193,
2012, doi: 10.1016/j.jeurceramsoc.2012.07.007.

115



[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

A. Aguilar-Elguézabal and M. H. Bocanegra-Bernal, “Fracture behaviour of a-AlO;
ceramics reinforced with a mixture of single-wall and multi-wall carbon nanotubes,”

Compos. Part B Eng., vol. 60, pp. 463—470, 2014, doi: 10.1016/j.compositesb.2013.12.056.

J. Liu, H. Yan, and K. Jiang, “Mechanical properties of graphene platelet-reinforced
alumina ceramic composites,” Ceram. Int., vol. 39, no. 6, pp. 6215-6221, 2013, doi:

10.1016/j.ceramint.2013.01.041.

W. Bollmann and J. Spreadborough, “Action of Graphite as a lubricant,” Nature, no. 186,
pp- 29-30, 1960, doi: 10.1097/01241398-198709000-00023.

W. Winarto, D. Priadi, N. Sofyan, and A. Wicaksono, “Wear resistance and surface
hardness of carbon nanotube reinforced alumina matrix nanocomposite by cold sprayed

process,” Procedia Eng., vol. 170, pp. 108—112, 2017, doi: 10.1016/j.proeng.2017.03.020.

C. F. Gutierrez-Gonzalez, A. Smirnov, A. Centeno, A. Fernandez, B. Alonso, V. G. Rocha,
R. Torecillas, A. Zurutuza, and J. F. Bartolome, “Wear behavior of graphene/alumina
composite,” Ceram. Int., vol. 41, no. 6, pp. 7434-7438, 2015, doi:
10.1016/j.ceramint.2015.02.061.

A. V. Desai and M. A. Haque, “Mechanics of the interface for carbon nanotube-polymer
composites,” Thin-Walled Struct., vol. 43, no. 11, pp. 1787-1803, 2005, doi:
10.1016/5.tws.2005.07.003.

J. Cho, A. R. Boccaccini, and M. S. P. Shaffer, “Ceramic matrix composites containing
carbon nanotubes,” J. Mater. Sci., vol. 44, no. 8, pp. 1934-1951, 2009, doi: 10.1007/s10853-
009-3262-9.

J. Li and M. Ostling, “Prevention of graphene re-stacking for performance boost of
supercapacitors—A Review,” Crystals, vol. 3, no. 1, pp. 163-190, 2013, doi:
10.3390/cryst3010163.

X. Wang, N. P. Padture, and H. Tanaka, “Contact-damage-resistant ceramic/single-wall
carbon nanotubes and ceramic/graphite composites,” Nat. Mater., vol. 3, no. 8, pp. 539—

544, 2004, doi: 10.1038/nmat1161.
P. Rutkowski, L. Stobierski, D. Zientara, L. Jaworska, P. Klimczyk, and M. Urbanik, “The

116



influence of the graphene additive on mechanical properties and wear of hot-pressed SizNa
matrix composites,” J. Eur. Ceram. Soc., vol. 35, no. 1, pp. 87-94, 2015, doi:
10.1016/j.jeurceramsoc.2014.08.004.

[185] W. A. Shah, X. Luo, B. I. Rabiu, B. Huang, and Y. Q. Yang, “Toughness enhancement and
thermal properties of graphene-CNTs reinforced Al>O; ceramic hybrid nanocomposites,”

Chem. Phys. Lett., vol. 781, p. 138978, 2021, doi: 10.1016/j.cplett.2021.138978.

[186] O. S. Asiq Rahman, M. Sribalaji, B. Mukherjee, T. Laha, and A. K. Keshri, “Synergistic
effect of hybrid carbon nanotube and graphene nanoplatelets reinforcement on processing,
microstructure, interfacial stress and mechanical properties of Al>O3; nanocomposites,”

Ceram. Int., vol. 44, no. 2, pp. 2109-2122, 2018, doi: 10.1016/j.ceramint.2017.10.160.

[187] B. Yazdani, Y. Xia, I. Ahmad, and Y. Zhu, “Graphene and carbon nanotube (GNT)-
reinforced alumina nanocomposites,” J. Eur. Ceram. Soc., vol. 35, no. 1, pp. 179-186, 2015,

doi: 10.1016/j.jeurceramsoc.2014.08.043.

[188] W.S. Hummers and R.E Offeman, “Preparation of graphitic oxide,” J. Am. Chem. Soc., vol.
80, pp. 1339-39., 1958.

[189] A. Opalinska, I. Malka, W. Dzwolak, T. Chudoba, A. Presz, and W. Lojkowski, “Size-
dependent density of zirconia nanoparticles,” Beilstein J. Nanotechnol., vol. 6, no. 1, pp.

27-35, 2015, doi: 10.3762/bjnano.6.4.

[190] R. C. Garvie and P. S. Nicholson, “Phase Analysis in Zirconia Systems,” J. Am. Ceram.
Soc., vol. 55, no. 6, pp. 303-305, 1972, doi: 10.1111/j.1151-2916.1972.tb11290.x.

[191] B.D. Cullity, S.R. Stock, Elements of X-ray Diffraction, 3rd ed. Prentice-Hall, Inc., New
Jersey, 2009. 93 (ISBN: 0-13-178818-3).

[192] D. Banerjee, “Phase Identification X-Ray Diffraction (XRD)”.

[193] ASTM, “Standard Test Methods for Determination of Fracture Toughness of Advanced
Ceramics,” Annu. B. ASTM Stand.,, vol. i, pp. 1-31, 2011, doi:
10.1016/j.anbehav.2012.08.026.

[194] X. Wang and A. Atkinson, “On the measurement of ceramic fracture toughness using single

117



[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

edge notched beams,” J. Eur. Ceram. Soc., vol. 35, no. 13, pp. 3713-3720, 2015, doi:
10.1016/j.jeurceramsoc.2015.05.005.

K. Niihara, R. Morena, and D. P. H. Hasselman, “Evaluation of Kic of brittle solids by the
indentation method with low crack-to-indent ratios,” J. Mater. Sci. Lett., vol. 1, no. 1, pp.

13-16, 1982, doi: 10.1007/BF00724706.

E. Rocha-Rangel, “Fracture toughness determinations by means of indentation fracture,”

Nanocomposites with Unique Prop. Appl. Med. Ind., no. ¢, 2011, doi: 10.5772/18127.

S. T. Method, “Standard Test Method for Flexural Strength of Advanced Ceramics at
Ambient”, doi: 10.1520/C1161-13.2.

ASTM G133, “Standard Test Method for Linearly Reciprocating Ball-on-Flat Sliding Wear
1,” ASTM Int., vol. i, no. Reapproved 2010, pp. 1-9, 2015, doi: 10.1520/G0133-05R10.2.

F. M. Smits, “Measurement of sheet resistivities with the Four-point probe,” Bell Syst.

Tech. J., vol. 37, no. 3, pp. 711-718, 1958, doi: 10.1002/j.1538-7305.1958.tb03883.x.

N. S. Rajput and X. Luo, “Chapter 3 - FIB micro-/nano-fabrication,” in Micromanufacturing
Engineering and Technology (Second Edition), Y. Qin, Ed., Second Edi.in Micro and Nano
Technologies. Boston: William Andrew Publishing, 2015, pp. 61-80. doi:
https://doi.org/10.1016/B978-0-323-31149-6.00003-7.

G. D. Zhan, J. D. Kuntz, J. E. Garay, and A. K. Mukherjee, “Electrical properties of
nanoceramics reinforced with ropes of single-walled carbon nanotubes,” Appl. Phys. Lett.,

vol. 83, no. 6, pp. 1228-1230, 2003, doi: 10.1063/1.1600511.

K. Ahmad and W. Pan, “Dramatic effect of multiwalled carbon nanotubes on the electrical
properties of alumina based ceramic nanocomposites,” Compos. Sci. Technol., vol. 69, no.

7-8, pp. 1016-1021, 2009, doi: 10.1016/j.compscitech.2009.01.015.

M. Michalek, J. Sedlacek, M. Parchoviansky, M. Michalkova, and D. Galusek, “Mechanical
properties and electrical conductivity of alumina/MWCNT and alumina/zirconia/MWCNT
composites,” Ceram. Int., vol. 40, no. 1 PART B, pp. 1289-1295, 2014, doi:
10.1016/j.ceramint.2013.07.008.

118



[204] E. Zapata-Solvas, D. Gémez-Garcia, and A. Dominguez-Rodriguez, “Towards physical
properties tailoring of carbon nanotubes-reinforced ceramic matrix composites,” J. Eur.
Ceram. Soc., vol. 32, no. 12, pp- 3001-3020, 2012, doi:
10.1016/j.jeurceramsoc.2012.04.018.

119



APPENDIX
PUBLISHED RESEARCH PAPERS RELATED TO CHAPTER 4

Paper |: Effect of graphene and zirconia on microstructure and tribological behaviour of
alumina matrix nanocomposites

S. H. Duntu, I. Ahmad, M. Islam, S. Boakye-Yiadom (2019) Effect of Graphene and Zirconia on
Microstructure and Tribological Behaviour of Alumina Matrix Nanocomposites, Wear, 438-439,
(https://doi.org/10.1016/j.wear.2019.203067).



https://doi.org/10.1016/j.wear.2019.203067

Wear 438-439 (2019) 203067

Contents lists available at ScienceDirect

Wear

ELSEVIER

journal homepage: http://www.elsevier.com/locate/wear
Effect of graphene and zirconia on microstructure and tribological )
behaviour of alumina matrix nanocomposites o

Solomon Hanson Duntu?, Iftikhar Ahmad °, Mohammad Islam °, Solomon Boakye-Yiadom *

@ Department of Mechanical Engineering, Lassonde School of Engineering, York University, Toronto, Ontario, Canada
b Center of Excellence for Research in Engineering Materials, Deanship of Scientific Research, King Saud University, P.O. Box 800, Riyadh, 11421, Saudi Arabia

ARTICLE INFO ABSTRACT

Keywords: The inherent brittleness of monolithic alumina (Aly03) has consistently limited its potential for several high-

A}umlffa o performance structural applications such as engine turbine parts and high temperature space materials. The

(Z;rc"]:“a precipitates fracture toughness and wear properties of alumina can be improved by the uniform dispersion of sub-micron and
raphene

nano-phase particles in the alumina parent matrix. In the current study, alumina-based nanocomposites were
fabricated by homogeneous dispersion of zirconia (4 wt% and 10 wt%) and graphene (0.5 wt%) using colloidal
mixing followed by hot-pressing at 1600 °C for 1 h. The microstructure of the processed composite was exten-
sively observed under high-resolution electron microscopes. The effects of zirconia and graphene on the me-
chanical and tribological properties were also investigated. The final microstructures depict extensive grain-
refinement by the uniform dispersion of 0.5 wt%Gn and 10 wt%ZrO; in the parent alumina matrix. A coarse-
grain microstructure was observed with the addition of the 4 wt%ZrO, due to insufficient inhibition of
alumina grain growth during sintering. The coefficient of friction results from the wear test using a UMT Tribolab
equipment with constant normal load of 25N, 100 mm/s sliding velocity for 1000s, under ASTM G133-05 il-
lustrates a steep increase for the 0.4 wt% ZrO, addition but a significant decrease for the 10 wt%ZrO, addition.
Consequently, the addition of 10 wt% ZrOg resulted in ~98% decrease in the wear rate which was attributed to
its refined microstructure and effective load-bearing activities of the uniformly dispersed ZrO. precipitates.
Meanwhile, the addition of 0.5 wt%Gn revealed a fine-grained microstructure and consequent lower wear rate
(~90.5%), but there was a relative increase in the coefficient of friction, which suggested that there is a direct
relationship between the microstructure and wear behaviour than the coefficient of friction.

Grain-refinement
Reciprocating wear test

1. Introduction applications such as joint prosthesis and dental inserts [8]. In addition to

its high scratch resistance, alumina as a bioceramic, tends to provide a

Advanced ceramics such as alumina, zirconia, silicon carbide and
boron carbide have wide range of potential in the aerospace, automo-
tive, defence and biomedical industries due to their attractive and
suitable physical, mechanical and chemical properties [1-3]. In recent
years, alumina as a lightweight structural ceramic, has gained much
attention in various engineering and material research fields. Current
extensive applications of advanced alumina include high speed cutting
tools, high temperature bearings, wear resistant coatings, armour plates
and electrical and thermal insulators. These are attributed to their
excellent properties such as high hardness, wear resistance, high tem-
perature strength, good oxidation and corrosion resistance [4-7]. Also,
the chemical stability coupled with good compatibility with the physi-
ological and biological environment makes it suitable for biomedical
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E-mail address: sboakyey@yorku.ca (S. Boakye-Yiadom).
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very good lubricating action between interfaces in the body due to its
high ability to adsorb polar molecules such as water and body fluid on its
surface [9].

Indeed, alumina and many other advanced structural ceramics pre-
sent numerous possibilities in various engineering applications. How-
ever, several high-performance structural applications of advanced
ceramic materials such as their use in gas turbines for power plants,
rocket and jet engines, heat shields for space vehicles, fusion reactor first
wall, heat treatment furnaces, aircraft brakes and turbine engines are
restricted due to their inherent brittleness, low fracture toughness and
mechanical resistance [10-13]. Generally, the low fracture toughness of
monolithic alumina and most engineering ceramics is due to their
atomic bonding, crystal structure and microstructure after processing
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[14]. Atomic bonds in ceramics are usually ionic and covalent, which
have a tendency to limit dislocation movement and the amount of plastic
deformation within the structure [15,16]. In addition, technical ce-
ramics are developed by consolidating ultrafine microscopic powders at
high temperatures (>1300°C) to produce near dense and most times
coarse microstructures [17]. Typically, the manufacturing processes of
advanced ceramics are major sources of initial micro-flaws in the final
microstructure. The sensitivity of these materials to these inherent flaws
such as microcracks, voids and inclusions results in their low fracture
toughness especially under high performance structural applications
[18,19].

Studies have shown that microstructural design can be used to
improve the fracture toughness and mechanical properties of monolithic
ceramics. This microstructural modification involves deliberate and
effective tailoring of the microstructure by the distribution of other
materials within the material to achieve maximized performance [17,
20,21]. Marshall reported that the toughness of ceramics can be
improved by refining the polycrystalline grain size and shape [22]. This
is achieved by embedding second-phase sub-micron or nanoparticles
within the ceramic matrix phase to form a composite or a nano-
composite. Ceramic matrix nanocomposites consists of a monolithic
ceramic matrix system with homogeneously dispersed nano-scale sec-
ond-phase particles such as carbon nanotubes, graphene, SiC, Si4Ng, etc
[23,24]. Several research works have attempted to incorporate suitable
second-phase particles into alumina matrix with the aim to improve the
fracture toughness and wear resistance. Most common additives such as
zirconia (ZrQy), silicon carbide SiC, carbon-based inclusions (Graphene
and CNT) and silicon nitride (Si4N3) have been used coupled with
several processing routes and sintering techniques such as spark plasma
sintering (SPS), stir casting, hot isostatic pressing (HIP) [25]. The
challenge is to successfully disperse these particles on the grain
boundaries of alumina matrix to impede matrix grain growth and obtain
a refined microstructure with improved mechanical properties [26].

Although there have been several reports in literature showing the
success of these processing routes to achieve improved properties, other
investigations have considerably shown that the mechanical properties
of the final composite are not necessarily improved by the addition of
these second-phase particles. In some cases, the additions of certain
amounts of ZrO,, graphene, carbon nanotubes and SiC tend to deplete
the fracture toughness and compromise the desired low-density attri-
butes of the final nanocomposites [27]. The variation of mechanical
properties are mainly attributed to the effectiveness of the fabrication
process to uniformly distribute particles within matrix and weak inter-
facial bonding after sintering [28]. Studies on AloO3 matrix reinforced
with graphene and carbon nanotubes have shown that the superior
properties of the manufactured composites depend on the homogeneous
dispersion of the graphene particles on the matrix phase, overall
densification of composites, the retention of the structure during high
temperature sintering process and the concentration of the particles in
the matrix phase [1,29-32].

Zirconia (ZrO,) is an attractive structural ceramic which is
commonly used to improve the fracture toughness of structural alumina.
Past studies have revealed that the fracture toughness of Al,Os
(~3 MPam'/?) can be significantly improved (above 8 MPa m'/2) when
ZrOy phase is uniformly dispersed within the matrix [19]. The pre-
dominant toughening mechanism which involves the transformation of
the metastable tetragonal structure to a voluminous (from 3% to 5%
volume expansion) monoclinic structural phase in the presence of an
induced stress improves the toughness and mechanical properties of
alumina by impeding crack propagation [33,34]. In addition, grain
refinement by the addition of ZrO, is possible when there is sufficient
self-diffusion of ZrO, particles within the alumina 4-grain junction to
inhibit abnormal grain growth during sintering [35-37]. Desired
toughening effect of zirconia is observed when there is uniform distri-
bution of ZrO, phase within the ceramic matrix. It is also reported that
huge variation in mechanical properties is observed in alumina-zirconia
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composites due to variation of ZrO, amount, porosity, grain size and
conditions for the final sintering process [38-41]. Several researchers
have also concluded that an improved toughness and mechanical
properties is experienced when an optimum amount of ZrO,, from 8 to
20 vol% is utilized as a homogeneous phase within Al,O3 matrix [35,37,
42-44]. Naglieri et al. used wet chemical method to prepare Al,O3/ZrO5
composites by varying the ZrO; content from 5 vol%-20 vol% and re-
ported that maximum fracture toughness and hardness was exhibited by
the 10 vol% ZrO, addition due to significant tetragonal to monoclinic
transformation at tip of crack. In their work, the 5 vol%ZrO, recorded
lowest fracture toughness which was typically ascribed to poor disper-
sion and agglomeration of ZrO, particles within Al,O3 matrix [45].
Khoshkalam et al. also adapted gel casting method to prepare
Al;03/ZrO5 composites with up to 20 vol% ZrO, content and recorded
optimum fracture toughness, finer microstructure and higher flexural
strength with the 10 vol%ZrO; inclusion [46].

Since its discovery, two-dimensional graphene has been adapted as a
possible means to produce tougher structural ceramic material by
incorporating it as a second phase within the ceramic matrix [24,47].
The combination of superior mechanical and physical properties such as
high strength, stiffness and flexibility, large surface area and good
electrical and thermal conductivity makes it very effective in a matrix
phase [48-50]. These additives are known to refine the ceramic matrix
phase and improve their fracture toughness when they are homoge-
neously distributed within the matrix phase after sintering. Iftikhar et al.
suggested that the presence of graphene at the AlpO3 grain boundary
restricts boundary movement during sintering which suppresses further
grain growth and yield refined microstructures [51-53]. Various studies
have also shown that small amounts of graphene (0.1-1.0 vol%) within
Al,03 matrix offer superior mechanical properties [26,48]. Higher gra-
phene content during processing have been reported to cause extreme
carbon agglomeration (due to their van der Waals forces) which causes
incomplete sintering, poor densification and consequentially lower
mechanical properties [52]. Gallardo-Lopez and her group used spark
plasma sintering to produce zirconia matrix composites reinforced with
nanostructure graphene and reported a high electrical conductivity but
poor densification with the addition of 20vol% graphene [54]. In
addition, Iftikhar et al. reported 45% improvement in fracture toughness
with 0.75 wt%graphene nanoplatelets (GNP) inclusion within Al,O3
matrix, whilst the 1.25wt% gave poor properties as a result of GNP
agglomeration [51]. Several works have also revealed that the major
toughening mechanisms demonstrated by these graphene phases within
a ceramic matrix material include crack deflection, pinning and gra-
phene pull-out [25-26,51-53]. This effect is fully experienced in the
composite material when there is phase homogeneity and good inter-
facial bonding between the graphene phase and the matrix after sin-
tering [24,25,47,53].

Even though single additions of graphene and ZrOs on the micro-
structural evolution and properties of alumina are widely studied, the
synergistic effect resulting from multiple combinations of graphene and
ZrO and metal oxides are still not well understood. To study and un-
derstand the synergistic effects of multiple additions of graphene and
ZrO to Al;03 matrix, the tribological behaviour and the microstructural
evolution resulting from the single additions of graphene and ZrO,
would have to be systematically characterized and studied. Thus, we
first need to analyse and understand the individual effect of these
reinforced particles on the microstructure and mechanical properties of
the Al,03 matrix before multiple combinations of these particles to the
alumina matrix. This study aims to systematically process and charac-
terize Al,O3 matrix nanocomposite incorporated with different con-
centrations of ZrO, and graphene as a baseline for multiple
combinations of these particles to the alumina matrix.
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2. Experimental procedure
2.1. Sample preparation

The as-received a-alumina powder (Sigma Aldrich, UK), having an
average particle size of <50nm and purity of 99.96% was uniformly
dispersed in distilled water to form an alumina suspension. The gra-
phene was prepared from graphite oxide (GO), which was obtained from
fine graphite flakes using the Hummers’ method discussed elsewhere
[55]. The as-received surface enhanced graphite flakes (Grade-3775,
Asbury Graphite Mills Inc., NJ, USA) were first chemically modified to
graphite oxide (GO) followed by thermal exfoliation upon heating to
1600°C at 1000°C/min and 4.5 x 10 Torr pressure in an
induction-heat furnace. Detailed characterization of the processed gra-
phene is discussed in other work [51].

Concentrations of 4 wt% and 10 wt% of zirconia (<80 nm in diam-
eter, Sigma Aldrich, UK), and 0.5 wt%graphene were separately
dispersed in distilled water. A surfactant was used together with ultra-
sonic vibrations to enhance uniform dispersion of the graphene by
decreasing the van der Waals’s attractive forces. The alumina slurry was
added to both zirconia and graphene suspensions whilst continuously
stirred using a probe sonicator to obtain a homogeneous mixture. The
slurry formed were then dried on a hot plate at temperatures between
120-150°C under sonication to obtain the powder mixture. Dried
powder mixture was constantly milled in a mortar to obtain very fine
and uniform nanocomposite powders. Consolidation was then carried
out by hot-pressing in a graphite die at 1600 °C at a constant 60 MPa
pressures for 1h holding time. The final processed nanocomposites
which are rectangular shaped with dimensions of about 50mm x 40mm
x 2mm were then subjected to mechanical and microstructural
characterization.

The density of the processed alumina nanocomposite with different
composition of zirconia (4 wt% and 10 wt%) and 0.5 wt%graphene as
shown on Table 1 were determined using the helium gas pycnometer
(AccuPyc II 1340 Pycnometer) and a high precision weighing balance
with an accuracy of 0.0001 g. Table 1 below shows the summary of the
fabricated composites. The final rectangular shaped sintered nano-
composites with average dimensions 50 x 40 x 2mm were sectioned
using a diamond wire-saw to smaller rectangular sizes (15 x 10 x 2 mm)
for microstructural analysis. The sectioned samples were cold mounted
in epoxy resin. The mounted samples were then ground progressively
from coarse to fine finish using different grits of SiC grinding paper (400,
600, 800 and 1200), and then polished to a mirror finish up to 0.05 pm
using a diamond suspension.

The microstructures of the polished consolidated nanocomposites
were characterized using a High-Resolution Field Emission Scanning
Electron Microscope (Quanta 3D, Thermofisher) with emission gun
operating at 20 KV. The samples’ surfaces were coated with a thin layer
of platinum charging on the sample surface in the SEM chamber.
Backscattered electron (BSE) micrographs and chemical composition
analysis of the nanocomposites were carried out using a thermionic
emission gun SEM equipment (TESCAN VEGA 3) coupled with an energy
dispersive spectroscopy (EDS). Further microstructural analysis was also
carried out using phase contrast information and the distribution of
second-phase particles within the nanocomposites.

Table 1
Summary of fabricated samples.

Sample Description Density (g/ Surface roughness (Sa, nm) of
cm®) polished samples
Pure Pure Alumina 4.05 61.818 +8.18
AlL,Os (Aa)
AGO.5 Aa+0.5Gn 3.96 63.392 £ 5.65
AZ4 Aa+47rO, 4.01 66.205 + 7.92
AZ10 Aa+10ZrO, 4.03 76.158 + 4.29
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An X-ray Micro-Computed Tomography (Micro-CT) system (240 kV,
GE Phoenix v|tome|x m compact micro CT) coupled with GE DXR de-
tector array was adapted to analyse the internal microstructural features
of the prepared samples after sintering. Optimised X-ray scan parame-
ters were chosen to achieve the best contrast and penetration of X-ray. A
better visual contrast between the matrix and inclusions were obtained
using an acceleration voltage of 100 kV and beam current of 100 yA. A
Volume Graphics Software (VGStudio Max) was used to process the raw
image data after each scanning. The presence of void and inclusions of
each sample within the detection limit of the Micro-CT system (>20 pm)
were critically assessed.

2.2. Surface roughness measurement

Prior to wear test, surface roughness of the polished composites was
measured by a Non-contact White Light Interferometry using a Bruker
Contour GT Optical profilometer system. The surface roughness of each
specimen was investigated using the ISO 25178, which utilizes a high
pass and low pass filter to reveal the asperities of the polished composite
surface. Ten separate measurements were made on each sample surface
over an area of 961 x 721 pm? and the average 3D surface roughness
value (Sa) was calculated.

2.3. Wear test

A ball-on-flat configuration (Fig. 1) was used to conduct a dry sliding
wear test on a flat polished specimen using the UMT tribolab (Bruker
Tribometer, Canada). The specimens were prepared for the test in
accordance with the conditions described in ASTM G133-10. A
9.525 mm diameter spherical SigN4 ball with purity of 99.9% and sur-
face roughness (S,) of 5.11 + 0.25nm was used as the counter body
during the experiment. SigN4 against AlyO3 is one of the ceramic on
ceramic material combinations proposed for artificial joint or joint
replacement [56]. We chose the SisN4 counter ball against Al;Os
because it is a proposed ceramic-ceramic system to be used for artificial
implants [56].

The counter ball was cleaned in an ethanol ultrasonic bath for about
5 min prior to the wear test as prescribed by the standard. The ball was
then secured in an appropriate customized holder which was suspended
normally to the specimen stage. The tip of the ball was closely examined
to prevent ball movements in the holder during the test. The finely
polished alumina specimens with dimensions (15 mm x 10 mm x 2 mm)
was also cleaned ultrasonically and secured on the reciprocating stage
using a pair of rectangular holders (Fig. 1) to limit vibrations. A preload
of 5N was applied to the SigN4 ball at the initiation of each test for 5s, to
ensure smooth engagement of the contact surfaces before the sliding and
to ensure safe condition of the sensitive loading force sensor. A constant
normal load of 25 N was applied to the stationary ball immediately after
the pre-load sequence for 1000s, using a to and fro sliding velocity of
100 mm/s of the sample stage, which represents the testing frequency of
5 Hz according to the ASTM standard. The stroke length used was 10 mm
which gave a total sliding distance of 100 m equivalent to 5000 cycles
which was calculated according to equations (1) and (2) below;

Total sliding distance(m) = 0.002 x ¢t X f X L 1)
Total number of cycles = ¢ X f 2)

where t is test time, f is oscillating frequency and L is stroke length [57].
The experiment was repeated three times on each sample surface by
changing the position of the counterball and moving to an unworn area
on the sample surface. The test was conducted in a dry sliding condition
at room temperature of 22 + 3 °C and relative humidity of 40-60%.
The worn samples were analysed using the optical microscope (ZEISS
M2 Imaging System, Canada) and SEM (TESCAN VEGA 3) to observe the
morphological changes within the wear track region. The optical
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Fig. 1. (a) Major parts of the UMT Tribolab Wear Testing Equipment (b) Illustration of ball-on-flat reciprocating wear test.

profilometer was used to generate the 2D and 3D profile of each worn
surface after the wear test. The acquired profile was used to determine
accurately the wear depth and wear width of the wear tracks. These
were used to estimate the volume of wear and the corresponding wear
rate of the samples.

3. Results

3.1. Microstructure of as-sintered alumina nanocomposites before wear
tests

3.1.1. Structure of as-sintered Al,O3 and Al,03-0.5 wt% graphene samples

The as-sintered samples were characterized to understand the effect
of the temperature (1600 °C) and pressure (50 MPa) on the evolved
microstructure after sintering. Similar sintering conditions were used to
prepare all the samples. The fabricated nanocomposites were rectan-
gular shaped with typical dimensions of about 50 mm by 40 mm by
2 mm. All the prepared nanocomposites were almost fully dense with no

observable macro-cracks and macro-defects. The bulk densities of the
sintered samples are presented in Table 1.

Microstructural characterization of the polished samples using the
FE-SEM reveal that the addition 0.5wt% graphene refined the micro-
structure of pure Al,O3. Fig. 2 shows the micrographs of the finely
polished pure Al,03 and Al;03-0.5 wt%Gn (from here on referred to as
the pure Al;03 and AG0.5) samples. It was observed that the pure Al,O3
revealed coarser matrix after sintering (Fig. 2(a)) when compared with
the matrix of the AGO0.5 sample (Fig. 2(b)). The addition of 0.5 wt%
graphene shows a relatively more refined Al;O3 matrix which demon-
strates that the presence of graphene resulted in grain refinement of the
Al,03 matrix. In addition, Fig. 2(b) demonstrates that not only did the
addition of 0.5 wt% graphene cause grain refinement, but the grains also
appear to be more equiaxed. There were no observable second phase
precipitates in the Al03-0.5 wt% graphene sample.
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Fig. 2. SEM micrographs of as-sintered samples under the same magnifications illustrating Al,0O3 matrix refinement (a) Pure Al,O3 with relatively coarse micro-
structure (b) Al,O3 with 0.5 wt% graphene addition showing grain-refinement of Al,O3 matrix.

3.1.2. Structure of as-sintered Al,03-4wt%ZrOz and Al;03-10 wt%ZrOz to as the AZ4 and AZ10 samples) after fine polishing up to 0.25 pm using
samples diamond suspension. Generally, a refined Al,O3 matrix is observed with

The micrographs in Fig. 3 show the microstructures of the as-sintered the addition of 10 wt%ZrO, whilst the addition of 4 wt%ZrO, showed a
Aly03-4wt%ZrO, and Aly03-10 wt%ZrO, samples (from here on referred coarser matrix. Fig. 3(b) demonstrates the relatively finer Al;O3 matrix

Alumina
matrix

Alumina
matrix

Micro-
pores

Refined

Refined
alumina
matrix

Fig. 3. SEM micrographs of as-sintered samples under the same magnifications revealing the effect of ZrO, addition on Al,03 matrix (a) Al,03 with 4 wt% ZrO, with
relatively coarse-grain structure (b) Al,O3 with 10 wt%ZrO, showing a refined Al,O3 matrix.
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with the addition of 10 wt%ZrO; in the AZ10 sample when compared
with both the pure Al;O3 and AZ4 samples. However, the addition of
4 wt%ZrO-, depicted a relatively coarser matrix in the AZ4 sample when
compared with AZ10 (Fig. 3(a)). The coarser matrix in the AZ4 sample is
comparable to that of the pure Al,O3 matrix.

To observe the structure and morphology of the precipitates formed
in the AZ4 and AZ10 samples, the samples were studied using the
backscattered electron (BSE) mode in the SEM. The BSE micrographs
revealed the dispersion and spatial distribution of relatively spherical
ZrO precipitates in the AZ4 and AZ10 specimens. Fig. 4 shows the BSE
micrographs revealing the large z-contrast between the Al;O3 matrix
and the zirconia precipitates (grey spherical precipitates) in the AZ4 and
AZ10 samples. There were large and relatively small dispersions of the
ZrO, precipitates in both the AZ4 and AZ10 samples (Fig. 4(b) and (c)).
However, there were larger ZrO, precipitates in the AZ4 samples among
very tiny ZrO, precipitates creating a significant size gradient between
the ZrO, precipitates. However, there was a relatively smaller size
gradient of the ZrO, precipitates in the AZ10 samples when compared
with the AZ4 samples. Also, a coarser morphology of the parent Al,O3
matrix with the dispersed ZrO, particles was observed with the 4 wt%
ZrOy precipitates in the AZ4 sample. There was uniform distribution of
ZrO precipitates in the AZ10 samples with relatively higher quantities
of ZrO, precipitates within the AloO3 matrix due to the higher concen-
tration of ZrO; used. The Al,O3 matrix in the AZ10 is significantly finer
than in AZ4 which further illustrates the refining effect of the 10 wt%

Alumina
matrix

Zirconia
phases
immersed in
alumina

Zirconia
phases
immersed in
alumina

Alumina
matrix
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ZrO, addition.

Energy Dispersive Spectroscopy (EDS) was used to qualitatively
verify the individual elemental distributions and components within the
samples. The EDS mapping in Figs. 5 and 6 show the surface topography
of the mapped regions of AZ4 and AZ10 samples respectively with the
various constituent elements demonstrating that ZrO, precipitates are
distributed within the Al,O3 matrix. A uniform spatial distribution of
dense and ultra-fine ZrO, precipitates were more apparent in the map-
ped AZ10 sample relative to the sparsely dispersed precipitates in the
AZ4 sample. Fig. 5 shows the EDS maps of the AZ4 sample illustrating
the dispersion of both the bigger and fine ZrO, precipitates. In Fig. 5(c),
a detailed distribution of very fine ZrO, precipitates sparsely dispersed
within the matrix is also revealed in the AZ4 sample. Fig. 6 shows the
EDS mapping of AZ10 which demonstrates an even distribution of
highly dense ZrO, precipitates within the Al,O3 matrix. Tiny pre-
cipitates which were otherwise not revealed in the previous micrographs
(Fig. 5(c)) have been detailed in Fig. 6(c), reinforcing the fact that AZ10
sample has a more uniform dispersion of ZrO, precipitates within its
microstructure. Tables 2 and 3 displays the quantitative results from the
EDS mapping of the AZ4 and AZ10 samples respectively.

3D scans of the as-sintered samples using a non-destructive X-ray
Computed Tomography (CT) revealed the internal microstructure of the
fabricated samples. Generally, no voids and inclusion were detected in
the pure Al;03 and Al;03-0.5Gn samples under similar scanning con-
ditions. However, higher volume of inclusion was detected in the
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alumina
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SEM Hy w

Zirconia
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Fig. 4. Backscattered Electron SEM micrographs showing ZrO, phase distribution within Al,O3 matrix (a) Pure Al,03 without ZrO, (b) Al,O3 with 4 wt% ZrO, (c)

Al;03 with 10 wt%ZrO, showing a relatively refined alumina matrix.
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Aly03-10ZrO, than the Aly03-4ZrO; sample which also showed no void
present. Fig. 7(a) and (b) shows the 3D scan images of pure Al,03 and
AGO0.5 sample demonstrating no apparent inclusions and voids within
the detecting limit of the system. The detection limit of the Micro-CT
system used was between 50um-70 pm and therefore was able to reg-
ister the inclusions within this range. This might also explain the
absence of porosity in all the scanned samples, since micro-porosity
below the system resolution will not be accounted for. Within this
detection range, some inclusions were detected in the AZ4 and AZ10
samples as shown in Fig. 7(c) and (d). The volume of inclusion detected
for the AZ10 sample scanned was about 10.59 mm® and that of AZ4 was
about 0.055 mm?>. Typically, there were no observable microcracks or
defects detected in all the scanned samples within the detection limit of
the Micro-CT scan system.

3.2. Surface roughness and wear test

Prior to wear tests, the polished samples were studied using an op-
tical profiler to document the surface roughness. Fig. 8 shows the 3D
topography of the polished samples measuring the surface roughness
before wear test and Table 1 shows the various surface roughness values.

The coefficient of friction (COF) data was continuously recorded by
the UMT Tribolab system over a sliding distance of 700 m and time in-
tervals of 0.01s during the test. Table 4 shows the mean COF values for
all nanocomposites after wear test. From Table 4, it is observed that the
addition of 10 wt%ZrO, yielded the least COF value which is about 74%
lower than pure Al,O3. Thus, the AZ10 sample had the lowest COF value
relative to pure Al;03. Meanwhile, the addition of 4 wt%ZrO, did not
lower the COF of Al;03 and relatively registered the highest COF value.
Also, there was approximately 27% increase in the COF when 0.5 wt%
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Fig. 6. EDS mapping of elements in Al;O3 -10 wt%ZrO, sample (a) BSE image
of AZ10 sample(b)Overall mapped data (c)EDS mapping showing Zr elements
and ZrO, distribution within the Al;O3 matrix (d) EDS mapping of element Al
(e)-(f) EDS mapping of elements O and C.

Table 2
EDS mapping results for Al,O3-4wt%ZrO,.

Element Mass Mass Norm. Atom [%] Abs. error [%] (1
[%] [%] Sigma)

Carbon 4.92 6.97 12.08 0.61

Oxygen 26.09 36.99 48.13 2.81

Aluminum 35.05 49.71 38.35 1.69

Zirconium 4.46 6.32 1.44 0.24

Sum 70.52 100.00 100.00

Table 3

EDS mapping results for Al,03-10 wt%ZrOx.

Element Mass Mass Norm. Atom [%] Abs. error [%] (1
[%] [%] Sigma)

Carbon 4.65 6.25 11.34 0.61

Oxygen 26.90 36.20 49.28 2.96

Aluminum 33.51 45.10 36.41 1.62

Zirconium 9.26 12.46 2.97 0.47

Sum 74.31 100.00 100.00

graphene was added to pure Al,O3, as well as the 4 wt% addition.

The wear rate was reported in terms volume loss per sliding distance
and applied load (mm®/Nm). The volume loss was estimated by the
product of the wear track width, track length and wear track depth
(mm®), as shown in Table 4. The optical profilometer was used to
calculate the wear depth and width by scanning the track region to
generate a 3D and 2D wear track profile as shown in Fig. 9. The calcu-
lated specific wear rate of the nanocomposites under the same test
conditions are also displayed in Table 4. Generally, a higher volume loss
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and wear rate were illustrated by the AZ4 sample relative to the pure
Aly03. The addition of 0.5 wt% graphene and 10 wt%ZrO2 to AloO3
however gave a lower wear rate and volume loss. Fig. 9(a) and (b) il-
lustrates the volume loss of the pure AloO3 and AGO0.5 sample. It is also
observed from Table 4 that even though the addition of 0.5 wt%gra-
phene to parent Al;O3 did not necessarily yield a low COF relative to that
of pure Al,Os3, its wear rate and volume loss decreased drastically. The
wear rate and volume loss demonstrated by the AG0.5 sample were
approximately 90.5% lower than that of pure Al;O3. The results from
Table 4 also illustrates that a relatively large volume of material was
worn from the AZ4 sample surface during the sliding test, which also had
the highest wear rate as shown in Fig. 9(c). The amount of material loss
from the AZ4 sample was more than that of pure Al;03 sample (~1261%
higher), which indicates that the addition of 4 wt% ZrO5 decreased the

wear resistance of the parent Al;O3 material. The AZ10 specimen which
has 10 wt%ZrO- had the least volume loss with the least wear rate
(~98% lower than pure Al;03) as shown in Table 4 and Fig. 9(d). This
illustrates that the wear characteristics of pure Al,O3 is extensively
improved with 10 wt% ZrO, addition. The graphs in Fig. 10(a) and (b)
shows the trend and variation of the COF and wear rate as a function of
ZrO; and graphene content. The 3D profile image in Fig. 11 also illus-
trates the full wear track profile of the pure Al,O3 and AZ4 sample
showing a relatively larger wear track for the AZ4 sample.

3.3. Microstructure after wear

After the wear tests, regions within and away from the wear tracks
were studied to understand the type and mechanism of wear of the
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%ZrOs.
Table 4
Summary of Wear results.
Sample COF Wear Wear Wear Wear rate
D depth width volume (mm®/Nm)
(mm) (mm) (mm®)
Pure 0.5874 0.0150 0.7399 0.1110 4.4408 x 10°
Al,04 5
AGO.5 0.7460 0.0012 0.8783 0.0106 4.2270 x 10
6
AZ4 0.7478 0.0609 2.4808 1.5107 6.0426 x 10°
4
AZ10 0.1499 0.0005 0.5141 0.0025 1.0127 x 10°
6

samples. Generally, it was observed that the samples had both coarser
and finer peel-offs within the matrix of the wear tracks as well as grain
and precipitate refinements. The addition of 0.5 wt%graphene and 10 wt
%ZrO4 both gave a refined wear track with less peel-offs in the direction
of the sliding. Meanwhile, the 4 wt%ZrO, addition illustrated fairly
larger material peel-offs and a coarser wear track, with unrefined ZrO,
precipitates within the wear track.

Fig. 12 shows the micrographs of the worn surfaces of pure Al;03 and
AGO0.5 samples after the wear test under constant load of 25N and
duration of 1000s. These micrographs demonstrate the large de-
laminations within the pure AlyO3 sample when compared with the
AGO.5 sample. These large delamination areas result from Al,O3 matrix
grain pull-out and peel-off actions during the continuous counter-body
sliding. The optical micrograph in Fig. 12(a) shows a smooth wear
track of pure AlyO3. The structure within the wear track indicates rela-
tively large peel-off sites with very smooth areas and surfaces covered
with debris in the sliding direction. However, in the case of AG0.5
sample, the wear track appears to be very fine with no apparent large

worn regions as compared to the pure Al,O3 (Fig. 12(b)). The worn re-
gions are also covered with very fine debris in the direction of the
sliding.

The smaller and finer peel-off regions are more distinct in Fig. 13
clearly depicting the wear behaviour of the samples which is attributed
to the constant sliding interaction between the samples and the SisN4
counter ball. A non-uniform peel-off of surfaces is evident in the pure
Al,03 (Fig. 13(a)). The wear track path is characterized with large worn
regions of materials in the direction of sliding. The AG0.5 sample
experienced a continuous finer wear with a relatively uniform and
smaller delamination sites within track region (Fig. 13(b)). Fig. 13(c)
and (d) shows a more distinct BSE images of the wear surface detailing
the large worn areas for pure Al,O3 compared with the smooth worn
regions within the wear track of the AG0.5 sample.

Detailed microstructural analysis within wear tracks of the ZrO,
doped samples show that the addition of 10 wt%ZrO- led to finer worn
surface with less peel-off regions. Meanwhile, the addition of 4 wt%ZrO
led to a rather larger peel-offs within the wear track demonstrating the
high amount of wear has occurred. Fig. 14 shows the micrographs of
regions within the wear tracks of the pure Aly03 and Al,03-ZrO; sam-
ples. It was observed that the AZ4 sample had significantly large peel-
offs compared with the pure AlyO3 and AZ10 samples. A relatively
larger and wider wear track was observed on the surface of AZ4 sample
as shown in Figs. 14(b) and 15(a). There were also large observable peel-
offs of matrix grains leading to larger delamination regions within the
pure Al,O3 sample compared with the AZ10 sample. However, they
were relatively smaller than those observed in the AZ4 samples. In the
case of AZ10 sample, a mild wear is indicated, with relatively smoother
worn surface and very fine peel-offs as shown in Fig. 15(b). The smaller
and finer peel-off regions are more distinct in Fig. 15(b2) clearly
depicting the wear behaviour of the AZ10 sample.

The distribution of the ZrO, precipitates within the wear track after
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Fig. 9. 2D and 3D wear track profiles showing depth measurements of wear tracks.
the sliding wear test on the AlO3-ZrO, samples suggest that there is an carbon tape and extensively characterized to analyse critically the na-
extensive refinement of the ZrO, precipitates during continuous sliding ture of the particles removed. It is shown that the debris contains both
in the AZ10 sample than the AZ4 sample which demonstrated unrefined finer and larger chunks of materials removed from the worn surface. It is
precipitates within its wear track. The BSE micrographs in Fig. 15(c) and also evident that particles are pulled-out from the sample’s surface as
(d) shows the ZrO, precipitates in the worn region AZ10 sample appears sliding continues which creates the peel-off regions. Generally, the wear
to be more refined than that of AZ4 sample. The non-uniform worn re- debris of pure Aly03 sample present bigger worn-out particles immersed
gion of the AZ4 is further shown in Fig. 15(c). In addition, there are large smaller ones as compared to the very fine debris demonstrated by the
regions within the wear track of the AZ4 sample with almost no ZrOy AGO.5 sample. Meanwhile, finer particles are observed with the addition
precipitates. These regions appear to have larger peel-offs than other of 10 wt%ZrO, in contrast to the larger pulled-out particles presented by
areas within the sample (Fig. 15(c)). Meanwhile, in Fig. 15(d) a uniform the addition of 4 wt%ZrO,, which demonstrates that larger volume of
worn surface is clearly observed in the AZ10 with finer precipitates of materials have been worn from the surface of the AZ4 sample.
ZrO, within wear track. These finer ZrO, precipitates are well refined Figs. 16-20 gives the general overview of wear debris from the worn
and evenly dispersed within the entire wear track. surface of each sample. Figs. 16-17 illustrates the general finer nature of
the worn particles from each sample surface. Wear debris of AG0.5
3.3.1. Wear debris analysis sample are relatively finer with smaller embedded particles than pure
Debris from the worn regions were collected after the test using a Al,03 which has coarse debris with larger particles (Fig. 16). The worn-

10



S.H. Duntu et al.

Wear 438-439 (2019) 203067

—~
o
N2
o
©

o
)

0.7

0.6

ey

e

EERRaS
e

]

e

2

st
S
it
SRR S
R
R
S e
i S s
5

0.5

e
R

S
i
25
%

3
55

2

Coefficient of Friction

s

o
£
2
HHE
%
£
2
%

i
S
s
SRR
S
S
R
it

252
S
SR

0.4

a2
o

#
#
#
#
#
#
#

S

00
ST
i

SEEEaR
SR
e

N
i
i
i
i
ks

i
A
e

5

0.3

rreeee
2
3

s
Lo
it

s
B

=

SR
a
RO
B

0.2

.;«.
e
R,
e

i

i
+

e

i

i i
i i
o]
b
it
i
i
SrmR,
- R

0.1

0.5Gn

Alumina

Sample ID

Aa +42r02 Aa +10Z2r02

(b)

0.00086

0.0004

0.0002

Wear rate (mm®*/N.m)

0.0000 g

»

I 1
Pure ALO, ALO.-0.5G

n

Sample ID

| I
ALO,-4Zr0,  ALO,-10Zr0,
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out particles of Al;03-ZrO5 samples as shown in Fig. 17 indicate larger
and coarse wear debris from the wear track surface of AZ4 sample
(Fig. 17(a)). The debris from AZ10 wear track are generally very fine
with much smaller worn particles embedded in a fine debris.

The micrographs in Fig. 18 present distinct features of the wear
debris which also confirms that bigger chunks of materials are removed
from the pure AlyOs3 surface in the direction of sliding as shown in
Fig. 18(a), thus the large delamination sites within the wear track. The
AGO0.5 sample experienced a continuous finer and relatively uniform
peel-offs within the wear track region. This is characterized by the
smaller and relatively more refined wear debris and smaller chunks of
Al,O3 particles removed (Fig. 18(b)). EDS mapping on the wear debris
(Fig. 19) indicates the Al,O3 particles pull-out from the worn surfaces in
pure Aly,O3. The mapping also shows very small concentration of SigN4
counter-ball particles which reveals that the ball material hardly wears
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during the test.

Detailed characterization of the debris from the Al;03-ZrO5 samples
illustrates the distribution of the ZrO, precipitates within the debris. In
general terms, very fine ZrO, precipitates are immersed in the debris of
the AZ10 sample which illustrates and reinforces that the precipitates
are continuously refined during sliding. On the other hand, the debris
from AZ4 present rather larger ZrO, precipitates mainly settling on
larger pulled-out Al,O3 matrix particle which deduces that the addition
of 4wt%ZrO5 did not lead to any precipitate refinement during the
sliding.

Fig. 20 shows the distribution of ZrO- precipitates in the wear debris
of AZ4 and AZ10 samples. In both samples, deposits of individual ZrO,
particles are traced on the surface of debris and within the finer wear
residues. However, relatively large deposits of ZrO, precipitates are
found on bigger chunks of Al,Os3 particles in the AZ4 debris (Fig. 20(a)).
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Fig. 12. Optical images of wear tracks on sample surface after wear test showing delamination regions and peel-offs within wear track (a) Pure Al,O3 with large
delamination and peel-offs (b) Al,O5 with 0.5 wt% graphene illustrating a relatively uniform worn region and fine peel-offs in wear track.

There are also fine ZrO, precipitates on both the larger and smaller
pulled-out Al;O3 particles within the wear debris of AZ4. Generally,
there are relatively very few tiny ZrO, precipitates within the debris of
the AZ4 sample as shown in Fig. 20(a) and this confirms the EDS map-
ping results which illustrates the sparse distribution of very small ZrO,
precipitates within the Al,O3 matrix (Fig. 5(c)). Meanwhile, a finer and
uniform dispersion of ZrO, precipitates are indicated within the worn
particles of AZ10 (Fig. 20(b)). The wear debris are generally charac-
terized with smaller and finer Al,O3 particles removed from sample
surface during sliding test, hence the uniform peel-off sites within the
wear track of AZ10. In addition, it is observed that more ZrO, pre-
cipitates are refined and uniformly dispersed within the debris of the
AZ10 sample as shown in Fig. 20(b). The debris results clearly collab-
orate with the EDS mapping results which demonstrates that very fine
and dense ZrO, precipitates are evenly dispersed within the Al,03 ma-
trix as shown in Fig. 6(c). These precipitates are otherwise refined and
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further shows that the addition of 10 wt%ZrO, improves the wear
resistant properties of monolithic Al;Os.

4. Discussions
4.1. Influence of graphene and ZrOz on microstructure of nanocomposite

It is shown in the results that consolidation of pure Al,O3 at high
sintering temperature of 1600°C resulted in a relatively coarser
microstructure. The addition of 0.5 wt%graphene to Al,O3 led to refined
microstructure of the matrix as compared to pure Al,O3 sample. In
addition, AlyO3 with 10 wt%ZrO4 also led to significant amount of
refinement of the matrix relative to the coarse-grained microstructure
produced with the addition of 4 wt%ZrO,.

Generally, Al,O3 powders used for sintering possess large surface
areas and large volume fractions of atoms at AlyOs grain boundary
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image showing smooth wear track and smaller delaminations of Al,O3 -0.5 wt%Gn sample.

interfaces which generates high number of diffusion paths during sin-
tering [58]. These paths are favourable for increased mass flow and
diffusivity of Al;O3 which leads to increase in size of grain boundaries
and eventual grain growth during densification and sintering [58-60]. It
has been shown that the resultant coarse microstructure in ceramic
Aly03 can be prevented if there are second phase particles that can
inhibit grain boundary diffusion by acting as pinning sites or occupying
junction sites at interfaces to restrict grain growth during sintering [61].
The reported refined Al,O3 matrix with the addition of 0.5 wt% gra-
phene as demonstrated in Fig. 2(b) might be credited to the deposition of
graphene nanoparticles preferentially at Al,O3 grain boundaries during
consolidation and sintering. It has been reported in several studies that
addition of graphene to a matrix can cause grain refinement of the
matrix as a result of interfacial interactions and pinning action by the
intergranular graphene phases when homogeneously distributed within
the matrix [29,53,62-64]. Wang et al. reported similar grain refinement
of hot-pressed Al,O3 with the addition of graphene nanosheets. He
accounted the grain refinement to the inhibition of Al;O3 grain diffusion
by the presence of graphene nanosheets at the grain boundaries during
hot pressing [65]. Iftikhar et al. also attributed the refined microstruc-
ture of prepared Al;O3-GNP composites restriction of boundary move-
ment by the intergranular graphene nanoparticles during sintering
which suppresses grain growth and yield refined microstructures [51].

The addition of 10 wt%ZrO- to Al,O3 also led to extensive refinement
of the AlpO3 matrix as shown in Fig. 3. This is mainly attributed to the
homogeneous dispersion of both fine and large ZrO precipitates within
the matrix. The EDS mapping results in Fig. 6(c) further confirms that
the microstructure of the AZ10 sample consists of several tiny ZrO»
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precipitates uniformly dispersed in the entire matrix and thus resulting
in higher refinement of the matrix grains. Several literature studies have
reported that the addition of optimum amounts (up to 10vol% and
above) of sub-micron ZrO; particles to Al;0O3 matrix can reduce grain
growth and cause refinement of the matrix [35,45-46,66-68]. Lange
et al. concluded in his work that the grain refinement of Al;O3 matrix by
ZrO, precipitates is possible when there is sufficient self-diffusion of
ZrO, particles within the AlyO3 4-grain junction to exert significant
dragging force on the matrix grain and thus inhibit abnormal grain
growth during sintering [35]. French et al. also observed similar grain
refinement in the AlyO3; matrix with higher volume fractions of ZrO,
particles as a result of restriction in matrix grain growth and attributed it
to the minimum matter transfer caused by the limited mutual solid
solubility and physical constraints between Al;0O3 matrix and the ZrO,
particles [66]. Casellas et al. also reported that grain refinement of Al,O3
matrix is possible when large amount of ZrO, particles are used to
restrict the microstructure from developing grain growth. He suggested
that the formation of large ZrO, agglomerates as a result of higher ZrO,
amounts hinders the mobility of the matrix grain boundary [67].
Khoshkalam et al. also concluded in their studies that increasing the
ZrO, content causes refinement of AlpO3 matrix through grain boundary
pinning effect by the ZrO, particles [46].

Meanwhile, the coarse microstructure with the addition of 4 wt%
ZrO; as illustrated in Fig. 3 was anticipated since several studies re-
ported similar trend with the addition of small amounts of ZrO, [45,68].
Generally, the final microstructure of the AZ4 sample was characterized
with somewhat uniform distribution of few larger and fine ZrO, pre-
cipitates which were also sparingly dispersed within the Al;O3 matrix.
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The scanty dispersion of the very fine precipitates was also demon-
strated in the detailed EDS mapping results in Fig. 5(c). Also, the addi-
tion of 4 wt%ZrO were not sufficiently dispersed throughout the matrix
resulting in several regions with less or no ZrO, precipitates. In these
regions however, the Al;O3 matrix is coarser which shows that there was
abnormal grain growth in these areas during sintering. In the literature,
it has been reported that the inability of the 4 wt%ZrO, to cause a
refined microstructure is directly linked with their insufficiency in
restricting the abnormal grain growth of Al,O3 during sintering [35,45,
46,66,67,68]. Lange et al. suggested in his studies that inclusions up to
5vol%ZrO, is not sufficient to occupy the intergranular sites of the
Al;,03 matrix to impede grain growth [35]. Casellas also reported
coarse-grained microstructure in Al;O3 matrix doped with 5vol%ZrOy
and attributed this structure to the exaggerated grain growth of the
matrix [67]. Naglieri et al. attributed the poor microstructure of AlyO3
doped with 5vol%ZrO, to the agglomeration of the ZrO5 particles and
inhomogeneous distribution of ZrO2 phases within the Al;O3 matrix
[45].

4.2. Effect of microstructural features on wear properties

Final microstructure of nanocomposites prior to the wear test also
contributed to the wear response of the fabricated nanocomposites. The
addition of 0.5 wt% graphene resulted in the refinement of the Al,O3
matrix and led to a lower wear rate of the AG0.5 sample as shown in Figs
2(b), 9(b), 12(b) and 13(b) and (d) and Table 4. However, the coefficient
of friction was not necessarily decreased with the addition of 0.5 wt%
graphene relative to pure AlyOs. This suggests that there is direct rela-
tionship between the microstructure and the wear response of the
nanocomposite rather than the COF. As reported in various studies, the
coefficient of friction is not a material property, but it is dependent on
the surface interaction phenomena such as physical, chemical and
temperature response of the contact surfaces during the constant sliding
[69-72]. Rutkowski et al. reported similar trend in hot-pressed
Aly0O3-graphene composites. He concluded that the sintered compos-
ites having up to 2wt%Gn demonstrated good wear resistance but
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higher coefficient of friction relative to the parent Al,O3 sample [73].
Tapaszto et al. also added 3 wt% graphene nanoplatelets to SizN4 and
reported tremendous decrease in wear rate but a comparable coefficient
of friction value with the monolithic Si3N4 sample [74]. Reginfo et al.
also reinforced aluminum matrix with graphene nanoplatelets and re-
ported a low coefficient of friction but poor wear resistance of the
nanocomposites [52].

The reported decreased wear rate of the prepared AG0.5 sample is
attributed to its fine-grained microstructure with the addition of gra-
phene. Typically, during the wear test, the sliding motion of the coun-
terball with the specific applied nominal stress interact continuously
with the sample surface. During this surface interaction, energy is
transferred from the ball to the sample surface which is accommodated
by the sample’s microstructural features and load-bearing phases within
the material. The interaction of pure Al,Os sample with the SigN4
counterball led to considerable removal of large grain particles from the
surface as shown within wear track (Figs. 12(a) and 13(a)) and debris
(Fig. 18(a)). The removal of large particles shows that there are no
significant load-bearing structures or reinforcements in the pure Al,O3
sample to transfer sufficient applied load during the test. Therefore, the
energy transmitted by the counterball is accommodated by the parent
microstructure which is further used to cause the peeling-off within the
structure. The peeling-off in the pure Al,O3 sample is possible since it is
a brittle structure and cannot undergo any form of refinement in the
presence of mechanical applied load. Also, as more energy is applied
through the continuous sliding, the peeling-off becomes more evident
with large Al,O3 grain pull-outs as seen in the wear debris in Fig. 18(a).
In the case of the AG0.5 sample, the addition of 0.5 wt%graphene had
great influence on the microstructure and its wear response. The fine
wear track with low peel-offs suggest that the presence of tough gra-
phene deposits at the grain boundary due to homogeneous dispersion
clearly maintained their structural integrity during sliding wear and
undoubtedly led to an effective transfer of mechanical load directly from
the ball throughout the structure and caused refinement within the wear
track with very small delamination sites.

The addition of 10 wt%ZrO; to AlyOs also produced a refined-
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grained microstructure of the matrix and resulted in a relatively lower
wear rate and lower coefficient of friction than the pure Al,O3 sample as
illustrated in Figs 3(b), 15(b) and (d). The 4 wt%ZrO, addition to the
Al,O3 gave a coarse-grained matrix microstructure and yielded
extremely higher wear rate and higher coefficient of friction relative to
pure Al,O3. The microstructural features of the AZ10 sample such as the
homogeneous dispersion of the very fine ZrO, precipitates within the
matrix accounted for the decreased in both the wear rate and COF. The
uniformly dispersed ZrO, precipitates are very efficient in the load-
bearing activities of the structure during the wear test. A finer wear
track observed in the AZ10 sample surface in Figs. 14(b), 15(b) and (d)
suggest that the energy transferred by the counterball onto the sample
surface during wear was absorbed by the finely distributed ZrO, pre-
cipitates which was used for extensive grain refinement and thus pro-
ducing a refined wear track surface with minimum peel-offs. The
refinement is also observed in the wear debris in Fig. 20(b) which
demonstrates very fine worn-out particles of Al,O3 with finer ZrO,
precipitates uniformly distributed within the worn-out Al;O3 particles.
The closely compacted ZrO, precipitates in the AZ10 sample as
demonstrated in the EDS results in Fig. 6(c) also explains the effective
load-bearing capabilities and lower wear rate response of the AZ10
sample in the presence of an applied mechanical load.

On the other hand, the increase in wear rate and COF with the
addition of 4 wt% ZrO, is directly linked to its coarse-grained micro-
structure as illustrated in Fig. 3. Generally, a coarse microstructure
having larger grains demonstrates depleted mechanical properties as
reported in various studies [75-77]. The wear of the AZ4 sample is

15

characterized with large peel-offs and delaminations of both Al;O3
particles and the second-phase ZrO, precipitates. This suggests that the
addition of 4wt% ZrO, was ineffective in performing its structural
function as a load-bearing phase in the Al,O3 matrix and led to large
pull-out of grain particles during continuous sliding. The peel-offs were
relatively larger in the regions without ZrO, precipitates within the wear
track of the same sample as shown in Fig. 15(c). These regions did not
have significant reinforcements to support the applied load from the
counterball and therefore the parent material pull-out in these areas due
to its brittle nature. The scanty dispersion of the tiny ZrO, re-
inforcements within the matrix resulting in this phenomenon is all too
clear in the micrographs and the EDS mapping result in Figs. 4(b) and 5
(c). Evidence of the large Al;O3 grain pull-out is clearly observed in the
wear debris in Fig. 20(a). The bigger chunk of unrefined ZrOs pre-
cipitates deposited on the completely removed coarse Al,O3 particle
suggests that there was no significant refinement of the ZrO, precipitates
within the wear track which explains the high amount of wear in the
AZ4 sample.

5. Conclusion

In this study, an attempt has been made to fabricate a homogenous
structural Al;Os matrix nanocomposite by incorporating it with ZrO,
and graphene to understand the effect of the processing route and
addition of ZrOy/graphene on the microstructural integrity and prop-
erties of the processed material. The effect of graphene and ZrO, addi-
tions on the evolution of the alumina matrix during processing including
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the effect of these nano-materials on the mechanical properties of the
processed nanocomposite were determined and discussed. The summary
of the main findings from this study include:

1. The microstructure of the processed pure Al;Os is characterized with
coarse grains due to grain growth during sintering. The coarse-
grained microstructure is responsible for the relatively higher COF
and wear behaviour of the parent AloO3 sample.

2. Addition of 0.5 wt%Gn to Al,Og significantly refined the AloO3 ma-
trix and produced higher wear resistance than the pure Al,O3. Even
though the COF increased during the dry sliding wear, the improved
wear resistance is directly attributed to the fine-grained micro-
structure and the presence of intergranular graphene particles.

3. The addition of 4 wt%ZrO, to Al,O3 yielded a coarser microstructure
with a higher COF and poor wear resistance. The presence of sparsely
distributed and less dense ZrO, precipitates within the Al,O3 matrix
after sintering directly accounted for the large grains due to grain
growth and the consequent depleted wear response of the AZ4
sample.

4. Meanwhile, the addition of 10 wt%ZrO, to pure Al,O3 also exhibited
led to an enormous decrease in wear rate and COF due to the
extensively refined AloO3 matrix structure. The uniform dispersion of
very fine and dense ZrO, precipitates within the matrix highly
accounted for the fine-grained microstructure and the overall
increased wear resistance of the AZ10 sample.
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ARTICLE INFO ABSTRACT

Keywords: The onset of hybrid alumina-based composites, which combines two or more nano-particles within the alumina
Graphene matrix has already shown promising improvements in the matrix material. However, variations in mechanical
Zirconia properties including the optimum compositions that give improved properties faced with the development of
Alumina

alumina-based composites require further studies to understand the underlying mechanisms and synergistic
effects of the nano-particle additions on the alumina matrix. In the current study, the structure and properties of
Al,0,;-graphene (0.5 wt%) and Al,0,-ZrO, (4 wt% and 10 wt%) composites fabricated via hot-pressing was
studied as a baseline for multiple combinations. Even though the addition of 10 wt%ZrO, resulted in a 23%
reduction in the grain size of the alumina matrix, the 4 wt%ZrO, addition resulted in a 14% increase in grain size
as compared to the parent alumina matrix. X-ray diffraction analysis revealed that there was approximately 85%
monoclinic (m-ZrO,) vs. 15% tetragonal (t-ZrO,) crystal structures in the A4ZrO, sample whilst the A;¢ZrO, had
approximately 93% m-ZrO, vs. 7% t-ZrO,. The high-volume fraction of the monoclinic crystal structures in the
A40ZrO, accounts for the induced microcracks in the sample since the transition from the ductile-tetragonal to
brittle-monoclinic is associated with the exertion of compressive stresses on the alumina matrix by the associated
elastic volume expansion of m-ZrO,. Also, the addition of 0.5 wt%graphene resulted in about 37% reduction in
the grain size of the alumina matrix, and approximately 10% increase in hardness as a result of the distribution
of graphene along the grain boundaries of the parent alumina matrix, which restricts grain coalescence and
growth during processing. Furthermore, an increase up to 115% and 164% were observed in the fracture
toughness (Kjc) with the inclusion of 0.5 wt%graphene and 10 wt%ZrO, respectively, which was primarily
ascribed to the fine-grained microstructures and toughening mechanisms of the intergranular graphene and ZrO,
particles.

Fracture toughness
Monoclinic-tetragonal phase transformation
X-ray diffraction

aerospace engine exhaust systems, gas turbines and space shielding
systems [8,9]. However, the current widespread applications of
monolithic alumina as spark plug insulators in vehicles, cutting tools,
abrasives, protective coatings, wear resistant and biological implants

1. Introduction

Despite the appealing nature of advanced ceramics such as alumina,
zirconia, silicon carbide, silicon nitride and boron carbide, which makes

them adaptable for several applications in the defence, automotive,
aerospace and biomedical industries, these materials have limited
structural applications due to their low fracture toughness [1-4]. Sev-
eral attractive qualities of these technical ceramics including low-den-
sity, high-temperature strength, thermal and electrical insulation and
chemical stability coupled with ease of availability offer them as po-
tential candidates for lightweight structural and high-temperature ap-
plications [5-7]. The brittle nature of ceramics such as alumina has
specifically limited its potential to be used as material parts in

* Corresponding author.
E-mail address: sboakyey@yorku.ca (S. Boakye-Yiadom).

https://doi.org/10.1016/j.ceramint.2020.08.142

render it a very essential material choice and therefore create the need
to improve this structure for high-performance practical applications
[5,10-13]. In recent years, the attempt to make alumina and other
ceramics superior for demanding structural applications, where a low
density but high toughness material is constantly needed, has driven
many material scientists and engineers to design technical ceramics as
composites or nano-composites. By transforming them into a ceramic-
based composite material, the objective is to improve the low me-
chanical properties such as strength, hardness and fracture toughness

Received 27 November 2019; Received in revised form 30 July 2020; Accepted 15 August 2020

Available online 25 August 2020

0272-8842/ Crown Copyright © 2020 Published by Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2020.08.142
https://doi.org/10.1016/j.ceramint.2020.08.142
mailto:sboakyey@yorku.ca
https://doi.org/10.1016/j.ceramint.2020.08.142
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2020.08.142&domain=pdf

S.H. Duntu, et al.

without compromising the lightweight feature of the monolithic
ceramic structure. Uniform dispersion of low density second-phase
particles such as carbon-based materials, zirconia and silicon carbide
within the alumina matrix, have been adapted as a means to counter the
limitations of the monolithic ceramic structure [14-16]. Despite reports
of success in designing and processing these materials, there have been
other findings that show that these nano-scale additions deteriorates
the inherent mechanical properties of alumina and makes it undesirable
for high-performance applications [17,18].

Carbon-based particles such as graphene and carbon-nanotubes
have been recently adapted to improve the low fracture toughness and
other mechanical properties of monolithic alumina. The 2D geometry of
graphene makes it an ideal candidate for incorporation within alumina
and other brittle monolithic ceramics [19-21]. A low-density structure
coupled with many other elevated mechanical properties such as high
stiffness (reported modulus ranges from 0.5-1 TPa), large surface-to-
volume ratios, higher electrical and thermal conductivity makes gra-
phene a very effective reinforcement structure for high-performance
practical applications [22,23]. Accounts from literature have shown
that the appreciable amount of grain refinement introduced within the
resulting matrix by graphene after sintering, is responsible for the
overall improved mechanical properties in a graphene/ceramic com-
posite [24]. Typically, graphene acts as an interfacial particle between
the matrix grains and restricts the grain growth of the matrix during the
high temperature sintering process. This is possible when there has
been a significant uniform distribution of the graphene phase within the
matrix structure. The refinement of grains of a matrix is known to
generate an improved mechanical response following the general Hall-
Petch equation, which inversely relates the grain size to the mechanical
property such as strength [25-27]. Chen et al. prepared alumina/gra-
phene nanosheets (0.2 wt% GNS) via hot pressing and reported fracture
toughness value of 6.6 MPa m'/? corresponding to about 43.5% in-
crease relative to the monolithic alumina. The improvement in the
mechanical properties was mainly attributed to the refined grained
structure with the addition of 0.2 wt% GNS, which resulted from the
inhibition of alumina grain growth during sintering [28]. Lin et al. also
reported a lower density and smaller grain size of alumina-graphene
composite prepared using spark plasma sintering with amounts of
graphene ranging from 0.88 to 8.5vo0l% [29]. Therefore, the adaptation
of graphene into several ceramic matrices have become ideal to pro-
duce a highly advanced ceramic composites for higher performance
applications.

However, graphene/alumina composites have not received much
admiration as intended due to the many shortcomings associated with
processing of graphene and effective incorporation into the matrix
phase. High Van der Waals forces between graphene particles have
constantly become a challenge in fabricating alumina-graphene com-
posites. These forces lead to higher level of carbon agglomeration
which limits the uniform dispersion of graphene within the matrix
[30,31]. The result of this is the depletion in mechanical properties such
as fracture toughness, hardness and tribological response of the fabri-
cated composites due to several post-processing defects such as micro-
pores and micro-cracks, formed within the consolidated composite
microstructure [17]. In addition, the extraordinary properties of gra-
phene have not been fully harnessed within alumina matrix due to
challenges in selecting an ideal amount of graphene. Some reported
works have shown that a higher concentrations of graphene
(~ > 1.0vol%) supports agglomeration and consequently lowers the
mechanical properties [32,33]. Currently, studies aim to improve these
shortcomings by using different processing routes and also combining
the graphene with second-phase nano-additives such as carbon nano-
tubes to complement its properties within the composites.

Also, the addition of zirconia (ZrO,) within alumina matrix has been
one of the common ways of toughening ceramic alumina for structural
applications. The relative higher fracture toughness, strength, low
thermal and ionic conductivity, and biocompatibility of zirconia
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ceramic give it broad applications and make it attractive as a re-
inforcement particle in alumina [34]. In addition to restraining the
abnormal grain growth of alumina during sintering, the inclusion of the
zirconia particles also provides the improved strength and toughness of
alumina in the form of phase transformation [35-37]. The metastable
tetragonal to monoclinic phase transformation (t-m) of added zirconia
particles is accompanied with substantial volume expansion (about
3-5%), which causes constraint of the matrix grains and provide
toughening effect to the composites [34,38-40]. The degree of increase
in the fracture toughness property of alumina/zirconia composites is
however dependent on the distribution of the zirconia particles, grain
size of the particulate zirconia and the concentration of the zirconia
added [41,42]. Homogeneous dispersion of an optimum amount
(> 8vol%) of zirconia phases within alumina have been reported by
several studies to yield significant increase in the fracture toughness
and other mechanical properties of the fabricated composites [43-47].
A sufficient amount of zirconia incorporated within the alumina pro-
vide substantial inhibition of the matrix grain movements during sin-
tering and decreases the matrix grain size, as reported by several works
[43]. Rao et al. used co-precipitation route to prepare ZrO,—Al,O3
composites and estimated the fracture toughness (K;c) value using the
Vickers micro-indentation method, and recorded an increase from
4.45 MPa m'”? to about 7.6 MPa m'/2 when 10 wt%ZrO, was added to
the alumina matrix. The improvement in the toughness was attributed
to the fine distribution of the ZrO, phase and smaller grain size of the
matrix [44]. Ganesh et al. also reported an approximate increase in
fracture toughness up to 7.38 MPa m'/? in zirconia toughened alumina
(ZTA) composites prepared by gel casting method with different zir-
conia compositions (30 wt% and 60 wt%ZrO,) [45]. Naglieri et al. also
studied the mechanical properties of alumina-zirconia composites (with
ZrO, amounts varying from 5 to 20vol%), which were prepared using a
combination of wet chemical method and pressureless sintering at
1500 °C for 60 min. The composite with 10vol%ZrO, had the highest
fracture toughness value with finer grains as compared to the 5vol%
ZrO, which recorded the lowest toughness due to the coarsened mi-
crostructure [46]. Meena et al. also studied the effect of ZrO, and MgO
on the physical and mechanical behaviour of spark plasma sintered
MgO-ZTA composites with added ZrO, amounts ranging from 5 to
15vol%. The highest fracture toughness value of about 6.7 MPa m'/?
was recorded with 15vol%ZrO, addition but an optimum mechanical
property was achieved with the 10vol%ZrO, and 1vol% MgO content
[471.

Even though the ideal composition of added ZrO, (8vol% and
above) within the parent alumina matrix yields improved toughness
and strength, other mechanical properties accompanied such as hard-
ness and wear resistant properties are not necessarily improved relative
to that of the monolithic alumina [46,48-51]. In the work of Naglieri
et al., it was shown that the Vickers hardness decreased gradually with
the addition of ZrO, particles having compositions from 10 to 20vol%,
despite the significant improvement in matrix grain refinement and
fracture toughness. The addition of 5vol%ZrO, rather had the highest
hardness value regardless of the larger alumina grain size recorded
[46]. Also, Ifthikar et al. recently prepared Al,03;—ZrO, nanocomposites
and reported a fairly small decrease in the hardness of Al,03-8vol%
ZrO, even though the fracture toughness was largely enhanced. He
suggested that microstructural defects and the ZrO,/Al,O3 interfacial
micro-cracking might be the possible cause of the decline in the hard-
ness property [48]. Clearly, the effect of these second-phase particles on
the microstructure and their direct influence on the mechanical prop-
erties are all but conclusive, despite the fact that extensive studies have
been carried out on Al,03-ZrO, matrix composites.

These current challenges and variations in mechanical properties
faced with the development of alumina-based composites have pre-
sented material researchers with the need to further study and improve
these composites. The onset of hybrid alumina-based composites, which
combines two or more second-phase particles within the alumina
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matrix has already shown promising improvement in the matrix ma-
terial. However, the combined effect of these additions to yield superior
properties are still being researched. In the current study, separate
additions of graphene and zirconia within alumina matrix have been
studied as a basis for the combined effect of these hybrid composites on
the structure and properties of the processed materials. Understanding
the effect of the individual material additions on the microstructure and
properties of processed alumina-graphene and alumina-zirconia com-
posites is critical in studying their combined synergistic effects when
multiple particles are added to the parent alumina matrix.

2. Experimental procedure
2.1. Composite fabrication

Powders of alumina (mean diameter < 50 nm) and unstabilized
zirconia (< 80 nm average particle size) were acquired from Sigma
Aldrich, UK. Alumina slurry was formed by dispersing powders in dis-
tilled water whilst continuously sonicated. Zirconia (4 wt% and 10 wt
%) suspensions were also prepared with distilled water and added to
the alumina suspensions, which were thoroughly mixed and constantly
sonicated to ensure a uniform dispersion. Fine graphite flakes procured
from Asbury Graphite Mills Inc, UK. were modified chemically to obtain
graphite oxide GO by adapting the Hummers' method discussed else-
where [52]. Graphene was then produced from the graphite oxide using
a thermal exfoliation method as accounted in previous work [53].
Specified concentration of the prepared graphene (0.5 wt%) was dis-
persed in distilled water and continuously stirred using the ultra-sonic
probe for about 30 min. The constant agitation of the graphene/water
suspension was to ensure uniform dispersion of the graphene and re-
strict carbon agglomeration of the graphene particles. In addition, a
small amount of surfactant (sodium dodecyl sulphate, SDS) was care-
fully introduced into the graphene/distilled water suspension. The
added SDS was intended to be adsorbed on the graphene surface and
lower the Van der Waals's force of attraction. The characterization of
the processed graphene has also been discussed in previous work [53].
The separately prepared alumina slurry was then added to the graphene
suspension whilst stirred continuously for about an hour to achieve
homogeneity.

Detailed consolidation and final sintering process of the samples are
described in previous work [54]. The sintered composites were ap-
proximately 50 mm X 45 mm X 2 mm in dimension. Small rectangular
composites were sectioned into smaller sizes using a diamond wire saw
for microstructural analysis and mechanical tests.

2.2. Microstructural characterization of fabricated composites

A High-Resolution Field Emission SEM (Quanta 3D FE-SEM,
Thermofisher) was used to analyse the evolved microstructures of the
consolidated composites. The surface of each sample was ground (in the
order: 400, 600, 800 and 1200 grits) using a silicon carbide (SiC) paper
and finally polished with diamond suspension up to 0.05 pm. The po-
lished surfaces were then thermally etched at 1400 °C (200 °C below
sintering temperature) for about 15 min to reveal the grain structures.
Etched samples were coated with a thin platinum layer to render them
conductive in the SEM chamber and to prevent excessive charging. The
distinct microstructures were thoroughly studied using the FE-SEM.
Grain sizes of the thermally etched samples were also estimated using
the line intercept method as outlined by the ASTM E112-13 and with
the help of image J processing software (version 1.52n).

2.3. X-ray diffraction and ZrO, phase analysis
The crystalline phases of alumina-zirconia and alumina-graphene

sintered samples were determined using X-ray diffraction (Rigaku
Miniflex 600) with Cu-Ka radiation of A = 1.54056 A and 20 step size
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of 0.02°. The generated XRD patterns for each sample were obtained in
the 20 range of 5-110° using a scanning rate of 1.4 °/min. The XRD data
was thoroughly analysed using the JADE 6.0 software.

The monoclinic (m-ZrO,) and tetragonal (t-ZrO,) contents were
estimated for both Al;,03-4 wt%ZrO, and Al,03-10 wt%ZrO, samples
using the intensities of the reflections from the X-ray diffraction pat-
terns and relations by Garvie and Toraya [55,56] below:

[L(T11) + L, (111)]

m

[I,(111) + I,(111) + L,(111)] @
v L311X,
™71+ 0311X, (2)

where X, is the integrated intensity ratio, I,,(111) and I,,(111) are the
relative intensities of monoclinic phase intensities at planes (111) and
(111) respectively, I;(111) represents the tetragonal peak intensity at
plane (111) in the XRD patterns, V,, is the volume fraction of the
monoclinic ZrO, phase.

The corresponding volume fraction of tetragonal ZrO, was ap-
proximately deduced from the relation:

Vi=1-1V, 3)

2.4. Vickers Hardness and fracture toughness measurements

Vickers hardness of the polished rectangular samples were mea-
sured by means of a diamond indenter installed on a Vickers micro-
hardness tester (METLAB, Canada). The diamond indenter was used to
apply a load of 9.807 N (1 kg) on the flat sample surface at a dwell time
of 15s, in accordance with the ASTM C1327-15. The diagonal lengths of
the diamond-shaped indent made on the sample surface after removal
of the indenter was measured by means of an optical microscope at-
tached to the microhardness equipment. The Vickers hardness (Hv) in
GPa was estimated according to Eq. (4) below.

Hv = 0.0018544(£)

da? @
where P is the applied load in N and d is the average diagonal length in
mm [57]. Ten separate indentations were made using similar load and
dwell time, at appreciable distance apart on the sample surface to avoid
cracks connecting and ensure accuracy. Also, the indents were carefully
made at fresh regions without visible pores or cracks to prevent poor
indent formation.

Fracture toughness of the composites were determined from the
Vickers-produced cracks after indentation using the Direct Crack
Measurement (DCM) technique. Even though this technique presents
some limitations as reported in literature [58-60], it was adapted for
the current work due to the size limitation of the sintered samples. The
length of cracks emanating from the edges of the indents made were
carefully measured with the help of the optical microscope and Image J
software. Using the Lawn et al. Eq. (5) below, the fracture toughness of
the composites were estimated [61].

0.5 —1.5
K = 0.028(Ha°-5)(£) (5)
H a

(5)

where a is half of the length of Vickers indent diagonal, H is the
hardness, c is the crack length measured from the center of the diamond
indent to the tip of the emanating crack, E is the Young's modulus
calculated from literature values of alumina, zirconia and graphene.
The final modulus value was estimated from the rule of mixture using
these values and their known concentrations within the matrix.

2.5. Analysis of fractured surfaces

To critically analyse the toughening mechanisms of the second-
phase particles and the nature of fracture of the composites, the
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Fig. 1. FE-SEM micrographs of thermally etched composites under similar magnifications showing various grain size structures (a) Pure Al,O3; showing large grains
(b) Al,O3 with 0.5 wt% graphene with relatively reduced grain size (c)-(d) SEM of fractured surface showing the uniform distribution of graphene particles within
Al,0O3 matrix (e) Al,O3 with 4 wt%ZrO, showing a coarser microstructure (f) Al,O3 with 10 wt%ZrO, showing a relatively reduced matrix grain structure and

distribution of ZrO, particles within matrix.

fractured surfaces were studied under a high-resolution field-emission
scanning electron microscope (FE-SEM, Quanta-3D). Samples fractured
at higher loads (490 N) were mounted on an SEM angular mounts to
expose the cross-section of the fractured surfaces within the SEM. These
surfaces were also coated with the thin layer of platinum to enhance
conductivity and prevent charging in the SEM chamber.

3. Results
3.1. Microstructural evolution of fabricated composites

Microstructural investigations of the fabricated composites under
the same processing conditions (60 MPa consolidation and sintering at
1600 °C) were thoroughly carried out using the FE-SEM. The micro-
structural features characterized under similar magnifications revealed
the effect of 0.5wt% graphene, 4 wt%ZrO, and 10 wt%ZrO, inclusions
on the Al,03 matrix. The micrographs from Figs. 1 and 2 show the grain
structure of the thermally etched monolithic Al,O3;, Al;03-0.5 wt%
graphene (henceforth referred to as Ay sGN sample), Al,03-4 wt%ZrO,
(referred to as A4ZrO, sample) and Al,03-10 wt%ZrO,(now referred to
as AjoZrO,sample). Thermal etching at a temperature of about 200 °C
below the sintering temperature reveals the and grains and grain
boundaries of the composites. As shown in Fig. 1, a significantly re-
duced grain size of the monolithic Al,O; matrix is revealed with the
addition of 0.5 wt% graphene. A relatively smaller grain size is also

illustrated in the etched A;¢0ZrO, sample doped with 10 wt%ZrO,
(Fig. 1(d)). In addition, a relatively high amount of very fine ZrO,
particles are seen on both grain boundaries and within the matrix grains
of the A;¢ZrO, sample, as shown in Fig. 1(d). Meanwhile, the A4ZrO,
sample which had added 4 wt%ZrO, concentration showed larger grain
structure as compared to the monolithic Al,Os. Table 1 and Fig. 2 show
the grain size distribution of the fabricated composites with their cor-
responding mean grain sizes. Quantitative estimation of the grain sizes
using the image analysis software revealed ~37% and 23% reduction in
the sizes of the AgsGN and A;¢ZrO, respectively, as compared to the
parent Al,O3 matrix. An approximately 14% increase in the grain size
was registered for the A4ZrO, sample relative to the monolithic Al;Os.

3.2. Microstructural defects after sintering

The sintered composites also depicted some micro-defects that are
illustrated in Fig. 3. Some micro-cracks are seen in the coarse-grained
microstructure of the parent Al,O3 (Fig. 3(a)). Meanwhile, limited
number of surface pores which may be as a result of incomplete fusion
of the matrix grains are present in the Ag sGN sample (Fig. 3(b)). Within
this structure, there is evidence of the matrix grains breaking down to
cause refinement of the microstructure. No detectable micro-defects are
revealed in the as-sintered structure of A;ZrO, sample as illustrated in
Fig. 3(c). However, in the A;¢ZrO, sample, there exist very large pores
within the matrix together with few micro-cracks along its grain
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Fig. 2. Grain size distribution of fabricatedcomposites (a) Pure Al,O3 (b) Al,O3+ 0.5 wt%Graphene (c)Al,O3 +4 wt%ZrO, (d) Al,O3+10 Wt%ZrO,.

Table 1
Summary of fabricated composites.

Sample Description Grain Size (um)
Pure Alumina Pure A 7.657 + 0.247
Aa + 0.5 wt%Gn Ao sGN 4.861 + 0.187
Aa + 4 wt%ZrO, A4ZrO, 8.698 + 0.604
Aa + 10 wt%ZrO, A19ZrO, 5.919 + 0.337

boundaries, as seen in Fig. 3(d). The large pores exist between the Al,O3
matrix grains which were not completely fused during the sintering
stage.

3.3. Phase analysis of composites

Fig. 4 shows the XRD spectra of the fabricated composites with the
various peaks and crystalline phase formations. The peaks depicting the
monoclinic (m-ZrO,) and tetragonal (t-ZrO,) phases are also indicated
in the XRD pattern of the Al;03-ZrO, samples. Generally, the addition
of 0.5 wt% graphene did not reveal any significant additional peaks
within the spectra of the Ay sGN sample. This suggests that there were
no appreciable chemical reactions between the Al,O3 matrix and the
graphene particles during sintering to form a new phase. In addition,
the absence of additional peaks in the AgsGN sample might be due to
the low concentration of the added graphene within the Al,O3 matrix,
as suggested by other studies [62,63]. However, there is a decrease in
the peak intensities of the Ay sGN sample as compared to that of the
parent Al,O3. The XRD spectra of the Al,03-ZrO, samples revealed a
general peak increase of the Al;,03-4 wt%ZrO, relative to the Al,Os3-

10 wt%ZrO,. In both the A4ZrO, and A;¢ZrO, samples, there are ad-
ditional peaks appearing with different intensities within their XRD
patterns. These peaks demonstrate the ZrO, phases (t and m) after the
high temperature sintering and ageing of the consolidated composites.
In addition, there is a higher increase in the monoclinic peaks of the
A19ZrO, (26 = ~28.2 and 26 = ~31.5) as compared to the monoclinic
peaks in the A4ZrO, sample at the same 20 diffraction angles. Quanti-
fication of the monoclinic (m-ZrO,) content in percentage (%) using the
Garvie and Toraya equations in (1) and (2) showed about 82% and 91%
monoclinic content (m-ZrO,) for the A4ZrO, and A,y,ZrO, samples re-
spectively. The corresponding volume fractions of the monoclinic (Vy,)
and tetragonal (V,) were also estimated for each sample and presented
in Table 2.

3.4. Hardness

Table 3 presents the mechanical properties of the composites under
the specified load-bearing conditions. Fig. 5(a) shows an indented
surface of a sample with cracks extending from the indents. The var-
iation of the Vickers hardness with the addition of the second-phase
materials is also shown in Fig. 5(b). Generally, the addition of 0.5 wt%
graphene (A, sGN sample) led to the highest Vickers hardness value,
with the A;9ZrO, sample registering a lower hardness as compared to
the A4ZrO, and the parent Al,03 sample. About 9.6% increase in the
hardness of the Ay sGN sample is attributed to the homogeneously
dispersed graphene within the Al,0; matrix with refined micro-
structure. The 23.3% decrease in the Vickers hardness of the A;¢ZrO,
sample agrees with other literature results which showed similar trend
[46]. This decline in hardness might be ascribed to the residual
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Fig. 3. FE-SEM micrographs of composites illus-
trating apparent microstructural defects (a) Pure

Micro-

pores Al;05; showing large grains with micro-cracks(b)
\Jesulting Al,03 with 0.5 wt% graphene depicting micro-pores

from (c) Al,O3 with 4 wt%ZrO, showing a coarse micro-

incfomplete structure (d) AlO3 with 10 wt%ZrO, showing micro-
usion, pores and grain boundary cracking.

Evidence
of grain
refinement

Coarse
microstructure

porosities as seen in Fig. 3(d), relatively lower hardness of the added Table 2
ZrO, phase as compared to the Al,0; matrix and some microcracks Estimated ZrO, phase content from XRD data.
within its microstructure. Sample ZrO, content (wt Monoclinic content Tetragonal content
%) (%) (%)
3.5. Fracture toughness (K;c) and mode of fracture Pure ALO; 0 0 0
A4Zr0, 4 85.42 14.58
A10ZrO; 10 92.83 7.17

The direct crack measurement (DCM) method was used to calculate

the indentation fracture toughness (K;c) of the indented sample surface
using the Lawn et al. Eq. (5). The addition of 0.5 wt% graphene and
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Fig. 4. X-Ray Diffraction patterns of as-sintered Al,O3 matrix composites showing different phases of the added ZrO, particles.
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Table 3
Mechanical data.

Sample Vickers Hardness, HV (GPa) Fracture Toughness, Kic (MPa.m'/?)
Pure Al,O3 18.868 + 3.58 2.994 + 0.412
Ao sGN 20.679 + 2.04 6.431 + 1.190
A4ZrO, 17.628 + 2.43 2.660 + 0.455
A10ZrO, 14.468 + 5.52 7.905 + 1.497

10 wt%ZrO, generated higher toughness values relative to the parent
Al,O3 as shown in Table 2 and the graph in Fig. 5(c). The A;¢ZrO,
sample showed approximately 164% increase in the toughness and the
addition of 0.5 wt% graphene (A sGN sample) revealed an increase up
to 114% as compared to the parent Al,03. However, a decrease in the
fracture toughness up to 11% is revealed by the A;ZrO, sample which
also had the least fracture toughness value.

2
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Various fracture modes and cracking were analysed on the fractured
surface of each sample using a High-resolution FE-SEM to detect the
failure and toughening mechanisms. Either intergranular fracture,
transgranular fracture or both are demonstrated by the different com-
posites. Fig. 6 shows the SEM fractography of the parent Al,O3; sample
depicting both transgranular and intergranular fracture modes. At
lower magnification, it is clearly observed that large grains of the ma-
trix are removed, as shown in Fig. 6(a) The intergranular cracking along
the grain boundaries is also demonstrated in Fig. 6(b) along with large
transgranular fracture. Typically, a brittle fracture is dominant in the
parent Al,O3; sample which is illustrated by the sharp cleavages, in-
dicating no plasticity prior to fracture. Fig. 6(c) and (d) also reveal the
nature the fractured surface having cleavages and striations which were
generated during fracture.

The fracture surface analysis of the AgsGN sample also illustrates
both transgranular and intergranular fracture as the predominant
fracture modes within the composite. The refined microstructure with
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Fig. 5. (a) Optical micrographs showing indent on sample's surface with micro-cracks (b) Effect of graphene and ZrO, on the Vickers micro-hardness of fabricated
composites (c) Effect of graphene and ZrO, on the fracture toughness (K;¢) of fabricated composites.
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Fig. 7. FE-SEM micrographs of fractured surface of as-sintered Al,03-0.5 wt%graphene sample demonstrating both intergranular and transgranular fracture be-
haviour with embedded graphene particles at Al;O3 matrix grain boundaries.
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Fig. 8. FE-SEM micrographs of fractured surface of Al;03-4 wt%ZrO, sample depicting intergranular fracture and grain-boundary cracking, with ductile fracture of

the ZrO, precipitates.

the addition of the 0.5 wt% graphene is also demonstrated on the
fractured surfaces as evident in Fig. 7(a)-(d). The most predominant
mode of fracture is intergranular with other several grain sites experi-
encing a transgranular fracture behaviour, as shown in Fig. 7(b). In
Fig. 7(c), the evidence of pulled-out graphene occupying interstitial site
of the matrix is clearly revealed. At these sites, the matrix grains are
relatively smaller as compared to other regions without the graphene.
In addition, the transgranular fracture is more eminent in the regions
with more interstitial graphene due to the tougher and stronger grain
boundary produced in the presence of the graphene. It is also observed
that the intergranular fracture mode is very prevalent at areas without
the grain-boundarygraphene particles, indicating a weaker strength of
the boundary and easy crack propagation along the grain boundary to
cause fracture. Grain boundary crack arrest by the embedded graphene
is also demonstrated in Fig. 7(d). Fracture across the grain is brittle and
it is indicated by the sharp nature of the grain facets seen through
Fig. 7.

In the A4ZrO, sample, a typical brittle fracture is observed with a
predominant intergranular fracture accompanied with very few trans-
granular fractures. The SEM fractography in Fig. 8(a) also indicates that
larger grains of the Al,O; matrix removed. Also, in Fig. 8(b), inter-
granular cracks are very evident along the grain boundaries, with in-
terstitial ZrO, particles located on these boundaries. The ZrO, particles
appear to undergo a ductile fracture as indicated by the knobbly-shaped
fractured surface, against the brittle fracture exhibited by the matrix
fractured surface. Fig. 8(c) and (d) demonstrate the ductile fractured
surface of both the intergranular and intragranular ZrO, particles.
However, it is also observed that some of the ZrO, particles do not have
a ductile fracture appearance but a brittle one, or appears to have been
pulled out during fracture (Fig. 8(c)). In addition, there are few and
very tiny intergranular pores with round and slit shape observed in the
A4ZrO, fractured surface (Fig. 8(b) and (c)).
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Fig. 9 shows the fractured surface of the A;¢ZrO, sample exhibiting
a relatively refined grain structure as compared to the A4ZrO, and
parent Al,O3 sample (Fig. 9(a)). The fractured surface also indicates
very fine ZrO, particles located on both the grain and grain boundaries
of the matrix. The general fracture behaviour observed is intergranular,
with some very few regions showing a transgranular fracture. An evi-
dence of intergranular cracking is also shown in Fig. 9(b). Fig. 9(c)
shows the dispersion of the ZrO, particles, large porosities and inter-
granular pores. The ductile fractured surface of the ZrO, particles and
intergranular pores on the matrix grain surface is also seen in Fig. 9(d).

The ductile nature of the fractured surfaces of the intergranular and
intragranular ZrO, particles is further demonstrated by the SEM frac-
tographs in Fig. 10(a) and (b). Also, the matrix grain refinement and the
distribution of very fine ZrO, particles within the fractured surface is
clearly seen in Fig. 10(b). Very large pores are also indicated in the
A10ZrO, sample with some micro-cracks along the grain boundaries
(Fig. 10(b)).

4. Discussion
4.1. Influence of graphene and ZrO, on microstructure after processing

The evolution of the microstructures of the fabricated Al,O3-based
composites is directly dependent on the processing conditions such as
temperature, pressure and concentration of the added graphene (0.5 wt
%) and ZrO, (4 wt% and 10 wt%). Fine-grained microstructure of the
Ap.sGN showing a significantly reduced matrix grain size can be at-
tributed to the restrictive diffusion action of graphene during the sin-
tering process. High temperature sintering of the Al,O3; matrix at longer
duration is favourable for grain growth and larger grain size [64,65].
The location of the added graphene particles (preferably between Al,O3
matrix grains), as seen in the fractured surfaces (Fig. 7) limits diffusion
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Fig. 9. FE-SEM micrographs of fractured surface of Al,03-10 wt%ZrO, sample composite illustrating both intergranular and transgranular fracture, with some
intergranular cracking and pores.

Fig. 10. Phase contrast FE-SEM of fractured surface
of Al,03-ZrO, composites detailing the nature the
fracture behaviour of both Al,O; matrix and ZrO,
phases (a) Al,03-4 wt%ZrO, showing the large in-
tergranular fracture and ductile fracture of ZrO, (b)
Al,03-10 wt%ZrO, showing intergranular fracture
with microcracks and some porosities on fractured
surface.
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Fig. 11. Schematics of the effect of t-m ZrO, transformation on matrix grain growth during sintering and cooling.

action of the growing Al,O3 matrix grains during sintering. Lin et al.
suggested that the reduced grain size of processed Al,Os-graphene
composites is due to the fact that the graphene acts a diffusion barrier
and prevents the transfer of aluminium and oxygen ions, and therefore
decrease their solubility during sintering at a high temperature of 1600
°C [29]. The evidence of the refinement action of graphene is also il-
lustrated in Fig. 3(b) (regions with yellow dotted circles). These sites
are believed to have the presence of the intergranular graphene parti-
cles restricting further matrix grain growth.

The addition and distribution 4 wt%ZrO, and 10 wt%ZrO- particles
to the Al,O3 matrix also had a significant effect on the microstructure of
the final fabricated composites. Whilst the 10 wt%ZrO, addition re-
duced the grain size of the parent Al,O3, the 4 wt%ZrO, inclusion re-
sulted in larger grain size of the matrix. The added ZrO, amounts are
insoluble in the Al,O3 matrix (solubility limit ~ 0), and therefore re-
sults in the formation of ZrO, particles preferably at the grain bound-
aries and junctions of the matrix [66]. The overall increase or decrease
in the matrix grains of the A4ZrO, and A,¢ZrO, samples are connected
to the phase transition mechanisms of the ZrO, within these samples.
During sintering, a reversible diffusionless shear-type martensitic phase
transformation occurs where the monoclinic zirconia (m-ZrO,) crystal
structure changes to tetragonal (t-ZrO,) crystal structure with its asso-
ciated changes in volume [67,68]. The schematic in Fig. 11 illustrates
the sequence of transformation of the ZrO, phases and its effect on the
grain growth of the matrix. Initially, a stable m-ZrO, structure exists at
room temperature within the dispersed composite prior to the phase
transition temperature (Fig. 11(a)). As temperature increases during
sintering, the initial m-t ZrO, transition (occurring at about ~1170 °C)
results in a relatively decreased volume of the transformed t-ZrO, phase
and leaves larger room to allow for matrix grain growth, as shown in
Fig. 11(b). The parent matrix can coalesce at this point to form larger
grains as high-temperature diffusion continues up to the maximum
sintering temperature of 1600 °C, in the presence of the transformed t-
Zr0,, as illustrated in Fig. 11(c). In another instance, there is no growth
of the Al,O3 matrix due to diffusion saturation and these voids become
porosities within the final structure. However, during cooling, there is
the occurrence of a tetragonal to monoclinic phase transformation (t-m
Zr0,) which is attributed to the cooperative change in both short and
long-range interactions [67,68]. The degree of transformation, as well
as the size and volume fraction of the transformed monoclinic phase (m-
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Zr0O,) at the matrix grain boundaries has direct effect on the final grain
structure of the matrix. Fig. 11d; and d, illustrate the possible routes
during the t-m transformation and its effect on the matrix grain size. In
one instance as shown in Fig. 11(d;), there is a high volume of mono-
clinic transformation during cooling and this expansion causes high
stress on the matrix boundaries to cause refinement of the Al,O3 grains
as the m-ZrO, expands. This identifies with the A;¢ZrO, sample which
had most of the t-ZrO, transforming to m-ZrO, (93% monoclinic vs. 7%
tetragonal), with higher induced stresses on matrix grains to reduce the
grain size of Al,O3 matrix. Rao et al. suggested that the limitation to the
Al,O3; matrix grain growth during sintering was due to the increased
grain boundary drag force as a result of the added ZrO,, particles (10 wt
%) on the matrix grain boundaries [44]. Meanwhile, another scenario
shown in Fig. 11d, suggests that there was not enough transformation
of the monoclinic phase upon cooling and the matrix grains continue to
grow and increase in size. Therefore, more tetragonal phase is retained
in the structure and there is relatively lower inhibition to matrix grain
growth. This might account for the larger grain size in the A4ZrO,
sample which had high-volume of t-ZrO, (85% monoclinic vs. 15%
tetragonal) after cooling.

In addition, the presence of the microcracks within the structure of
the A;¢ZrO, is due to the volume expansion of the ZrO, during the t-m
phase transformation from high temperature sintering to room tem-
perature cooling. The high-volume fraction of the monoclinic crystal
structure in the A;9ZrO, accounts for the high volume of cracks in the
sample since the transition from the ductile tetragonal to brittle
monoclinic is associated with initiation and propagation of cracks
[39,40,67,68]. Therefore, the compressive stresses exerted by the m-
ZrO, particles on the matrix due to their elastic volume expansion in-
duced micro-strains that were not completely dissipated by the matrix
structure. As part of attaining a lower energy state, this induced micro-
strains are translated into crack formation by the Al,O5; matrix system
as the m-ZrO, expansion continues during cooling.

4.2. Effect of microstructural features on mechanical properties

The mechanical response of the fabricated composites is directly
dependent on the overall microstructural elements generated after the
high temperature sintering. The coarse-grained microstructure of the
parent Al,O5 led to lower fracture toughness value as compared to the
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Ao sGN and A;0ZrO, sample. The obtained indentation fracture tough-
ness value of the parent Al,O; sample, which was about ~3 MPa m'/?
has been derived by most studies [48,69]. Moreover, the fractography
analysis of the surfaces after fracture reveals the sharp removal of
coarser grain elements mostly by intergranular fracture (Fig. 6) which is
common in monolithic ceramics such as Al,Os.

The addition of 0.5 wt% graphene to the Al,O; matrix led to an
increment in the microhardness due to the presence of the graphene
particles at interstitial sites within the matrix grain. The enormous
decrease in the grain size resulted in higher number of grain boundaries
to hinder the movement of dislocations and accounted for the improved
hardness value. This directly obeys the Hall-Petch relationship which
states that a finer microstructure gives an increase in mechanical re-
sponse of the material [70]. As part of the toughening and load-bearing
capabilities of graphene, there is an effective transfer of load between
the matrix and the tough interfacial graphene particles due to a stronger
matrix-graphene bonding. This also reflects the increase in the fracture
toughness value of ~6.43 MPa m'/? obtained for the AgsGN sample
which correlates with results from other studies [28,71-73]. The frac-
tured surface analysis in Fig. 7 shows a predominance of both inter-
granular and transgranular fracture within the Ao sGN sample. The
toughening mechanism provided by the embedded graphene is also
observed in the fractured surface. Regions with the transgranular
fracture show that there exists a stronger interfacial bonding between
the matrix and graphene to restrict the propagation of cracks along the
grain boundary. Therefore, the crack tends to move across the matrix
grains to cause fracture along the grain with large removal of grain
structures as illustrated in Fig. 7(b) and (c).

The degradation of the fracture toughness value with the addition of
4 wt%ZrO, could be essentially attributed to the coarse-grained mi-
crostructure due to the drastic matrix grain growth during sintering and
the concentration of the added ZrO, that were insufficient for effective
toughening and load-carrying activities. This is evident in the large
grain-structure removal with propagation of cracks along the grain
boundaries of the fractured surface. The lowered fracture toughness
value recorded for the A4ZrO, sample, which had small amount of ZrO,
addition was about ~2.66 MPa m'/2. Similar toughness value has also
been reported in other works [46]. The limited presence of ZrO, par-
ticles on the grain boundaries restricts the toughening effect of these
intragranular structures. Also, the decline in toughness in this structure
might be due to the restricted phase transformations (t-m) in the pre-
sence of the applied stress. Therefore, cracks can propagate within the
sample without sufficient intergranular ZrO, particles serving as a
barrier or restriction which led to the decreased fracture toughness. The
microhardness, however, was almost comparable to that of the parent
Al,0O3 because of the lower concentration of the added ZrO, particles
and the absence of detectable defects such as micro-cracks and poros-
ities as shown in Figs. 1(c) and 3(c).

Although the addition of 10 wt%ZrO, produced a fine-grained mi-
crostructure, the hardness was significantly declined but had an in-
crease in the fracture toughness value. The decrease in microhardness
can be primarily ascribed to certain microstructural parameters after
sintering such as porosity, higher concentration of a relativley softer
ZrO, particles and micro-cracks [48,70]. Thus, upon indentation, the
regions with high concentration of ZrO, will tend to yield a lower
hardness value as compared to indenting on the relatively harder Al,O5
matrix. Since there is a high concentration of these fine ZrO, particles
uniformly distributed within the Al,O; matrix, there is inevitably a
higher chance of indenting on these phases and generating an overall
lower micro-hardness value. A similar trend in the hardness value of
Al,03-ZrO, composites with a higher amount of ZrO, (> 8vol%) have
been reported in literature [46,48]. Several inherent pores and micro-
cracks after sintering, as illustrated in Figs. 3(d) and10(b) also directly
affect the hardness value of the A;(0ZrO, sample. Meanwhile, the frac-
ture toughness value was relatively increased as compared to the
A4ZrO, and parent Al,O3. A sufficient and homogenous distribution of
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very fine and tougher ZrO, particles within the matrix might account
for this improvement. The fractured surface analysis of the A;qZrO,
sample in Figs. 9 and 10(b) also reveal the ductile fracture of the ZrO,
particles coupled with various micro-crackings. Even though these
micro-cracks are evidence of volume expansion of the intergranular
ZrO, particles, their presence also signify appreciable amount of
toughening within the matrix structure. Stress-induced micro-cracks are
nucleated and propagated as a result of the subsequent phase trans-
formation during fracture. This is dependent on the amount of me-
tastable tetragonal phase within the matrix structure at the point of
load application. The inhibition of the propagation of the micro-cracks
due to the constant compressive stresses of the matrix as load is applied
might also account for the increased toughness in A;,ZrO5 sample. Also,
the expanded ZrO, grains tend to close on these cracks and provide
toughening in the parent matrix. An estimated volume fraction of t-
ZrOy (~7%) in the sintered A;oZrO, sample suggests retained me-
tastable tetragonal converted to monoclinic (m-ZrO,) and caused ex-
pansion of ZrO, grains and consequent micro-cracking in the presence
of the external applied stress during the indentation.

5. Conclusion

The mechanical properties of fabricated alumina-based composites
reinforced with graphene (0.5 wt%) and ZrO, (4 wt% and 10 wt%)
using hot-pressing method is directly influenced by the microstructure.
Toughening mechanisms presented by the processed samples is due to
the evolved microstructural features such as grain size, distribution of
intergranular and intragranular second-phase particles and presence of
some micro-defects after sintering. Major findings from the current
studies are outlined as follow:

1. The parent Al,O3; microstructure suggests an appreciable grain
growth during sintering. The hardness response of the hot-pressed
pure Al,O3; sample was relatively higher than that of the A;oZrO,.
The presence of micro-cracks within the structure accounts for the
fracture toughness (Kic) value estimated for the parent Al,O;
sample.

. In the Ao sGN sample which had 0.5 wt%Gn to Al,Os3, a fine-grained
structure with reduced grain size produced higher hardness and
fracture toughness values. This was mainly due to the homogeneous
distribution of the graphene phase making the load-transfer effec-
tive within the Al,O; matrix.

. The microhardness and fracture toughness behaviour of A4ZrO,
sample with added 4 wt%ZrO, was also related to the structure and
distribution of limited amount of ZrO, particles. The relative in-
crease in hardness property as compared to the A;oZrO, sample is
due to the higher hardness of the matrix Al,O3; and lower con-
centration of the ZrO, particles with relatively lower hardness.
However, a decline in the toughness value suggests that an in-
sufficient load-bearing activity of the added ZrO, due to the limited
t-m ZrO, transformation.

. Adding 10 wt%ZrO, to the parent Al,03 also exhibited an improved
fracture toughness but a significant decline in the hardness value. A
relatively finer microstructure coupled with a uniform dispersion of
the ZrO, particles directly account for the increase in fracture
toughness. In addition, presence of micro-cracks as a result of t-m
ZrO, phase transformation also contributed to the enhanced
toughness. On the other hand, the microhardness decreased due to
the lower hardness of the ZrO, particles and other detected micro-
structural defects such as residual micro-pores and micro-cracks
within the sample.
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ARTICLE INFO ABSTRACT

Keywords: In this study, AlyO3-based nanocomposites reinforced with multiple nano-materials, namely zirconia (ZrOy),
Alumina-zirconia graphene (GN) and carbon nanotubes (CNTs) were processed to investigate the synergistic effect of the multi-
Graphene materials on the microstructural evolution, mechanical properties and tribological behaviour, including the
IE;:;II\I/IHanombes mechanism of wear. The monolithic Al,O3 and Al,O3-based nanocomposites reinforced with 10wt%ZrO», 0.5wt

%GN and 2wt%CNTs were prepared using a colloidal mixing and sintered at a temperature of 1600°C. Bench-
marked against the monolithic Al;O3, a single addition of 10wt%ZrO; gave about 25% decrease in matrix grain
size, whilst a remarkable reduction in both the matrix and ZrO; grains, up to 80% and 46% respectively, was
achieved with the multiple combination of ZrO,, GN and CNTs. This was due to the effective parallel pinning
action of the matrix grains by the homogeneously dispersed multi-materials to the monolithic Al;03. Vickers
hardness also increased to 48% with combined additions of GN and CNTs, as opposed to the 25% decrease with a
single addition of ZrO, relative to the monolithic Al;O3 material, which was attributed to the refined grain
structures and effective load transfer capabilities of the combined multi-phase materials. In addition, the
fabricated nanocomposite incorporated with only 10wt%ZrO- resulted in 88% decrease in wear rate, whilst the
multiple additions of GN and CNTs exhibited better wear resistance, with up to 93% wear rate reduction as
compared to the monolithic Al;03. The improved wear resistance of the nanocomposites with the multiple ad-
ditions of GN and CNTs was due to the micro-crack bridging and restriction to intergranular fracture that leads to
pull-out of the matrix grains under sliding wear. Also, the combined crack pinning by the finely dispersed ZrOy
particles, and bridging action of the GN and CNTs suggest a synergistic response of these multi-materials to the
wear performance of the fabricated multi-material nanocomposites.

Wear mechanism
Multi-material nanocomposites

1. Introduction

Alumina-based structural ceramics are widely used in diverse engi-
neering application fields such as the biomedical, aerospace and mate-
rials research industries. The availability of raw materials coupled with
other attractive mechanical properties such as high refractoriness, high
hardness, good chemical stability, good thermal and electrical insulation
make this advanced ceramic ideal for these applications. The major set
back of ceramic alumina however is its brittle nature, which tends to
limit several high-performance applications [1-4]. Efforts made to
overcome this flaw and develop advanced alumina with superior phys-
ical and mechanical properties over the years have involved the addition
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of second-phase materials to the alumina matrix. Most commonly
known ones include graphene, carbon nanotubes and zirconia, silicon
carbide, titanium carbide [5-7]. Several researchers have reported that
these second-phase materials have provided improved toughness, and
other mechanical properties. Individually, these additives act as inter-
facial particles within the alumina matrix and provide appreciable
toughness to the matrix [4,8]. In addition, there is a significant amount
of grain refinement of the overall microstructure by these additives
when homogeneously dispersed within the matrix phase which results in
the improved mechanical properties in accordance with the Hall-Petch
theory [9-11].

The addition of carbon-based materials such as graphene and carbon
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nanotubes have been used recently to reinforce alumina matrix [5,8].
Exceptional properties of two-dimensional graphene including high
stiffness (~1TPa) and strength (up to 130GPa), good flexibility, low
density, higher electrical and thermal conductivity and higher surface
area (~2600 m?/g) make it a potential nanofiller for producing tough,
wear resistant and electrically conductive alumina composites for in-
dustrial applications [8,12-15]. Carbon nanotubes, which are one-
dimensional (1-D) rolled graphene sheets, also exhibit combined phys-
ical and mechanical properties such as high aspect ratio (length/diam-
eter aspect ratios of about 1250-3750 is typical for MWCNT), tensile
strength (20-100GPa), high thermal (>3000 W/mK) and electrical
(>10° S/m) conductivity, and high Young’s modulus (up to 1000GPa),
which present significant toughening in ceramic structures [16-20]. In
the last decades, the addition of these nano-scale additives in alumina-
based composites has become an interesting field due to their effect
on the matrix grain structure and the enhanced mechanical properties
generated. For example, reports have shown that the addition of low
content of carbon nanotubes (<2 wt%) results in fine-grained structure
with improved mechanical properties [21,22]. It is also perceived that
the addition of certain amounts of graphene (less than 1.0 wt%) refines
the matrix grain structure and improves the wear resistance and me-
chanical properties [11]. In both carbon-based systems, a carbon-rich
tribofilm formed from the wear-induced action increases the wear
response by acting as a lubricant to protect the contacting surfaces. This
is also accustomed to the exceptional lubricating properties of graphite
which merits these carbon-based composites with high wear resistance
[23]. Yazdani et al. added 0.5 wt% of graphene to alumina matrix and
achieved about 75% increase in the wear rate with a 23% decrease in the
friction coefficient. This was due to the formation of a smooth tribofilm
on the worn surface which decreased the friction between contact bodies
when the low content graphene was added [24]. Winarto et al. also used
a cold spray process on Al—Si surface to fabricate alumina-CNT nano-
composites and recorded an improvement in both hardness and wear
properties with the addition of 2 wt% CNTs. Uniform distribution of the
CNT particles with increased load-bearing capacity contributed to the
enhanced mechanical properties [25]. Gutierrez-Gonzalez et al. also
reported about half the wear rate and ~10% decline in the coefficient of
friction of alumina-graphene composite, as compared to the parent
alumina under similar reciprocating wear testing conditions when 0.22
wt% added to the matrix. This was ascribed to the presence of a self-
lubricating layer of the embedded graphene platelets that provided
sufficient lubrication in the alumina-graphene composite [26].
Contrary to the improvements in mechanical and wear properties by
the additions of these nanofillers to a ceramic matrix, other studies have
also shown that the individual additions result in the depletion of the
properties. The decline in both the physical and mechanical properties
are mainly due to the problems with homogeneous dispersion of the
individual nano-scale additives and their interfacial bonding with the
matrix [27,28]. For instance, the Van der Waals forces and large specific
surface area of graphene nanoplatelets (GNPs) lead to inhomogeneity in
the dispersion by promoting agglomeration and limiting matrix-
graphene interface bonding [29]. Agglomeration of carbon nanotubes
and graphene in the reinforced nanostructures also limits their effect on
matrix grain refinement, weakens bond formation and hamper sintering
activities to produce denser structured composites [29,30]. In addition,
graphene re-stacking which is caused by the strong sheet-to-sheet Van
Der Waals interactions tend to limit the inter-sheet contact area and
results in small gaps between sheets. This phenomenon reduces the
active surface properties of graphene and consequently lead to pore
formation in the composite [31,32]. Bernal et al. reported about 40%
decrease in the fracture toughness of Al0O3-CNT composite with 0.1 wt
% synthesized via Spark Plasma Sintering (SPS). Agglomeration of the
CNTs, increased grain size and weak interfacial bonding accounted for
the decline in the fracture toughness [33]. Wang et al also claimed a
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comparable fracture toughness value of alumina/CNT composite with
the brittle monolithic alumina, when reinforced with 10 vol% CNTs
[34]. In the work of Ruthowski et al., adding graphene content of more
than 2 wt% increases the material wear rates, which was ascribed to the
graphene removal process and filling of voids by the wearing off of fine
silicon nitride particles on the track after the friction test [35]. There-
fore, it is clear that the addition of single-phase carbon-based additives
(having various amounts) to the alumina matrix still presents challenges
that need further studies.

Alumina-zirconia composites have also been commercially produced
as an advanced structural ceramic material by the uniform dispersion of
ZrO; particles within the alumina matrix. Mechanical properties such as
fracture toughness and flexural strength of alumina have been reported
to show improvement with optimized addition of fine ZrO, particles.
The relatively superior toughness of alumina-zirconia have been
attributed to the tetragonal to monoclinic (t-m) phase transformation of
ZrO; and refined alumina structure by the ZrO, particles existing be-
tween triple-point grain junctions of the alumina matrix [36-38]. In the
work of Trabelsi et al., ZrO; content up to 10 vol% registered the highest
fracture toughness value in the zirconia toughened alumina composite.
This was due to the distribution of the metastable ZrO, particles in the
alumina matrix leading to the toughening by a stress-induced phase
transformation [39]. Kerkwijk et al. also produced a dense, fine-grained
alumina-zirconia ceramic composites using a colloidal process and
having 89 vol% Al;O3 and 11vol%ZrO,. An increment of more than 3
orders in the wear resistance and a low coefficient of friction were
recorded and attributed to the homogenous dispersion of the ZrO5 phase
in Al»O3 and the overall higher toughness as compared to the monolithic
Al;03 [40]. Despite these reports on the enhancement of mechanical
properties of alumina-zirconia systems, there have been substantial ef-
forts in recent years to improve their hardness and tribological behav-
iour, which are often found to be less than or comparable to the
monolithic alumina [41,42]. The homogeneous distribution of ZrO,
particles (which has a relative lower hardness), as well as the presence of
micro-pores and micro-cracks have been known to account for the
depletion in wear resistance and hardness properties of alumina-zirconia
composites [39,43-45].

Currently, extensive studies to optimize the overall mechanical
properties of alumina and other ceramic-based composites through
microstructural design have led to the onset of hybrid nanocomposites.
These nanocomposites are formed by carefully dispersing two or more
reinforcement phases into the matrix structure to achieve relatively
superior mechanical properties. The motive is to effectively combine
two or more nanometer-sized second-phase particles such as graphene
and CNTs within the matrix structure, with the aim to explore the
complementary properties of one reinforcement with the addition of the
other, and achieve a higher performance by enhancing dispersion and
providing a synergistic effect of the hybrid nanofillers [46]. For
example, it is perceived that the high agglomeration of CNTs within the
matrix can be countered with the wrapping action of uniformly
dispersed graphene nano-particles [47]. Moreover, the re-stacking
challenges of 2D graphene sheets that leads to porosity and reduces
interfacial activities within the matrix can be reduced with the presence
of 1D CNTs. In a typical graphene-carbon nanotube hybrid reinforce-
ment system, it is also believed that the CNTs are able to occupy the
graphene inter-sheet gaps caused by the re-stacking effect, and enhance
the surface activity of the graphene and interfacial bonding of the matrix
when they are uniformly dispersed [48,49]. This suggests that there may
be a synergistic role of both carbon nanotubes and graphene in mono-
lithic structures. This has motivated more studies into hybrid multi-
material reinforcements of monolithic ceramics such as alumina.

Hybrid multi-material nanocomposites therefore have the potential
to provide an enormous enhancement in mechanical response relative to
a single-phase reinforced nanocomposite. However, there is still the
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Table 1
Summary of fabricated hybrid multi-material nanocomposites.

Composition Sample (Ayy.,)  Relative density (%)
Pure Alumina (Aa) Ag.0-0 99.08
Aa+10Wt%ZrO, A10.00 95.43
Aa+10wt%ZrO, + 0.5wt%Gn A10.05-0 98.48
Aa+10wt%ZrO; + 2wt%CNT Ajo.02 97.42
Aa+10Wt%ZrO, + 0.5wt%Gn + 2wt%CNT  Ajg.0.5.2 97.82

NB: For notation Ay.y.,, X represents wt% of ZrO., y represents wt% of Graphene
and z represents wt% of CNTs.

need to understand the synergistic effect of multi-material additions on
the microstructure, mechanical and tribological properties of ceramic-
based nanocomposites, in order to tailor them for high-performance
structural applications. Hence, in this work, an attempt has been made
to fabricate Al;03 based-hybrid nanocomposites reinforced with multi-
ple combinations of ZrO,, GN and CNT using colloidal mixing followed
by hot-pressing. The synergistic effect of the homogeneously dispersed
multi-material reinforcements on the microstructural evolution, as well
as their influence on wear behaviour and mechanisms on alumina matrix
nanocomposites will be discussed in detail.

2. Experimental Procedure
2.1. Nanocomposite Fabrication

Commercially made nanopowders of a-Al,O3 having average diam-
eter ~ 50 nm and ZrO, having average particle size <80 nm were pro-
cured from Sigma Aldrich, UK. Carbon nanotubes (Multi-walled) with
length 15um and diameter about 50 nm were also obtained from MK
Imprex, Canada. To enhance interfacial bonding and remove impurities,
the CNTs were functionalized by treating in acidic solution. Detailed
characterization of the treated CNTs are discussed elsewhere [45]. The
CNTs were suspended and continuously dispersed in distilled water as
detailed in the previous studies [45]. Meanwhile, processed graphene
with concentration of 0.5 wt% was homogeneously dispersed in a
separate bath using an ultrasonic, as described in previous works
[50,51]. Characterization of the processed graphene particles is previ-
ously discussed in earlier studies [52]. 10 wt% of ZrO, and Al,O3 were
uniformly mixed via a colloidal process to form a slurry and added to
both the 2wt%CNT and 0.5wt%Gn. These mixtures were continuously
stirred followed by drying at a temperature of 120°C. Milling and final
consolidation of dried powders with compositions described in Table 1
was carried out in a graphite die at a pressure of 60 MPa followed by hot-
pressing for 60 min under Ar atmosphere, as discussed in other works
[50,53,54]. Fabricated nanocomposites had rectangular dimensions of
about 50 mm x 40 mm x 2 mm.

2.2. Density Measurement and Microstructural Analysis

Table 1 illustrates the summary of densified hot-pressed multi-ma-
terial nanocomposites which were grouped with respect to their rein-
forcement compositions. Thus, for samples designated with Ay.y., the x,
y and z represent the concentration (wt%) of ZrO,, Graphene and Car-
bon Nanotube constituents respectively. Bulk densities of the prepared
nanocomposites were determined using the Archimedes method, with
distilled water as the medium of immersion. Relative density values
were then estimated by dividing the measured density by the theoretical
density. Rule of mixture was used to calculate the theoretical densities
using literature density values of 3.97gem ™3, 5.87gem ™3, 2.21gem ™
and l.85gcm’3 for monolithic Al,03, ZrOy, Graphene(GN) and Carbon
Nanotubes (CNTs) respectively [47,55].

Microstructural analysis was also carried out on the samples to
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Fig. 1. Illustration of ball-on-flat reciprocating sliding wear test.

determine the morphological and microstructural features of the sin-
tered nanocomposites. Samples for the microstructural characterization
were first ground with SiC paper (in the order: 400; 600; 800 and 1200
grit size) and then polished up to 0.05um to obtain a mirror finish with a
diamond suspension. A field emission scanning electron microscope (FE-
SEM, Quanta 3D) operating at a voltage of 20 kV used to assess the
microstructure. The distribution of the added ZrO, samples were also
determined using a backscattered electron imaging mode (BSE) in a
thermionic emission SEM (TESCAN VEGA 3) coupled with an EDS de-
tector. The grain size distribution of the processed multi-material
nanocomposites was quantitatively estimated using the FE-SEM micro-
graphs, in conjunction with image J software, according to the ASTM
E112-13.

2.3. Surface Properties and Tribological Measurements

Three-dimensional (3D) surface roughness of each polished samples
was measured prior to wear test using a non-contact optical profilometer
(Bruker Contour GT Optical profilometer). A x5 magnification lens was
used for each sample with a scan size of 0.721 mm x 0.961 mm deter-
mined by the optical system. Surface roughness (S;) of each nano-
composite was estimated in accordance with the ISO 25178 standard. An
average of ten separate measurements was used as the surface roughness
value for each sample.

Fig. 1 illustrates a schematic of the ball-on-flat reciprocating wear of
a spherical counter-surface and flat specimen. The linear reciprocating
wear test was carried out using the Universal Mechanical Tester (UMT)
Tribolab (Bruker Tribometer, Canada) and in accordance with the ASTM
G133-15 [56]. A hard silicon nitride (SisN4) ball with diameter of 9.525
mm was used as the countersurface against the flat Al,O3 nano-
composites. This ceramic-on-ceramic tribo-system was selected due to
their proposed applications in orthopedics for hip and knee re-
placements [57]. Rectangular samples with dimensions 15x10x2 mm
were sectioned from the bulk fabricated nanocomposites using the dia-
mond wire-saw. Both the counter-body and samples were thoroughly
cleaned with ethanol and dried at room temperature. The ball was then
secured in the Tribolab system equipped with a 100 N load cell. The flat
samples were secured in a metal holder and fixed on an oscillating plate
which is meant to slide against the stationary counter-ball. The ball was
gently pushed against the flat polished samples with a constant applied
normal load of 25 N. The samples slide against the ball in a linear
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Table 2
Mechanical and wear properties of multi-material nanocomposites.

Sample Vickers micro-hardness Wear volume Wear rate(mm?®/
(Hvn) (mm3) nm)
Ao.0.0 1875438 0.3740 1.4961x10*
A10.0-0 1409+77 0.0320 1.2792x107°
A1.05- 1916484 0.0436 1.7443x107°
0
Aj0.0-2 2071+62 0.0302 1.2078x107°
A10.05- 2775+117 0.0252 1.0067x107°

2

reciprocating manner and at a frequency of 5 Hz which represents a
sliding velocity of 100 mm/s. A stroke length of 10 mm was pre-
determined for the wear test for a duration of 16.40 min. The set fre-
quency(5 Hz) and duration (1000s) of the wear test simulate a total of
5000 cycles for a stroke length of 10 mm. The coefficient of friction
(COF) and frictional forces were determined from the tribometer at
every 0.01 s during the test operations. The tests were performed under
dry sliding contact conditions at ambient temperature and at a relative
humidity of 40-60%. Three separate tests were done for each sample
and on unworn regions of the polished flat surface. The mean coefficient
of friction was estimated for all the 3 tests. The texture and topography
of the worn regions and the generated wear debris were critically
assessed using the FE-SEM. The mode of wear of the nanocomposites
during sliding action of the contacting surfaces was also analysed.

Coarse ALO3
matrix grain
structure™™

grains

Refined
ZrO,

pa.rtlcle Pure Aa +10Zr

ALOs
matrix

grains ‘»

V4(0)3
particles
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For volume loss and wear rate calculations, the worn surface was first
cleaned thoroughly by blowing dry air to remove loose worn-out or
tribomaterials which would otherwise interfere with wear track depth
and width measurements. This was followed by a quick cleaning using
solvents such as acetone, and later dried with ethanol. This was done to
ensure accurate measurement of the actual wear depth and width of the
worn region. The 2D profile and 3D map of the wear tracks were
generated using the optical profilometer, in order to determine the wear
track width and depth, as recommended by the ASTM G133 after a
typical reciprocating-on-flat sliding test [56]. These were used to esti-
mate the volume loss and wear rate of the nanocomposites according to
the equation below:

|14
FxD

Wiae = (€3]
where Vis the wear volume calculated from the product of stroke length
(mm), and average cross-sectional area of the wear profile (wear width x
depth, mm?) [56], F is the applied load (N) and D is the total sliding
distance (m).

Finally, the wear scar generated on the SizsN4 counter-ball after
constant interaction with the flat samples were also inspected after the
experiment. The ball was thoroughly cleaned after each test using
acetone followed by drying with ethanol. The scratched surface was then
visualized using the optical microscope to detect possible wear scratches
on counter-ball surface.

Relatively

Zr0O; grain
at triple
junction
of ALO3
matrix

CNTs at
[\ boundaries of
ALO;

Graphene

| particles at
matrix grain
boundaries

Fig. 2. FE-SEM micrographs of sintered nanocomposites before wear test (a) Pure Al;O3 (b) Al;03-10ZrO; (c) Al;03-10Zr0,-0.5Gn (d) Aly03-10ZrO5-2CNT (e)
Al503-10Zr0,-0.5Gn-2CNT with distribution of CNTs and ZrO, particles (f) Al,03-10ZrO,-0.5Gn-2CNT with distribution of GN and CNTs.
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Fig. 3. (a)-(e) Sample SEM and histogram showing grain size distribution of nanocomposites (f) variation of the Al,O3 matrix and ZrO, grain size as a function of the

multi-material additions.
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Fig. 3. (continued).

2.4. Vickers Hardness Measurement

The microhardness of the nanocomposites at room temperature were
also determined using a Vickers microhardness tester (METLAB, Can-
ada) prior to the wear tests. An indenter with a pointed diamond pyra-
mid and a square base was used to impact the sample surface. The
sample was secured firmly in the hardness tester to prevent rocking and
shifting during the measurements. The indenter was gently pressed on
the flat sample surface at a selected load of 1 kgf (9.807 N) and a dwell
time of 15 s, as outlined in the ASTM C1327-15. The mean diagonal
lengths of the resulting indentation were measured with the aid of an
optical microscope coupled to the hardness tester. The Vickers hardness
number (HVn) was computed for each nanocomposite using Eq. (1)
given below [58]:

HVn = (o,loz X 1‘8544> (g ) @

where P is the load applied in N and d is the mean length of the two
diagonals after indentation, in mm. The final harness number was esti-
mated from the average of ten separate indentations on the sample
surface. Each indentation was made from a significant distance apart in
order to ensure accuracy. Table 2 illustrates the hardness results of the
fabricated nanocomposites with different compositions.

3. Results

3.1. Microstructural Evolution of Fabricated Multi-material
Nanocomposites

Basic characteristics and chemical composition of the prepared
multi-material nanocomposites are summarized in Table 1. From the
Table, it shows that all the hot-pressed nanocomposites had densities
above 95% of the theoretical value, but lower than that of the
reference AlyO3 sample, which had a near dense-structure (~99%).
The incorporation of reinforcement particles such as ZrO,, GN and
CNTs tend to slightly decrease the density after the high temperature
sintering. Sample Ajp.0.0 with only 10wt%ZrO, addition was about

4% lower in density when compared with the theoretical density of
the monolithic Al;O3. However, samples A19.9.5.0, A10-0-2 and A19.0.5.2
with multiple additions of ZrO,-GN, ZrO,-CNTs and ZrO,-GN-CNTs
had comparable density values (~98%) after sintering, registering
approximately 1% decrease in density relative to the fabricated
monolithic Al,Os.

Fig. 2 shows a high-magnification FE-SEM of the nanocomposites
which illustrates the effect of the multi-material additions on the grain
morphology, grain sizes and microstructural features of the nano-
composites. The microstructure and grain size of the reference Al;03 and
Aly03-10wt%ZrO, have been previously studied in other works
[50,51,53]. The grain size distribution with the corresponding average
grain sizes of the fabricated multi-material nanocomposites, estimated
from the quantitative analysis of the FE-SEM micrographs is clearly
shown in Fig. 3. Generally, the reference Al;O3 which had no added
second-phase material (sample Ag o) depicted a coarse-matrix grain
structure after hot-pressing (Fig. 2(a)). However, it can also be observed
from Figs. 2(b-e) and 3 that the addition of the second-phase materials
resulted in a reduced grain-sized microstructure as compared to the
reference Al;O3 structure. Sample Ajg.9.0 which had only 10wt%ZrO,
addition exhibited about 25% reduction in the Al;O3 matrix grain size
relative to the reference monolithic Al,03 sample. The added ZrO,
particles were insoluble within the matrix and were seen as coarse grain
structures at the matrix boundaries within this sample (Fig. 2(b)). In
Fig. 2(c), it is seen that the multiple additions of both 10wt%ZrO, and
0.5 wt% GN (Sample Ajg.0.5.0) resulted in about 41% decrease in the
grain size of the Al;0O3 matrix and 23% reduction in the ZrO- grain size.
Typically, the added GN particles also appear insoluble and reside on the
grain boundaries of the matrix [46,47]. Most ZrO, particles were also
located between the matrix grain boundaries and within its grains. A
drastic reduction of the AlpO3; matrix grains is also depicted with the
incorporation of both 10wt%ZrO, and 2wt%CNTs in the Aj(.g.2 sample,
as seen in Figs. 2(d). There was approximately 80% reduction in the
Al,03 matrix grain size, coupled with about 46% decrease in the size of
the added ZrO5 grains (Figs. 3(d) and (f)). Meanwhile, a refined struc-
ture of sample Aj¢.9.5.2, which had the multi-material additions of 10wt
%ZrOs, 0.5Wt%GN and 2wt%CNTs is also demonstrated in Fig. 2(e). The
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Fig. 4. EDS elemental mapping of Al,03-10wt%ZrO,-0.5Gn - 2CNTs sample identifying the presence of ZrO, particles (a) FE-SEM micrograph of sample (b)overall
mapped data (c) EDS mapping of element Al (d) EDS mapping showing Zr elements and ZrO, distribution within the Al,O3 matrix (e) EDS spectrum of element

distribution with quantitative results of elements.

Al,03 matrix grain size in this sample was reduced by about 77%, with a
corresponding 64% decline in the insoluble ZrO, grain size, as illus-
trated in Figs. 3(e) and 3(f). This suggests that the addition of 2wt%CNTs
is more effective in the extensive refinement of the Al;0O3 matrix grains
than the 0.5wt%GN. On the other hand, adding both 2wt%CNT and
0.5wt%GN results in significant refinement of both AloOs matrix and
ZrO grains than the 0.5wt%GN addition. The distribution of the GN and
CNT particles within the Al;O3 matrix are also seen in Fig. 2(e-f).

The EDS mapping in Fig. 4 identifies the ZrO, particles in a typical
multi-material nanocomposite such as the Ajg.os5.2 sample. A good
contrast between the matrix (grey background) and the ZrO, particle
dispersions (white particles) is also indicated in Fig. 4. Fig. 5(a-d) il-
lustrates the variations of the size and spatial distributions of the ZrO,

particles with the addition of GN and CNTs. It is generally observed that
some regions had uniform distribution of fine ZrO, particles whilst other
regions revealed agglomeration the added ZrO particles forming large
chunks within the Al,O3 matrix. The BSE micrographs also reveal dark
regions in the nanocomposites which indicates the presence of micro-
pores in the structure after sintering. These pore sizes and distributions
were also reduced with the addition of both 0.5wt%GN and 2wt%CNTs.

3.2. Hardness Property

Table 2 summarizes the micro-hardness property of the hot-pressed
nanocomposites. The variation of the Vickers micro-hardness number
(HVn) as a function of the added second-phase particles is clearly shown.
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Fig. 5. BSE-SEM micrographs of as-sintered samples showing distribution of ZrO, precipitates and micropores (a) Al,03-10ZrO, (b) Al,03-10ZrO,-0.5Gn (c) Al,O3-

10ZrO,-2Cn (d) Aly03-10ZrO5-0.5Gn-2CNT.

It was observed that the addition of 10wt%ZrO, alone to monolithic
Aly03 decreased the hardness number of the A;¢.g.o sample from 1875 to
1409, representing approximately 25% decline in the hardness of the
Ajq0.0.0 sample, despite the reported 25% reduction of the Al;03 matrix
grain size. Even though the addition of 0.5wt%GN yielded about 41%
reduction in the matrix grain size and 23% decrease in the ZrO; grains, it
resulted in only 2% increase in the hardness. In addition, the 2wt%CNTs
addition which gave an extensive grain refinement of the matrix with
80% decrease in matrix grain size and 46% decrease in ZrOy grains,
revealed only 11% increase in the hardness of the Ajg.g.2 sample.
Nevertheless, the incorporation of both 0.5wt%GN and 2wt%CNTs to
the matrix which resulted in 77% decrease in Al,O3 matrix grains and
64% reduction in the ZrO, grains gave an appreciable 48% increase in
the hardness of the Aj¢.g.5.2 sample. This means that a combination of
0.5wt%GN and 2wt%CNTs refine the grain structures of both the matrix
and ZrOs, and result in a significant increase in the hardness property of

the monolithic Al;Os3.

3.3. Wear Results

Fig. 6 demonstrates the effect of the additives on the surface
roughness of each nanocomposites. Surface roughness (Sa) per the scan
area ranges from 77.6—22.4 nm. The tribological performance of the
hot-pressed nanocomposites under dry reciprocating sliding wear con-
ditions is also illustrated in Table 2 and Figs. 7-13. Fig. 7 also summa-
rizes the variation of the coefficient of friction (COF) and wear
properties of the fabricated nanocomposites as a function of the rein-
forcing phases used, under constant loading of 25 N. It is observed in
Fig. 7(a) that the least COF value (~76% reduction relative to the
monolithic Al;03) is depicted by the A;¢.9.o sample which had only 10wt
%ZrO4 addition. The addition of the carbon-based materials increased
the COF values for samples Aj¢.0.5.0, A10-0-2 and Ajp.0.5.2, up to about
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Fig. 6. 3D surface texture measurement of samples using the optical profilometer (a) Pure Al;O3 (b) Al;03-10ZrO, (b) Al,03-10Zr0O,-0.5Gn (c) Al;03-10ZrO»-2Cn (d)
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17% relative to the monolithic Al;Os. The volume loss and corre-
sponding wear rates of each nanocomposite after the constant dry
sliding wear is also shown in Table 2. Fig. 7(b) illustrates the wear rate of
the AlyO3 matrix with the different reinforcement particles. It is seen
from Table 2 that the wear rate of the monolithic Al,O3, recorded as
1.4961x10~* mm®/Nm, is significantly reduced to 1.279x10~> mm>/
Nm with the incorporation of only 10wt%ZrO,, which represents about
91% decrease in sample Ajgg.o. Also, the addition of 0.5wt%GN in
sample Ajg.05.0 exhibited a better wear resistance than the reference
monolithic Al;O3, with approximately 88% decrease in the wear rate.
Sample Ajg.9-2, having 2wt%CNTs addition also displayed an improved
wear performance, with about 92% reduction in the wear rates relative
to the monolithic Al;O3 but comparable to the Ajg.0.9 sample having
only 10wt%ZrO,. The multi-material additions of ZrO,, GN and CNTs
into the Al;03 matrix also resulted in a relative high wear resistance of
the Ajg.0.5.2 sample, with about 93% decline in the wear rate. It is
noteworthy that the addition of 10wt%ZrO, alone to the AloO3 matrix
showed a comparable wear resistance improvement relative to the
combination of ZrO,, GN and CNTs (88% vs 93%). This suggests that a
combined effect of the multi-material addition is only slightly demon-
strated on wear performance of the nanocomposites.

Fig. 8 shows the SEM image and 3D surface profile of the wear track
of the reference monolithic Al;O3 sample under constant loading,
showing the depth and width of the worn surface. The 3D profile also
indicates the rough texture of the wear track and high-volume loss
which corresponds with the values in Table 2. The 3D profiles of the
nanocomposites after the wear test are also illustrated in Fig. 9, which
shows the nature of their wear tracks. These profiles are consistent with
the volume loss and the corresponding wear rates under the recipro-
cating dry sliding.

3.4. Microstructure After Wear

The effect of the multi-material additions of ZrO,, GN and CNTs on
the morphology and the microstructural features of the wear track is also
analysed using the FE-SEM micrographs shown in Figs. 10-12. Both mild
and severe abrasive wear, which is typical in oxide ceramics were
observed from the texture of the worn surface of the nanocomposites.
High contact pressure coupled with the relative sliding of the counter-
body and the flat surface led to grain fracture and chippings within
the worn surface. Areas of delamination and grooves as a consequence of
the grain removal and fracture was also evident in the various worn
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Fig. 7. Effect of the multi-material additions on (a) coefficient of friction (b) wear rate of nanocomposites.

regions. Micro-cracking of the matrix grains was the dominant sub-
mechanism demonstrated in the worn regions of the nanocomposites.
Fig. 10(a) illustrates the wear track of the pure Al,O3 sample, which had
rougher profile with large areas of delaminations, which are very
consistent with the 3D profile seen in Fig. 8. The wider and deeper
grooves are evident of the large grain pull-out during the constant
sliding of the hard Si3sN4 counter-surface at load of 25 N. In addition,
there were smaller fragments of the pulled-out grains which tend to fill
the worn-out cavities and agglomerates within the wear track surface.
The SEM micrograph showing the worn region of sample Aj¢.¢.9, which
had only 10wt%ZrO, depicts both smooth and rough regions with
shallow depths, as seen in Fig. 10(b). In Fig. 10(c), there were multiple
shallow grooves and smooth regions within the wear track of the Ajp.o 5.
o sample. In contrast, few large but shallow grooves were revealed by the
wear track of the Ajg. .o sample, which also had a lot of smooth sliding
regions (Fig. 10(d)). For the Ajgs5.2 sample with the synergistic

10

addition of all the reinforcement materials, the wear track showed
relatively few regions of pull-out grooves but large smooth areas after
wear, in the direction of the counter-surface sliding (Fig. 10(e)). The
nature of the matrix grain pull-outs, grooves and distribution of the ZrO,
particles within the worn regions are more evident with the contrast
imaging SEM micrographs as shown in Fig. 11. The smooth and rough
regions are also seen more clearly in these micrographs. In addition,
micro-cracks within the wear tracks are also seen mostly in the smooth
areas of the wear track. Both coarse and very fine ZrO, particles were
seen in the worn areas of these multi-material nanocomposites.
Various wear resistance mechanisms by the added second-phase
materials to the matrix is demonstrated by Fig. 12. Micro-cracks
generated during the continuous sliding were inhibited by the rein-
forcement particles as seen in the micrographs. Crack bridging and
deflection is also observed in nanocomposites reinforced with either
graphene or CNTs or both. Fig. 12(a) illustrates the pinning action of
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ZrO, particles within an observed micro-crack. Other areas of crack
pinning and bridging are also seen within the worn surface of the Ajg.o5-
o sample (Fig. 12(b)). Crack bridging which is more prevalent in nano-
composites with embedded carbon-nanotubes is demonstrated by
Fig. 12(c). This mechanism is also observed in the worn region of the
Aj0.0.5-2 sample having all 3 muli-materials embedded(Fig. 12(d)).

Fig. 13 shows optical micrographs of the Si3N4 counter-ball with
mild wear scars after 5000 cycles of reciprocating sliding on the flat
nanocomposite samples. In contrast to the fabricated nanocomposites,
the countersurface did not undergo significant wear after relative dry
sliding with the flat samples. However, the circumference of the contact
region shows appearances of wear scratches which is due to the
continuous abrasive sliding on the nanocomposite surface.

3.5. Wear Debris Analysis

The nature of wear of the hot-pressed nanocomposites can also be
analysed with the appearance of the wear debris during the recipro-
cating sliding wear test. Fig. 14 depicts the dispersion of the wear
debris collected after the reciprocating sliding test for each sample. As
shown in Fig. 12(a), the wear behaviour of the reference Al,03 sample
is coupled with large chippings of matrix grains and small fragments
from the continuous sliding. The large grain pull-outs generate regions
with larger delaminations and grooves as illustrated in Figs. 10(a) and
11(a). Wear particles of the Aj(.g.o sample reveals mostly micron-sized
chippings from the shallow grooves and scratches, as shown in Fig. 14
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(b). In Fig. 14(c), both large and small chunks of the matrix grain
particles were seen in the debris of the Ajp.9.5.0 sample. The wear
particles generated in sample Ajg.o.2 also had few micro-chippings
from the fine grain pull-out during the sliding test, as shown in
Fig. 14(d). However, very fine grain particles with average sizes were
observed in the wear debris of the Ajg.0.5.2 sample having the com-
bined addition of ZrO,, GN and CNT (Fig. 14(e)).

4. Discussions

4.1. Synergistic Effect of ZrOs, GN and CNTs on Matrix Grain
Refinement

The relative density result of the fabricated monolithic Al;O3 as
shown in Table 1 suggests a near- dense structure which might be
attributed to the good sinterability of the pristine Al,O3 powder, coupled
with high sintering temperature [59,60]. Hot-pressed ceramics normally
have denser structure (up to 98-99%) with minimum level of porosity.
During sintering, the bulk diffusion induces high transportation of mass,
which consequently reduces pore formation and enhance the density of
monolithic Al,O3 [61,62]. In addition, a combination of a constant
uniaxial mechanical pressure (60 MPa) and longer dwell time (60 min)
at high isothermal temperature were needed to achieve high density
structure of the monolithic Al,O3. Meanwhile, the addition of multi-
materials such as ZrOy, GN and CNTs tend to slightly impair the den-
sity after sintering, as shown in Table 1. This may be attributed to the
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micro-pores indicated in the BSE micrographs (Fig. 5) [51]. The decline
in density with the addition of only 10wt%ZrO, might be due to the
limited restrictive action of the ZrO, particles which limits the mass
diffusion of the Al,O3 atoms along the grain boundaries [63]. In addi-
tion, GN and CNTs have been reported to decrease the density of sin-
tered ceramics when embedded within the matrix [64]. These particles
are mostly stuck at the Al,O3 grain boundaries (as illustrated in Fig. 2
(d)), where they inhibit the flow of matrix materials and thereby retard
the densification of the matrix [65,66]. Baksh et al. also reported that
the agglomeration of CNTs at the grain boundaries causes the decrease
in the density of the fabricated Al;03-CNT nanocomposites in the course
of sintering [59].

The significant grain refinement of the Al;03 matrix with the addi-
tion of the ZrO5, GN and CNTs, as illustrated in Figs. 2 and 3, were due to
the restriction to the abnormal grain growth of the matrix material
during sintering. Further, the addition of GN and CNTs lowered the grain
size of the added ZrO, particles, which yielded an overall fine-grained
structure of samples Aj¢.0.5.0, A10-0-2 and Ajg.0.5.2 as compared to sam-
ple Ajo.00- The uniformly dispersed multi-materials are preferably
located at the matrix grain boundaries, where bulk diffusion of the
matrix is inhibited by the insoluble ZrO, and carbon-based additives
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during sintering. The presence of ZrO; at triple junction impedes the
Al,O3 grains by exerting a pinning action as reported in other studies
[63,67,68]. This is the dominant refinement mechanism in the structure
of the Aj9.0.0 sample with only 10wt%ZrO, addition to the monolithic
Al;03. The matrix grain size decrease (up to 41%) in sample Ajg.o5.
o with 0.5wt%GN was due to the simultaneous grain boundary pinning
of both ZrO, and GN during sintering [69-71]. The small amount of GN
used is known to support grain refinement when dispersed uniformly
within the matrix [11]. Other refinement mechanisms such as matrix
grain wrapping/anchoring by the added GN particles have also been
identified to be predominant in Al;O3/GN systems [72,73]. The syner-
gistic effect of ZrO2 and GN are therefore demonstrated on the grain
refinement Al,O3 matrix grains. Fig. 15(a) shows a schematic which il-
lustrates the combined restriction to bulk diffusion process by the ZrO,
and GN particles at the matrix boundaries, thereby limiting grain growth
of the matrix. This phenomenon is similar in sample A;¢.g.2, with 2wt%
CNTs addition, which reduced the matrix grain size up to 80% after
sintering. The effective refinement action of the added CNTs, in the form
of grain boundary pinning as reported in literature, is due to the opti-
mized amount of CNTs used (up to 2 wt%) [74,75]. Above this con-
centration (>2 wt%), this mechanism is restricted as a result of CNT-



S.H. Duntu et al.

Large
groove area
resulting
from large
ALOs
matrix grain

pull-out

particles
within
track

Materials Characterization 175 (2021) 111056

ALO;
matrix
grain

7rOs
' particles

in worn
region

Microcracks

Fig. 11. Within wear track showing ZrO, particle distributions and micro-cracks (a) Pure Al;O3 (b) Al;03-10ZrO; (c) Al;03-10Zr05-0.5Gn (d) Al03-10ZrO2-2CNT

(e) Al;03-10ZrO2-0.5Gn2CNT

agglomeration leading to matrix grain growth [21,22,74]. The syner-
gistic role of ZrO,, GN and CNTs on grain refinement is further seen in
the Ajg.052 sample, which had all the multi-material combinations,
with 77% and 64% reduction in Al,O3 and ZrO, grains respectively. Asiq
et al. suggested that parallel grain refinement mechanisms by the GN
and CNTs within the Al,O3 matrix yields a relatively lower matrix grains
at high temperature. GN wrapping of matrix grains, coupled with the
pinning action of the CNTs during diffusion is responsible for the grain
growth limitation during high temperature sintering [76-79]. In addi-
tion, the pinning effect of GN and CNTs is also exerted on the ZrO,
particles during diffusion, which consequently retards the its rate of
diffusion within the matrix, thereby refining the ZrO, grains [80].

4.2. Synergistic Effect of Multi-phase Materials on Hardness and Wear
Behaviour

Mechanical properties of sintered ceramics are imputed to the grain
structure of the matrix, as well as the nature and distribution of the
reinforcement particles. The incorporation of ZrO,, GN and CNTs to the
monolithic AlpOs hindered the grain growth of the matrix, which
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directly influenced their mechanical response. As expected on the
grounds of the Hall-Petch theory, the mechanical performance such as
hardness is enhanced with the reduced matrix grain size [81]. However,
in this work, the hardness value of the A;¢.0.9 sample with only 10wt%
ZrO; addition was depleted by 25% when compared to the monolithic
Al;O3, even though its grain size decreased (up to 25%), which goes
contrary to the above theory. This might be due to the fact that the
insoluble ZrO, particles form large grains within the Al;03 matrix (Fig. 2
(b)), which are relatively softer than the matrix, and tend to decrease the
bulk hardness of sample Ajg.0.9 during indentation. In addition, the
presence of micro-pores within this sample also contributes to the
reduced hardness response, as previously reported [51,63]. On the other
hand, GN and CNTs in addition to lowering the Al,O3 matrix and ZrOy
grain sizes, increased the hardness value in samples A1¢.9.5.0, A10-0-2 and
Aj10.0.5-2- In spite of the appreciable amount of reduction in grain size of
both the matrix (~41%) and ZrO, particles (~23%), only small amount
of increment (~2% increase) was recorded with the addition of GN in
the A1¢.0.5.0 sample relative to monolithic Al;Os. This is ascribed to the
parallel refinement of the matrix and ZrO, grain structures, and the
presence of tough ultra-fine GN particles at the grain boundaries (Figs. 2
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(c) and(d)). Meanwhile, the 11% increase in hardness with the addition
of 2wt%CNTs was due to the extensive refinement of both the matrix
and ZrO grains. Also, the load-carrying activities of the CNTs existing at
the matrix grain boundaries, as well as crack bridging actions,
contribute to the enhanced hardness during indentation [74]. The syn-
ergistic role of GN and CNTs in the hardness property of sample Aj¢..5.2
is clearly seen in Table 2. The 48% improvement in the hardness value
coupled with the refined grain structures is in direct agreement with the
Hall-Petch theory. In addition to the grain refinement, excellent coor-
dination between the tough and uniformly dispersed GN and CNTs
within the matrix provided appreciable transfer of load from the matrix
to these tough materials, resulting in a relatively higher hardness value.
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The wear behaviour of the reference monolithic Al;03 sample as well
as the hot-pressed nanocomposites is highly dependent on the micro-
structural features rather than their friction coefficients and relative
densities. The high COF of the nanocomposites with carbon-based GN
and CNTs additives have been reported in other works [82-84]. Wang
et al. ascribed the increase in COF to the high dynamic friction co-
efficients of both GN and CNTs [84]. Belmonte el al also suggested that
the increase in COF might be due to the parallel orientation of the GN
particles to the sliding direction [82]. The high-volume loss and wear
rate of the monolithic Al;O3, which was characterized by rough regions
and large grain pull-outs was due to the intergranular fracture mode
during continuous sliding. It has been demonstrated that an increased
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grain size increases the rate of wear of brittle oxide ceramics [85]. As the
hard counter-surface with high load is pressed against the reference
Al;03 surface, there is mechanical damage/brittle fracture. The brittle
fracture is caused by the tangential forces which induce stresses as these
bodies continuously slide relative to each other. The high tangential
forces at the high load causes fracture along the matrix grain boundaries
due to micro-cracking, leading to the grain pull-outs and rough patches
seen in the worn surface and wear debris particles (Figs. 8, 10-12), [86].
However, the role of the added ZrO, and carbon-based GN and CNTs in
the nanocomposite influenced the wear performance and its mecha-
nisms. For instance, the addition of 10wt%ZrO, alone to Al;O3 yielded a
shallow wear track with smooth regions due to the limited amount of
matrix grain removal. The homogeneous distribution of fine ZrO, par-
ticles at matrix grain boundaries prevents intergranular fracture by
impeding the propagation of micro-cracks generated from the sliding
along the boundaries, which consequently lead to complete grain pull-
out. This is also illustrated in Fig. 12 and schematics in Fig. 15(b).
Addition of 0.5wt%GN led to many smooth regions within the worn
surfaces of sample Ajp ., with few micro-chippings of the matrix
grains. This is due to the formation of the tribofilm formed on the worn
surface by the added ultra-fine GN. The presence of tribofilm limits the
friction interaction between the nanocomposite surface and the counter-
surface during sliding [83,87]. In addition, the thin graphene resides at
the matrix boundaries providing a reinforcement and impeding grain
removal through the crack bridging as illustrated in Fig. 15(b). This also
contributes to the relative high wear resistance of the A;¢.¢ 5.0 sample.
Therefore, here, the synergistic effect of the combined ZrO; and GN is
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seen within the worn surface of Aj¢.¢5.0 sample, even though the wear
rate was slightly higher than the Aj¢.¢.¢o sample having only 10wt%ZrO»
addition (91% vs 88%). The bridging action within the wear track of
sample Ajg.o-2 having 2wt%CNTs addition was also identified to be a
dominant wear resistance mechanism during sliding (Fig. 12(c)). Hence,
the narrow-worn surface coupled with the smooth regions and lower
grain pull-outs, as illustrated by Figs. 9(c) and 10(d) demonstrate the
improved wear performance with the addition of CNTs. For sample Ajg.
0.5-2 with the multi-material composition of ZrOs, GN and CNTs, the low
wear volume along with a 93% reduced wear rate can be ascribed to the
excellent coordination between the homogeneously dispersed materials.
Formation of tribofilm by GN, the pinning effect of ZrO5 and bridging
action of the embedded CNTs contribute to its high wear resistance.
Thus, a synergy effect is demonstrated by these additives during the
sliding wear. This is further shown by the schematics in Fig. 15(b) which
illustrates these mechanisms within the grain structure of the matrix. For
these systems, the micro-chippings seen in the wear debris could be
attributed to the transgranular fracture of the matrix grains. As micro-
cracks induced by the shear stress are impeded on the grain bound-
aries, the propagations tend to go through the matrix grains to cause
fracture as the sliding at the constant load continues. Yazdani et al.
suggested that the low wear rate of hot-pressed Al;O3-GNPs-CNTs
nanocomposites was due to the uniform distribution of the carbon ad-
ditives and their complementary bridging and toughening actions under
the sliding wear [47].
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5. Conclusion

In this work, second-phase ZrO,(10 wt%), Graphene(0.5 wt%)
and CNTs(2 wt%) were introduced into monolithic Al,O3 matrix
structure to form multi-material nanocomposites. Compared to the
reference Al,O3 sample, the hardness and wear performance of the
multi-material nanocomposites were improved up to 80% and 93%
respectively, due to the refined grain structure of both the Al,O3
matrix and ZrO, grains, and substantial load-bearing activities of
the homogeneously dispersed multi-materials at matrix grain
boundaries. Major findings from the current work are summarized
below:

1. The addition of only 10wt%ZrO,, resulted in a 25% reduction in
grain size and high wear resistance (up to 88% increase), but hard-
ness was depleted by 25%. The pinning action of ZrOs at junctions of
matrix grain boundaries caused grain refinement and improved wear
resistance.

2. The incorporation of 0.5wt%GN gave a 41% decrease in the Al;03
matrix grain size along with a 23% reduction in ZrO5 grains. Even
though only 2% increase in the hardness value was recorded rela-
tive to the monolithic Al;03 the wear resistance was highly
improved up to 91%. ZrO, pinning effect and bridging by the added
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GN restricted microcrack propagation to cause high volume loss
and wear rate.

. As 2wt%CNTs was added, the matrix grain size was reduced by 80%,

along with a 46% reduction in the ZrO grain size, which suggested
that 2wt%CNTs was most effective for refining matrix grains. The
hardness and wear resistance in turn increased up to 11% and 92%
respectively, due to the fine-grained microstructure. Dominant
mechanisms such as crack bridging by CNTs and grain pinning by
ZrQ, illustrate a combined effect of these added materials within the
matrix, leading to the improved mechanical and wear resistance
properties.

. Addition of both 0.5wt%GN and 2wt%CNTs also demonstrated the

synergistic effect in the parallel refinement of the Al,O3 matrix
(77%) and ZrO, grains (64%), coupled with an exceptional 48%
increase in the hardness value and a 93% reduction in the wear
rate properties. Excellent coordination between the homoge-
neously dispersed materials yielded a higher wear resistance
through the pinning and bridging effect of the embedded ZrO,, GN
and CNTs.

Declaration of Competing Interest

None.



S.H. Duntu et al.

Materials Characterization 175 (2021) 111056

ALO3; matrix
grain

Intragranular ZrO;
particles

Barrier to diffusion
in matrix

Intragrular ZrO:;
particles

o]

Reciprocating

wear l

Transgranular
cracks to cause
further
fracture of
wear particle

Crack pinning

Crack
propagation to
cause grain pull-

Fig. 15. (a)Schematics illustrating grain refinement mechanism by reinforcement phases (b)Schematic illustrating grain pull-out resistance during sliding contact in

multi-material nanocomposites.

Acknowledgements

The authors would like to extend their appreciation to the Natural
Sciences and Engineering Research Council of Canada (NSERC) for the
financial support they provided. The SEM (EDS) data was acquired at the
Advanced Light and Electron Microscopy Facility (@YorkUMicroscopy)
at York University.

References

[1] P. Hvizdos, F. Kovac, V. Puchy, F. Inam, M.J. Reece, J. Dusza, Wear resistance of
Aly03-CNT ceramic nanocomposites at room and high temperatures, Ceram. Int.
39 (5) (2013) 5821-5826.

H. Glelter, “Nanostructured Materials H. Glelter Universitat des Saarlandes -
Institut fUr Neue Materialien Gebaude 43 - W-6600 Saarbriicken, Germany,” iv, pp.
3-35.

S. Nasimul Alam, N. Sharma, B. Chandra Ray, S. Yadav, K. Biswas, Effect of
graphite nanoplatelets on the mechanical properties of alumina-based composites,
Ceram. Int. 43 (14) (2017) 11376-11389.

T.E. Steyer, Shaping the future of ceramics for aerospace applications, Int. J. Appl.
Ceram. Technol. 10 (3) (2013) 389-394.

[2]

[3]

[4]

18

[5]

[6]

[71
[8]
[91
[10]
[11]
[12]

[13]

[14]

G. Yamamoto, M. Omori, T. Hashida, H. Kimura, A novel structure for carbon
nanotube reinforced alumina composites with improved mechanical properties,
Nanotechnology 19 (31) (2008).

J. Fan, D. Zhao, M. Wu, Z. Xu, J. Song, Preparation and microstructure of multi-
wall carbon nanotubes-toughened Al,O3 composite, J. Am. Ceram. Soc. 89 (2)
(2006) 750-753.

M. Ipek, S. Zeytin, C. Bindal, An evaluation of Al;03-ZrO, composites produced by
coprecipitation method, J. Alloys Compd. 509 (2) (2011) 486-489.

H. Porwal, S. Grasso, M.J. Reece, Review of graphene-ceramic matrix composites,
Adv. Appl. Ceram. 112 (8) (2013) 443-454.

N.J. Petch, The cleavage strength of polycrystals, J. Iron Steel Inst. 174 (1953)
25-28.

E.O. Hall, The deformation and ageing of mild steel: II characteristics of the Liiders
deformation, Proc. Phys. Soc. Sect. B 64 (9) (1951) 742-747.

M.T. Markandan, K. Chin, J.K. Tan, Recent progress in graphene based ceramic
composites: a review, J. Mater. Res. 32 (2017) 84-106.

S. Gadipelli, Z.X. Guo, Graphene-based materials: synthesis and gas sorption,
storage and separation, Prog. Mater. Sci. 69 (2015) 1-60.

X. Jiang, L.T. Drzal, Polyvinyl alcohol-modified pithecellobium clypearia benth
herbal residue fiber polypropylene composites, Polym. Compos. 37 (1) (2016)
915-924.

Q. Cao, X. Geng, H. Wang, P. Wang, A. Liu, Y. Lan, Q. Peng, A review of current
development of graphene mechanics, Crystals 8 (9) (2018).


http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0005
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0005
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0005
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0010
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0010
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0010
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0015
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0015
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0020
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0020
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0020
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0025
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0025
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0025
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0030
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0030
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0035
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0035
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0040
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0040
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0045
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0045
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0050
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0050
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0055
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0055
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0060
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0060
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0060
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0065
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0065

S.H. Duntu et al.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

W. Wang, C. Shen, S. Li, J. Min, C. Yi, Mechanical properties of single layer
graphene nanoribbons through bending experimental simulations, AIP Adv. 4 (3)
(2014).

R.K. Abu Al-Rub, A.I. Ashour, B.M. Tyson, On the aspect ratio effect of multi-walled
carbon nanotube reinforcements on the mechanical properties of cementitious
nanocomposites, Constr. Build. Mater. 35 (2012) 647-655.

E. Dervishi, Z. Li, F. Watanabe, V. Saini, A.R. Biris, Y. Xu, A.S. Biris, High-aspect
ratio and horizontally oriented carbon nanotubes synthesized by RF-cCVD, Diam.
Relat. Mater. 19 (1) (2010) 67-72.

Y. Bai, R. Zhang, X. Ye, Z. Zhu, H. Xie, B. Shen, D. Cai, B. Liu, C. Zhang, Z. Jia,
S. Zhang, X. Li, F. Wei, Carbon nanotube bundles with tensile strength over 80 GPa,
Nat. Nanotechnol. 13 (7) (2018) 589-595.

M.F. Yu, O. Lourie, M.J. Dyer, K. Moloni, T.F. Kelly, R.S. Ruoff, Strength and
breaking mechanism of multiwalled carbon nanotubes under tensile load, Science
(80-. ). 287 (5453) (2000) 637-640.

M.J. Biercuk, M.C. Llaguno, M. Radosavljevic, J.K. Hyun, A.T. Johnson, J.

E. Fischer, Carbon nanotube composites for thermal management, Appl. Phys. Lett.
80 (15) (2002) 2767-2769.

F. Inam, H. Yan, D.D. Jayaseelan, T. Peijs, M.J. Reece, Electrically conductive
alumina-carbon nanocomposites prepared by spark plasma sintering, J. Eur.
Ceram. Soc. 30 (2) (2010) 153-157.

G. Yamamoto, M. Omori, K. Yokomizo, T. Hashida, Mechanical properties and
structural characterization of carbon nanotube/alumina composites prepared by
precursor method, Diam. Relat. Mater. 17 (7-10) (2008) 1554-1557.

W. Bollmann, J. Spreadborough, Action of graphite as a lubricant, Nature 186
(1960) 29-30.

B. Yazdani, F. Xu, I. Ahmad, X. Hou, Y. Xia, Y. Zhu, Tribological performance of
Graphene/Carbon nanotube hybrid reinforced AI203 composites, Sci. Rep. 5
(March) (2015) 1-11.

W. Winarto, D. Priadi, N. Sofyan, A. Wicaksono, Wear resistance and surface
hardness of carbon nanotube reinforced alumina matrix nanocomposite by cold
sprayed process, Proc. Eng. 170 (2017) 108-112.

C.F. Gutierrez-Gonzalez, A. Smirnov, A. Centeno, A. Fernandez, B. Alonso, V.

G. Rocha, R. Torrecillas, A. Zurutuza, J.F. Bartlome, Wear behavior of graphene/
alumina composite, Ceram. Int. 41 (6) (2015) 7434-7438.

A.V. Desai, M.A. Haque, Mechanics of the interface for carbon nanotube-polymer
composites, Thin-Walled Struct. 43 (11) (2005) 1787-1803.

J. Cho, A.R. Boccaccini, M.S.P. Shaffer, Ceramic matrix composites containing
carbon nanotubes, J. Mater. Sci. 44 (8) (2009) 1934-1951.

X. Jiang, T. Song, Z. Shao, W. Liu, D. Zhu, M. Zhu, Synergetic effect of graphene
and MWCNTs on microstructure and mechanical properties of Cu/Ti3SiCy/C
nanocomposites, Nanoscale Res. Lett. 12 (2017).

S. Rengifo, C. Zhang, S. Harimkar, B. Boesl, A. Agarwal, Tribological behavior of
spark plasma sintered aluminum-graphene composites at room and elevated
temperatures, Technologies 5 (1) (2017) 4.

J. Li, M. Ostling, Prevention of graphene restacking for performance boost of
supercapacitors—a review, Crystals 3 (1) (2013) 163-190.

J.R. Miller, R.A. Outlaw, B.C. Holloway, S. Figs, Graphene double-layer capacitor
with ac line-filtering performance, Defense 1637 (September) (2010) 2-3.

M.H. Bocanegra-Bernal, C. Dominguez-Rios, J. Echeberria, A. Reyes-Rojas,

A. Garcia-Reyes, A. Aguilar-Elguezabal, Spark plasma sintering of multi-, single/
double- and single-walled carbon nanotube-reinforced alumina composites: is it
justifiable the effort to reinforce them? Ceram. Int. 42 (1) (2016) 2054-2062.

X. Wang, N.P. Padture, H. Tanaka, Contact-damage-resistant ceramic/single-wall
carbon nanotubes and ceramic/graphite composites, Nat. Mater. 3 (8) (2004)
539-544.

P. Rutkowski, L. Stobierski, D. Zientara, L. Jaworska, P. Klimczyk, M. Urbanik, The
influence of the graphene additive on mechanical properties and wear of hot-
pressed Si3N4 matrix composites, J. Eur. Ceram. Soc. 35 (1) (2015) 87-94.

D.J. GREEN, Critical microstructures for microcracking in Al;03-ZrO composites,
J. Am. Ceram. Soc. 65 (12) (1982) 610-614.

A.H. Heuer, F.F. Lange, M.V. Swain, A.G. Evans, Transformation toughening: an
overview, J. Am. Ceram. Soc. 69 (3) (1986) i-iv.

A.H. De Aza, J. Chevalier, G. Fantozzi, Slow-crack-growth behavior of zirconia-
toughened alumina CeramicsProcessed by different methods, J. Am. Ceram. Soc.
86 (1) (2003) 115-120.

R. Trabelsi, D. Treheux, G. Orange, G. Fantozzi, P. Homerin, F. Thevenot,
Relationship between mechanical properties and wear resistance of alumina-
zirconia ceramic composites, Tribol. Trans. 32 (1) (1989) 77-84.

B. Kerkwijk, E. Mulder, H. Verweij, Zirconia—alumina ceramic composites with
extremely high wear resistance, Adv. Eng. Mater. 1 (1) (1999) 69-71.

B. Kerkwijk, A.J.A. Winnubst, H. Verweij, E.J. Mulder, H.S.C. Metselaar, D.

J. Schipper, Tribological properties of nanoscale alumina-zirconia composites,
Wear 225-229 (PART II) (1999) 1293-1302.

J.F. Bartolomé, C. Pecharroman, J.S. Moya, A. Martin, J.Y. Pastor, J. Llorca,
Percolative mechanism of sliding wear in alumina/zirconia composites, J. Eur.
Ceram. Soc. 26 (13) (2006) 2619-2625.

1. Zmak, D. Cori¢, V. Mandi¢, L. Curkovi¢, Hardness and indentation fracture
toughness of slip cast alumina and alumina-zirconia ceramics, Materials (Basel) 13
(1) (2020) 1-17.

M.C. Aragon-Duarte, A. Nevarez-Rascon, H.E. Esparza-Ponce, M.M. Nevarez-
Rascon, R.P. Talamantes, C. Ornelas, J. Mendez-Nonell, J. Gonzalez-Hernandez, M.
J. Yacaman, A. Hurtado-Macias, Nanomechanical properties of zirconia- yttria and
alumina zirconia- yttria biomedical ceramics, subjected to low temperature aging,
Ceram. Int. 43 (5) (2017) 3931-3939.

19

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571
[58]

[59]

[60]

[61]
[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

Materials Characterization 175 (2021) 111056

1. Ahmad, M. Islam, S. Parvez, N. AlHabis, A. Umar, K.S. Munir, N. Wang, Y. Zhu,
Reinforcing capability of multiwall carbon nanotubes in alumina ceramic hybrid
nanocomposites containing zirconium oxide nanoparticles, Int. J. Refract. Met.
Hard Mater. 84 (July) (2019) 105018.

1. Ahmad, M. Islam, T. Subhani, Y. Zhu, Toughness enhancement in graphene
nanoplatelet/SiC reinforced Al,O3 ceramic hybrid nanocomposites,
Nanotechnology 27 (42) (2016) 1-13.

B. Yazdani, Y. Xia, I. Ahmad, Y. Zhu, Graphene and carbon nanotube (GNT)-
reinforced alumina nanocomposites, J. Eur. Ceram. Soc. 35 (1) (2015) 179-186.
L. Qiu, X. Yang, X. Gou, W. Yang, Z.F. Ma, G.G. Wallace, D. Li, Dispersing carbon
nanotubes with graphene oxide in water and synergistic effects between graphene
derivatives, Chem. A Eur. J. 16 (35) (2010) 10653-10658.

B. Yazdani, H. Porwal, Y. Xia, H. Yan, M.J. Reece, Y. Zhu, Role of synthesis method
on microstructure and mechanical properties of graphene/carbon nanotube
toughened Al;0O3 nanocomposites, Ceram. Int. 41 (8) (2015) 9813-9822.

S.H. Duntu, I. Ahmad, M. Islam, S. Boakye-yiadom, Effect of graphene and zirconia
on microstructure and tribological behaviour of alumina matrix nanocomposites,
Wear 438-439 (2019) 203067.

S.H. Duntu, F. Tetteh, I. Ahmad, M. Islam, Characterization of the structure and
properties of processed alumina-graphene and alumina-zirconiacomposites,
Ceram. Int. (2020) 135577.

1. Ahmad, M. Islam, T. Subhani, Y. Zhu, Characterization of GNP-containing Al,O3
nanocomposites fabricated via high frequency-induction heat sintering route,

J. Mater. Eng. Perform. 24 (11) (2015) 4236-4243.

S. Duntu, F. Tetteh, I. Ahmad, M. Islam, S. Boakye-yiadom, 144 — Microstructural
and Mechanical Characterization of Alumina-Zirconia- Graphene Hybrid
Nanocomposites, 2020, pp. 15-18.

S.H. Duntu, M. Islam, S. Boakye-Yiadom, Effect of graphene on wear properties of
aluminum and alumina matrix nanocomposites, Microsc. Microanal. 25 (S2)
(2019) 2126-2127.

A. Opalinska, I. Malka, W. Dzwolak, T. Chudoba, A. Presz, W. Lojkowski, Size-
dependent density of zirconia nanoparticles, Beilstein J. Nanotechnol. 6 (1) (2015)
27-35.

S. Ghalme, A. Mankar, Y.J. Bhalerao, Optimization of wear loss in silicon nitride
(Si3N4)-hexagonal boron nitride (hBN) composite using DoE-Taguchi method,
Springerplus 5 (1) (2016).

ASTM G133, Standard Test Method for Linearly Reciprocating Ball-on-Flat Sliding
Wear 1, ASTM Int. i (2015) 1-9, no. Reapproved 2010.

W. Conshohocken, Standard test method for vickers indentation hardness of
advanced ceramics 1, Test (March) (2003) 1-10.

N. Bakhsh, F.A. Khalid, A.S. Hakeem, Effect of sintering temperature on
densification and mechanical properties of pressureless sintered CNT-alumina
nanocomposites, IOP Conf. Ser. Mater. Sci. Eng. 60 (1) (2014).

N.J. Loh, L. Simao, J. Jiusti, A. De Noni, O.R.K. Montedo, Effect of temperature and
holding time on the densification of alumina obtained by two-step sintering,
Ceram. Int. 43 (11) (2017) 8269-8275.

E. Medvedovski, Ballistic performance of Armour ceramics: influence of design and
structure. Part 1, Ceram. Int. 36 (7) (2010) 2103-2115.

Y.Q.Z.1. Ahmad, A. Kennedy, Wear resistant properties of multi-walled carbon
nanotubes reinforced A1203 nanocomposites, Wear 269 (2010) 71-78.

P.K. Rao, P. Jana, M.I. Ahmad, P.K. Roy, Synthesis and characterization of zirconia
toughened alumina ceramics prepared by co-precipitation method, Ceram. Int. 45
(13) (2019) 16054-16061.

E.L. Corral, H. Wang, J. Garay, Z. Munir, E.V. Barrera, Effect of single-walled
carbon nanotubes on thermal and electrical properties of silicon nitride processed
using spark plasma sintering, J. Eur. Ceram. Soc. 31 (3) (2011) 391-400.

J. Ning, J. Zhang, Y. Pan, J. Guo, Fabrication and mechanical properties of Si0O2
matrix composites reinforced by carbon nanotube, Mater. Sci. Eng. A 357 (1-2)
(2003) 392-396.

T. Zhang, L. Kumari, G.H. Du, W.Z. Li, Q.W. Wang, K. Balani, A. Agarwal,
Mechanical properties of carbon nanotube-alumina nanocomposites synthesized by
chemical vapor deposition and spark plasma sintering, Compos. Part A Appl. Sci.
Manuf. 40 (1) (2009) 86-93.

L.F. Foo, M. Hirlinger Magareth, Hindrance of grain growth in AlyO3 by ZrO,
inclusions, J. Am. Ceram. Soc. 67 (3) (1984) 164-168.

M. Michalek, J. Sedlacek, M. Parchoviansky, M. Michalkova, D. Galusek,
Mechanical properties and electrical conductivity of alumina/MWCNT and
alumina/zirconia/MWCNT composites, Ceram. Int. 40 (1 PART B) (2014)
1289-1295.

B. Guo, X. Zhang, X. Cen, B. Chen, X. Wang, M. Song, S. Ni, J. Yi, T. Shen, Y. Du,
Enhanced mechanical properties of aluminum based composites reinforced by
chemically oxidized carbon nanotubes, Carbon 139 (2018) 459-471.

B. Guo, Y. Chen, Z. Wang, J. Yi, S. Ni, Y. Du, W. Li, M. Song, Enhancement of
strength and ductility by interfacial nano-decoration in carbon nanotube/
aluminum matrix composites, Carbon 159 (2020) 201-212.

B. Guo, M. Song, X. Zhang, Y. Liu, X. Cen, B. Chen, W. Li, Exploiting the synergic
strengthening effects of stacking faults in carbon nanotubes reinforced aluminum
matrix composites for enhanced mechanical properties, Compos. Part B Eng. 211
(October 2020) (2021) 108646.

B.Y. Zhou, S.J. Fan, Y.C. Fan, Q. Zheng, X. Zhang, W. Jiang, L.J. Wang, Recent
progress in ceramic matrix composites reinforced with graphene nanoplatelets,
Rare Metals 39 (5) (2020) 513-528.

1. Ahmad, M. Islam, N.H. Alharthi, H. Alawadhi, T. Subhani, K.S. Munir, S.I. Shah,
F. Inam, Y. Zhu, Chemical and structural analyses of the graphene nanosheet/
alumina ceramic interfacial region in rapidly consolidated ceramic
nanocomposites, J. Compos. Mater. 52 (3) (2018) 417-428.


http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0070
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0070
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0070
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0075
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0075
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0075
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0080
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0080
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0080
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0085
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0085
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0085
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0090
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0090
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0090
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0095
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0095
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0095
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0100
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0100
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0100
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0105
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0105
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0105
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0110
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0110
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0115
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0115
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0115
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0120
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0120
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0120
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0125
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0125
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0125
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0130
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0130
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0135
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0135
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0140
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0140
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0140
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0145
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0145
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0145
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0150
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0150
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0155
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0155
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0160
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0160
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0160
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0160
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0165
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0165
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0165
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0170
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0170
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0170
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0175
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0175
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0180
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0180
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0185
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0185
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0185
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0190
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0190
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0190
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0195
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0195
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0200
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0200
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0200
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0205
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0205
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0205
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0210
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0210
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0210
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0215
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0215
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0215
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0215
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0215
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0220
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0220
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0220
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0220
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0225
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0225
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0225
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0230
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0230
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0235
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0235
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0235
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0240
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0240
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0240
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0245
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0245
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0245
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0250
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0250
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0250
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0255
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0255
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0255
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0260
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0260
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0260
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0265
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0265
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0265
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0270
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0270
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0270
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0275
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0275
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0275
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0280
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0280
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0285
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0285
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0290
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0290
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0290
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0295
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0295
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0295
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0300
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0300
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0305
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0305
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0310
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0310
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0310
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0315
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0315
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0315
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0320
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0320
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0320
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0325
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0325
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0325
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0325
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0330
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0330
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0335
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0335
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0335
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0335
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0340
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0340
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0340
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0345
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0345
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0345
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0350
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0350
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0350
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0350
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0355
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0355
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0355
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0360
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0360
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0360
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0360

S.H. Duntu et al.

[74]

[75]

[76]

[771

[78]

[791]

J. Echeberria, N. Rodriguez, J. Vleugels, K. Vanmeensel, A. Reyes-Rojas, A. Garcia-
Reyes, C. Dominguez-Rios, A. Aguilar-Elguezabal, M.H. Bocanegra-Bernal, Hard
and tough carbon nanotube-reinforced zirconia-toughened alumina composites
prepared by spark plasma sintering, Carbon N. Y. 50 (2) (2012) 706-717.

1. Akin, Investigation of the microstructure, mechanical properties and cell viability
of zirconia-toughened alumina composites reinforced with carbon nanotubes,

J. Ceram. Soc. Jpn. 123 (1437) (2015) 405-413.

0.S. Asiq Rahman, M. Sribalaji, B. Mukherjee, T. Laha, A.K. Keshri, Synergistic
effect of hybrid carbon nanotube and graphene nanoplatelets reinforcement on
processing, microstructure, interfacial stress and mechanical properties of Al,O3
nanocomposites, Ceram. Int. 44 (2) (2018) 2109-2122.

B. Guo, Chen, X. Zhang, X. Cen, X. Wang, M. Song, S. Ni, J. Yi, T. Shen, Y. Du,
Exploring the size effects of Al4Cs on the mechanical properties and thermal
behaviors of Al based composites reinforced by SiC and carbon nanotubes, Carbon
135 (2018) 224-235.

B. Guo, S. Ni, J. Yi, R. Shen, Z. Tang, Y. Du, M. Song, Microstructures and
mechanical properties of carbon nanotubes reinforced pure aluminum composites
synthesized by spark plasma sintering and hot rolling, Mater. Sci. Eng. A 698
(December 2016) (2017) 282-288.

B. Guo, M. Song, J. Yi, S. Ni, T. Shen, Y. Du, Improving the mechanical properties
of carbon nanotubes reinforced pure aluminum matrix composites by achieving
non-equilibrium interface, Mater. Des. 120 (2017) 56-65.

20

[80]

[81]

[82]

[83]

[84]

[85]

[86]
[87]

Materials Characterization 175 (2021) 111056

N.W. Solis, P. Peretyagin, A. Seleznev, R. Torrecillas, J.S. Moya, Black zirconia-
graphene nanocomposite produced by spark plasma sintering, AIP Conf. Proc. 1785
(2016).

H. Ryou, J.W. Drazin, K.J. Wahl, S.B. Qadri, E.P. Gorzkowski, B.N. Feigelson, J.
A. Wollmershauser, Below the Hall-Petch Limit in nanocrystalline ceramics, ACS
Nano 12 (4) (2018) 3083-3094.

M. Belmonte, C. Ramirez, J. Gonzélez-Julidn, J. Schneider, P. Miranzo, M.1. Osendi,
The beneficial effect of graphene nanofillers on the tribological performance of
ceramics, Carbon N. Y. 61 (2013) 431-435.

P. Hvizdos, J. Dusza, C. Baldzsi, Tribological properties of Si3N4-graphene
nanocomposites, J. Eur. Ceram. Soc. 33 (12) (2013) 2359-2364.

B. Wang, Q. Fu, Y. Liu, T. Yin, Y. Fu, The synergy effect in tribological performance
of paper-based composites by MWCNT and GNPs, Tribol. Int. 123 (January) (2018)
200-208.

K.H. Zum Gahr, W. Bundschuh, B. Zimmerlin, Effect of grain size on friction and
sliding wear of oxide ceramics, Wear 162-164 (Part A) (1993) 269-279.

1. Hutchings, P. Shipway, Sliding Wear 2nd ed., vol. 10(C), Elsevier Ltd, 1987.

B. Yazdani, F. Xu, I. Ahmad, X. Hou, Y. Xia, Y. Zhu, Tribological performance of
Graphene/Carbon nanotube hybrid reinforced Al,O3 composites, Sci. Rep. 5
(March) (2015) 1-11.


http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0365
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0365
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0365
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0365
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0370
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0370
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0370
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0375
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0375
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0375
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0375
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0380
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0380
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0380
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0380
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0385
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0385
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0385
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0385
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0390
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0390
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0390
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0395
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0395
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0395
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0400
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0400
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0400
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0405
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0405
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0405
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0410
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0410
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0415
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0415
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0415
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0420
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0420
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0425
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0430
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0430
http://refhub.elsevier.com/S1044-5803(21)00186-8/rf0430

Paper 1V: Deformation and Fracture Behaviour of Alumina-Zirconia Multi-Material

Nanocomposites Reinforced with Graphene and Carbon Nanotubes

S. H. Duntu, K. Hukpati, I. Ahmad, M. Islam, S. Boakye-Yiadom (2022), Deformation and
Fracture Behaviour of Alumina-Zirconia Multi-Material Nanocomposites Reinforced with
Graphene and Carbon Nanotubes, Materials Science and Engineering A, vol. 835, p. 142655,
(https://doi.org/10.1016/j.msea.2022.142655).




Materials Science & Engineering A 835 (2022) 142655

Contents lists available at ScienceDirect

MATERIALS
SCIENCE &
GIN

EERING
Materials Science & Engineering A

FI. SEVIER

journal homepage: www.elsevier.com/locate/msea

t.)

Check for

Deformation and fracture behaviour of alumina-zirconia multi-material i
nanocomposites reinforced with graphene and carbon nanotubes

Solomon Hanson Duntu?, Kenneth Hukpati?, Iftikhar Ahmad ”, Mohammad Islam ¢,
Solomon Boakye-Yiadom *
& Department of Mechanical Engineering, Lassonde School of Engineering, York University, Toronto, Canada

b Center of Excellence for Research in Engineering Materials, Deanship of Scientific Research, King Saud University, P.O. Box 800, Riyadh, 11421, Saudi Arabia
¢ New Mexico Institute of Mining & Technology, 801 Leroy PL, Socorro, NM 87801 and KIPP Oak Cliff Academy, 3200 S. Lancaster Suite 230A, Dallas, TX, 75216, USA

ARTICLE INFO ABSTRACT

Keywords: An effort to improve the low fracture toughness of monolithic alumina (Al,03) ceramic demands microstructural
Alumina-zirconia manipulation with nanostructured materials such as zirconia (ZrOz), Graphene (GN) and Carbon Nanotubes
Graphene

(CNTs). Despite these attempts, the fundamental understanding of the mechanical properties and deformation
behaviour of multiple combinations of these second-phase additives within the advanced Al;O3 structure are still
being explored. In this respect, Al;03-based nanocomposites reinforced with optimum amounts of ZrO2(10 wt%),
GN(0.5 wt%) and CNTs(2 wt%) were evaluated via hot-pressing at 1600 °C, preceding colloidal mixing of the
Al;03 matrix and nanostructured additives. Mechanical properties such as fracture toughness (Kic) and bending
strength (o) measured using three-point bending techniques including single edge notched beam (SENB) test,
and direct crack measurement (DCM) methods were calculated from the near-dense fabricated multi-material
nanocomposites and benchmarked against the monolithic Al;O3 material under similar experimental condi-
tions. From the conventional SENB test, the fracture toughness values increased by up to 60% on the addition of
only 10 wt%ZrO, to the monolithic AlyO3, whilst a drastic increase by up to 159% was achieved with the
incorporation of both GN and CNTs within the Al;03-ZrO; structure, as compared to the monolithic Al;03. The
Kic values obtained from SENB tests were typically lower than the DCM method, but similar trend in the
toughness behaviour were realized regardless. Bending strength of the prepared monolithic Al,O3 was also
increased by up to 46% with the combined additions of ZrO; GN and CNTs. Toughening and strengthening
mechanisms including pull-outs by GN and CNTs, crack arrest and cack bridging were identified as the main
source of enhancement in the mechanical properties of the multi-material nanocomposites. The addition of
carbon additives also influenced monoclinic and tetragonal ZrO, phase transformations, which also contributed
to the overall mechanical behaviour of the Al;03-10 wt%ZrO, nanocomposites.

Carbon nanotubes
Fracture toughness
SENB

X-ray diffraction (XRD)

1. Introduction

The quest for structural materials that are tougher and have toler-
ance for extreme environments such as high pressures (>90 GPa),
temperatures (>3000 °C), chemical and nuclear radiations has been the
current demand for many advanced technologies [1,2]. Also, in recent
times, the need to minimize overall carbon footprint and improve fuel
efficiency of vehicles and aircraft has called for the adaptation of ma-
terials with relatively lower densities [3,4]. Therefore, lightweight
structural materials with appreciable mechanical qualities such as
toughness and strength, coupled with high resistance to harsh

* Corresponding author.
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environmental conditions are ideal for current high-performance ap-
plications in the automobile, aerospace and military sectors. For struc-
tural attributes that satisfy these engineering requirements, advanced
polycrystalline ceramics such as alumina (AlyO3), zirconia (ZrOsy), sili-
con carbide (SiC), silicon nitride (SisN4) and their composites present
several advantages over metals and polymers [2,5,6]. In particular,
alumina (Aly03) ceramic with useful properties such as low density
(~3.97 g/cm®), low sensitivity to corrosion, high temperature strength
and hardness, has promising potential for high performance structural
applications including biomechanical components, gas turbine, cutting
tools, drill bits, electronic structural parts and low-density armor
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components [7,8]. Despite these inspiring mechanical characteristics,
the poor fracture toughness of monolithic Al,O3 restricts its use for these
advanced engineering structures. The incorporation of toughening
agents such as carbon nanotubes (CNTs), graphene (GN), zirconia (ZrO3)
and magnesia (MgO) to form ceramic-matrix composites has been
widely studied but more investigation is still needed, since reports have
shown inconclusive results [9-11]. Whilst some literatures present me-
chanical property enhancement with the single additions of these
toughening materials, other studies demonstrate deteriorating fracture
toughness, bend strength, hardness and wear attributes of the final
ceramic matrix [12,13].

The discovery of carbonaceous nano-phase materials such as Gra-
phene and CNTs has sparked promising interest in their use as tough-
ening agents in advanced ceramics. Strategies proposed to adopt these
materials as reinforcement phases in these matrices stem from their
many attractive physical and mechanical properties including lower
density (~2.55 g/cm?® for GN and ~1.4 g/cm® for CNTs), high stiffness
(~1 TPa for GN and ~1.8 TPa for CNTs), flexural and tensile strength,
thermal and electrical properties [14-16]. Potential of these additives to
impart toughness, strength and improve electrical and thermal con-
ductivity increases the structural and multifunctional applications of
ceramic matrix composites [17,18]. In recent years, the use of single
additions of either graphene or CNTs within alumina matrix has shown
interesting results. More specifically, the enhancement in fracture
toughness and bend strength by these additives has piqued attention [6,
11,12]. In addition, literature has reported on various toughening
mechanisms displayed by these individual carbon-based additives
within the ceramic matrix including crack bridging, graphene/CNTs
pull-out, and crack deflection [6,19]. For instance, Centeno et al.
demonstrated about 50% increase in fracture toughness of alumina
composite reinforced with 0.22 wt% graphene. Crack bridging action by
the graphene was identified as the main phenomena for inducing
toughening in the composite [20]. Further, the pull-out and crack
bridging mechanisms illustrated by CNTs (0 — 3 vol%) in the alumina
matrix yielded improved fracture toughness (K;¢) value up to 40% (from
3.32 — 4.68MPa1/2), as demonstrated in the work by Kim et al. [21]. Ina
more recent studies by Guo et al., both the fracture toughness and
bending strength of CNTs/alumina having different CNTs amounts (0-2
wt%) were evaluated using 3-point bending and Single Edge Notched
Beam (SENB) tests. They reported about 182% and 55% increment in the
toughness and strength of the composite with 0.5 wt% CNTs concen-
tration, as compared to the monolithic alumina. High load-bearing ca-
pacity, as well as CNT pull-outs and bridging of cracks within grains
were outlined as the main toughening and strengthening mechanisms in
the fabricated CNTs/alumina composites [22]. Other literature studies
have however concluded a decline or comparable bulk fracture tough-
ness values after dispersing either graphene or carbon nanotubes within
the Al,O3 matrix [23,24]. In Aguilar’s report, after 0.05-0.1 wt% of
CNTs were added to pure alumina matrix to form alumina/CNTs com-
posites via pressureless sintering, both the hardness and toughness
lowered, with the Kj¢ values declining up to about 41% [24]. A similar
trend was also identified in alumina-GNPs system incorporated with
1.33 vol%GNPs by Liu et al., who realized no significant increment in
the hardness and Kjc values [25]. In both reports, poor dispersion,
agglomeration of GNPs and CNT bundles, and pore formation restricted
the toughening efficiency of the composites and its constituents, which
degraded the mechanical properties. Hence, it is obvious that the single
addition of either CNTs or GN to ceramic matrix have not yielded
conclusive results.

Currently however, a growing interest has been demonstrated in the
use of both carbon-based structures to toughen these advanced ceramic
materials. This is inspired by the idea that the superior properties of both
graphene and carbon nanotubes can be synergistically imparted on these
ceramic structures to make them suitable for high-performance struc-
tural applications [26]. Other studies also suggest that the limitations of
reinforcing a matrix with either GN or CNTs only, such as agglomeration
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and graphene re-stacking can be minimized when both carbon-based
structures are combined in the matrix [27-29]. Up till now, there have
been few reports on the toughening effects of these multiple reinforce-
ment phases within the ceramic matrix. In the studies of Rahman et al.,
about 250% increase in fracture toughness was achieved in consolidated
alumina /1 wt%GNPs /0.5 wt%CNTs nanocomposites, which were
prepared via spray drying followed by spark plasma sintering (SPS). The
abrupt toughness enhancement was associated with known toughening
mechanisms such as CNT pull-out, crack-bridging and deflection, CNT
embedded graphene and CNT yarning [28]. In another similar work,
Yazdani et al. utilized ultrasonication and hot-pressing to reinforce
alumina-based nanocomposites with both 0.5 wt%GNPs and 1 wt%
CNTs, and reported about 63% and 18% increase in the fracture
toughness and flexural strength respectively, relative to the parent
alumina. Though there was no significant reduction in the grain size, the
improved mechanical properties were accustomed to the unique struc-
tural morphologies of the combined carbon-based materials, and
toughening effects including GNP pull-out, CNT pinning and pull-out,
and CNT crack bridging [30]. The concept of reinforcing ceramic
matrices with multiple additives can therefore offer drastic improve-
ment to their mechanical properties. However, more studies are needed
to further understand the microstructural and mechanical performance
of these novel ceramic-based multi-material nanocomposites.

Commercially produced zirconia (ZrO;) has been known to offer
effective toughening properties to the alumina matrix. The perks of
being a lightweight ceramic material accompanying high strength and
toughness, especially at elevated temperatures make it a suitable rein-
forcement particle in plain alumina [31,32]. Transformation toughening
involving phase transformation from tetragonal (t — ZrO2) to monoclinic
(m — ZrOy) is known to produce essential toughness and structural
properties to the alumina-ZrO; structure [33]. Also, in the presence of
applied stress, the t — m ZrO, phase conversion is eminent accompanied
with about 3-5% volume expansion, which tend to restrict surrounding
crack propagation in the matrix and consequently enhance the tough-
ness and strength of alumina [34,35]. Conversely, various reports have
also demonstrated that the mechanical properties of alumina/ZrO,
composites such as bulk hardness, strength and wear are sometimes
impaired with the addition of the ZrO, additive [36,37]. This has
motivated studies to explore a third phase addition to alumina/ZrO,
including CNTs and GN to form multi-material composites [38,39].
There are, however, scarce reports on the combined toughening mech-
anisms of ZrO, and third phase particles on the toughening and me-
chanical behaviour of the alumina/ZrO; composites.

Adding multiple toughening materials to the alumina/ceramic ma-
trix thus presents a research direction that appears most promising in
exploring the structure and performance of advanced ceramic-based
nanocomposites. However, there is the need to understand the funda-
mental toughening mechanisms and microstructural effects of the mul-
tiple additives in such nanocomposites. The current work demonstrates
the effect of multi-material additions on the mechanical properties such
as fracture toughness and bending strength of hot-pressed alumina-
based nanocomposites reinforced with multiple additions of zirconia
(Zr0O3), Graphene (GN) and Carbon nanotubes (CNTs). Characterization
of the fabricated multi-material nanocomposites to correlate their
microstructural features to the mechanical performance, as well as their
combined toughening and strengthening mechanisms will also be
discussed.

2. Materials and methods
2.1. Fabrication of multi-material nanocomposites

Monolithic alumina (Al;03) and alumina/zirconia (ZrO,) with ad-
ditions of graphene (GN) and carbon nanotubes (CNTs) powder mix

were prepared using colloidal method. Details of the prepared powder
mix for each nanocomposite having various compositions of 10 wt%
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ZrO3, 0.5 wt%GN, 2 wt%CNTs are previously discussed [40,41]. Bulk
nanocomposite samples were then consolidated and sintered in a rect-
angular graphite die using a uniaxial pressure of 60 MPa and hot
pressing at a temperature of 1600 °C for 1 h. The sintering was con-
ducted in an argon (Ar) atmosphere with a heating rate of 10 °C/min.
Final sintered nanocomposites with rectangular geometries and
approximate dimensions of 50mmx40mmx2mm were produced and
prepared for various microstructural and mechanical characterizations
[42-44]. Hot-pressing of the parent Al,O3 sample was also done under
identical experimental conditions for reference. Table 1 shows the de-
tails of the fabricated samples.

2.2. Characterization of microstructural features

The sintered multi-material nanocomposites were subjected to
routine metallographic procedures involving grinding using SiC pads
(up to 1200 grits) and polishing down to 0.5um with a diamond sus-
pension and polishing cloths. Archimedes method with distilled water as
the immersion medium was used to measure the bulk density (g/cm3).
The relative densities (densification) of the nanocomposites which were
estimated by dividing the apparent density with the theoretical density
have been previously presented [43]. The polished sections of the
fabricated samples were also observed using a Field Emission Scanning
Electron Microscope (FE-SEM, Quanta 3D, Thermofisher) operating at
an accelerating voltage of 10 kV to reveal the morphology of the grain
and structural features of the prepared nanocomposites.

2.3. X-ray diffraction (XRD) analysis and crystallite size estimation

The different phase compositions of the sintered monolithic alumina
and alumina-based multi-material nanocomposites were detected using
X-ray diffraction (XRD) (Rigaku Miniflex 600). The XRD system was
equipped with Cu-Ka radiation of A = 1.54056 A. XRD patterns were
collected in a 26 range from 5 to 110°, at a 1.4°/min scanning rate. Post-
processing of the XRD patterns was also done using MDI JADE 6.0 to
identify the crystallite phases and their corresponding planes.

Even though the nanocomposites had similar ZrO, amounts(10 wt
%), the content of the monoclinic (m-ZrO,) and tetragonal (t-ZrO,) were
determined and compared to analyze the possible effect of GN and CNTs
additions on the phase transformations of the ZrO,. The XRD intensities
were used to quantitatively estimate the m-ZrO5 and t-ZrO, amounts in
the alumina-zirconia multi-material nanocomposites. The respective
volume fractions were approximately calculated using reflections of the
various patterns coupled with equations proposed by Toraya and Garvie
below [54,55]:

[L,(111) + L,(111)]

X =7—= 1

[L(T11) + I, (111) + I,(111)] ()
1.311X,,

‘/M* T =T AAativ 2

014 0311X,, 2

where X, is the integrated intensity ratio of the t-m ZrO, phases, V,, is
the monoclinic ZrO, phase volume fraction, I,,(111) and I,,(111) are the
intensities of the monoclinic phase at planes (111) and (111) respec-
tively, and I;(111) denotes the tetragonal (111) reflection. The

Table 1
Chemical composition of fabricated Al,03/ZrO, multi-material nanocomposites.

Materials Science & Engineering A 835 (2022) 142655

tetragonal volume fraction (V,) was approximately estimated from the
relation:

Vizio, =1 = Vu_zo0, 3

2.3.1. Crystallite size (D)

The crystallite sizes of the fabricated monolithic Al;03 and nano-
composite samples were estimated from the XRD patterns by measuring
the full width at half-maximum (FWHM) of the various diffraction peaks
within each sample. The measured FWHM values were coupled with
Scherrer equation below to calculate the crystallite sizes [45],

_ K
" Beos 0

4

where D is the crystallite size in nm, K is the crystallite shape factor with
a known value of ~0.9, X represents the wavelength of the incident X-
rays given as 0.154056 nm, B is the FWHM value of a specific diffraction
peak in radians, and @ is the peak position (Bragg angle) in radians.

2.4. Evaluation of mechanical properties

2.4.1. Micro-hardness estimation

The micro-hardness was measured on a Vickers microhardness tester
using a 1 kg force as previously reported [43]. For each sample, ten (10)
separate indents were made on sample’s surface. The hardness values in
GPa was calculated for each indentation using the equation [46]:

P
Hvgp, =0.0018544 (d—z) 5)

where P is the applied load (N) and d is the mean value of the diagonal
lengths in mm. The average value is then recorded as the bulk hardness
of the nanocomposite.

2.4.2. Fracture toughness (Kjc): Single edge notched beam (SENB) test

Single edge notched beam (SENB) test (Fig. 1a) was used to evaluate
the fracture toughness (Kic) values of the nanocomposites under
ambient conditions using the Hybrid Rheometer (Discovery 3). A 30 mm
(length) x 2 mm (width) x 2 mm (thickness) was used as the test
sample, which was sectioned from the bulk fabricated nanocomposite. A
notch was created in the centre part of the test specimen with the aid of a
diamond saw, having a typical notch-depth ratio (a/W) of ~0.45 — 0.55
[30]. Three samples with similar geometry were tested for each nano-
composite. A span length of 25 mm and crosshead speed of 0.05
mm/min were applied to each test specimen during the test. The fracture
toughness (Kjc) was subsequently calculated using the following equa-
tions [46,47]:

3 X Lyge X S 12
Kie= (W) xal’?xY 6)

where Lpg, is the maximum applied load during fracture, S is the span
length, B and W are the width and thickness (height) of the test specimen
respectively, a is the notch depth, «a is the notch ratio (a/W) and Y is a
coefficient (calibration factor) estimated from the equation [46,47]:

Sample ID Matrix Zirconia (ZrO,) Graphene (GN) content Carbon nanotubes (CNTs) Measured bulk density Crystallite sizes from Scherrer
material content (wWt%) (Wt%) content (wWt%) (g/cm®) equation (nm)

Pure A Al,03 0 0 0 3.95 64.55

A10Z Al,03 10 0 0 3.88 57.05

A10ZG Al,03 10 0.5 0 3.90 56.22

A10ZCN Al,03 10 0 2 3.92 53.37

A10ZGCN  Al,03 10 0.5 2 3.94 53.40
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2.4.3. Fracture toughness (Kjc): Direct crack measurement (DCM)
technique

Another method used to estimate the fracture toughness (Kic) is the
direct crack measurement (DCM) using the Niihara equation. The Kj¢
values were calculated by measuring crack extensions from the indents
made on samples’ surface during the Vickers hardness measurements.
With the aid of an attached optical microscope and Image J software, the
lengths of the emerging cracks were determined for the indents made.
The measured crack lengths were combined with known Niihara equa-
tion to estimate the Kj¢ values as follows:

Niihara equation [48]:

—-1.5
Kic =0.203 (2) H-a" ®)
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where a is half of the length of Vickers indent diagonal (mm), H is the
Vickers microhardness (GPa), and c is the length of the measured crack
(mm) from the crack tip to the center of the diamond-shaped indent. The
results of the estimated Kjc values from the SENB test and theoretical
equation (DCM) were also compared and discussed in this study.

2.4.4. Bending strength using 3-point bending test

The bending strength (as) of the nanocomposites was determined
using the 3-point bending configuration on the Hybrid rheometer (Dis-
covery 3), as shown in Fig. 1 (b). The dimension of the test samples was
50 mm (length) x 2 mm (width) x 2 mm (thickness). A bending span of
40 mm was used, with an axial loading speed of 0.5 mm/min. Crack
initiation and subsequent fracture occurred at regions closer to the
applied axial load during the bending. Three different test samples were
used for each fabricated nanocomposite and the bending strength
evaluated from the equation below [49]:

3 X Ppax X L

R S ®

where Py, is the fracture load, L is the bending span, b and h denote the
sample width and thickness, respectively.

2.5. Fractography studies

After mechanical testing, the fractured samples were prepared for
fractographic studies to analyze and identify different modes of fracture,
and various fracture mechanisms by the added reinforcement materials
to the alumina matrix. Surfaces were first secured on specially made
angular mounts and coated with a thin layer of platinum to prevent
charging of the surfaces in the SEM chamber. The fractured surfaces
were then analyzed at high vacuum using the FE-SEM (Quanta 3D,
Thermofisher).

3. Results
3.1. Structural characterization of fabricated nanocomposites

The compositions of the prepared multi-material nanocomposites
with their measured bulk densities in g/cm® are presented in Table 1.
Density results from the Table shows a comparable value of the fabri-
cated monolithic Al,O3 matrix (3.93 g/crn3) to the theoretical density
value of 3.98 g/cm>. The nanocomposites with different additions of 10
wt%ZrOs, 0.5 wt%GN and 2 wt%CNTs also exhibited similar density
values to that of the monolithic Al,O3 matrix and the theoretical value.
This follows the relative density trend which was previously discussed
by the authors [43]. FE-SEM micrographs at high magnification shows
the evolution and morphology of the grain structure of the Al,03 matrix
when 10 wt%ZrOo, 0.5 wt%GN and 2 wt%CNT (Fig. 2a-(e)). The grain
size and distribution have been presented in previous work [43], with
the combination of GN and CNTs exhibiting an immense grain refine-
ment of both the parent Al,O3 matrix and the added ZrO; particles. The
dispersion of the carbonaceous structures such as GN and CNTs within
the Al,O3 matrix were also illustrated from the fractographic details of
the nanocomposites (Fig. 2f). Relatively large sheets of GN appeared to
rest mostly on the matrix grain boundaries, whilst the CNT bundles were
identified on both the grain boundaries and within the large matrix
grains at different orientations.

Fig. 3 shows the XRD patterns of the sintered multi-material nano-
composites with the various crystalline peaks for monolithic Al;03, ZrO2
and graphite phases. The distinct peak shapes identified in each peak of
the XRD patterns demonstrate minimum or no detection of impurities
and any carbide phase, which shows no appreciable reaction between
GN, CNTs and the Al;O3; matrix. Typical diffraction peaks of the
monolithic Aly;O3 with specific intensities were observed, which in-
dicates crystalline a-Al;O3 having a corundum rhombohedral phase
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Fig. 2. FE-SEM micrographs showing the structures of hot-pressed nanocomposites (a) Monolithic Al,03 (b) Al;03/10ZrO, (c) Al;03/10Zr0O,/0.5 GN (d) Al,03/
10ZrO,/2CNTs (e) Al,03/10ZrO2/0.5GN/2CNTs (f) distribution of GN and CNTs structures within Al;O3 matrix.

(PDF#46-1212). However, these peak intensities changed with the
addition of ZrOj, GN and CNTs. The Al;03-10ZrO, nanocomposite
(A10Z sample) with the addition of the 10 wt%ZrO5 exhibited extra
peaks, indicating the monoclinic (m-ZrOs) and tetragonal (t-ZrO5) pha-
ses observed initially at 17.5° and 30.3° respectively. Using the reflexes
from the peaks in the XRD pattern, the content of the m-ZrO5 and m-ZrO»,
were also estimated to be approximately 90% and 10% respectively
(Table 2) [42]. With the addition of 0.5 wt%GN only to the
Aly03-10ZrO; (A10ZG sample), a new peak appearing at a diffraction
angle of 26.3° was indexed as a typical crystalline graphite peak at plane
(002). Further, a change in the m-ZrO, and t-ZrO, peaks was also
evident, with slightly lower peak intensities of these phases upon the
addition of the 0.5 wt%GN. The m-ZrO and t-ZrO, amounts were also
calculated to be 84% and 16% respectively. However, no clear graphitic
peak was observed when 2 wt%CNTs only was added to Al;03-10ZrO,
(A10ZCN sample), even though the ZrOy phases were exhibited with
relatively decreased intensities in most of their respective major peaks.
95% and 5% were the estimated m-ZrO, and t-ZrO, contents in the
A10ZCN sample. The absence of the graphitic phase peak despite the
addition of 2 wt%CNTs, which had relatively higher concentration than
the 0.5 wt%GN could be ascribed to the easy detectability of the platelet
graphene structure at plane (002) by the XRD [30]. A distinct graphitic
peak was however revealed at similar diffraction angle of 26.3° when
both GN and CNTs were combined in the Al;03-10ZrO, structure
(A10ZGCN sample). Also, the m-ZrO, and t-ZrO, phases with approxi-
mate amounts of 98% and 2% respectively, as well as the a-Aly03 peak
intensities were mildly decreased in the A10ZCN sample with respect to
that of the monolithic Al;03 and A10Z samples, but were relatively

higher when compared to that of the A10ZG and A10ZCN samples.

3.2. Mechanical properties: fracture toughness and bending strength

Grain size, morphology, structural features, and their distributions
within the matrix influence the mechanical response of the prepared
nanocomposites. Fig. 4 shows the trend of the Al;O3 matrix grain size on
the micro-hardness property, with the fine-grained structures achieving
higher micro-hardness values. The variation of the estimated crystallite
sizes which shows similar trend as the average grain size with the
measured micro-hardness (in GPa) is also shown in Fig. 4.

The results from the fracture toughness (Kic) tests of the nano-
composites, as estimated from SENB and DCM methods are shown in
Table 3 and Fig. 5. Schematic of the hardness test, as well as the crack
extensions from indents on the samples’ surface during the microhard-
ness tests are illustrated in Fig. 5a and b. Generally, the K¢ values from
the DCM were relatively higher than that of the SENB test for each
sample measured. However, from Fig. 5c, it can be shown that similar
trend in the toughness behaviour was demonstrated by both the SENB
and DCM methods. For the SENB test, approximately 3.06 MPa m'/? was
recorded for the monolithic Al;03 sample. With the addition of only 10
wt%ZrO; to the monolithic Al,O3 (A10Z sample), this value increased to
4.88 MPam'/?, representing an increment of 60%. Sample A10ZG, with
0.5 wt%GN addition to the Al,03-10ZrO, also revealed about 56% in-
crease in the toughness values in reference to the monolithic Al;O3 but
4% lower than that of the A10Z sample. Therefore, addition of 0.5 wt%
GN only to the Al;03-10ZrO5 did not necessarily improve the Kj¢ value,
as compared to that of the A10Z sample with only 10 wt%ZrO,.
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Fig. 3. XRD of the prepared monolithic Al1203 and its nanocomposites depicting the ZrO2 phases.

Table 2
Monoclinic(m) and Tetragonal (t) ZrO, phase contents estimated from XRD data.

Sample ID ZrO, content Monoclinic content (%) Tetragonal content (%)
(wt%) (Vin-zr02) (Vezro2)

Pure A 0 0 0

A10Z 10 90 10

A10ZG 10 84 16

A10ZCN 10 95 5

A10ZGCN 10 98 2

However, a drastic 95% increase in the toughness with respect to the
parent Al,O3 was realized when 2 wt%CNTs was added to the
Aly03-10ZrO;, (A10ZCN sample), as well as a 20% and 18% increment
when compared to the A10Z and A10ZG samples respectively. A com-
bined addition of 0.5 wt%GN and 2 wt%CNTs to the AloO3-10ZrO,
yielded the highest fracture toughness value (up to 6.83 MPa m'/?)
representing an approximate increase of 123% with respect to the
reference monolithic Al;03, with approximate 43%, 40% and 14% in-
crease in reference to the A10Z, A10ZG and A10ZCN samples respec-
tively. Table 3 and Fig. 5 also show an increment in the respective Ki¢
values of the nanocomposites in reference to the monolithic Al,O3, via
the direct crack measurement (DCM) method using the Niihara equa-
tion. The average DCM K¢ value of the monolithic Al,O3, which was
registered as 3.39 MPa m'/2, was immensely improved to 7.27 MPa m'/2
(increase by up to ~115%) for the A10Z sample. In addition, an
enhancement of 97% and 123% respectively was recorded for the
A10ZG and A10ZCN samples with DCM Kic values of 6.69 MPa m'/2 and
7.55 MPa m'/2, which was also benchmarked with that of the parent
Aly03. The DCM K¢ value for the A10ZGCN sample with the incorpo-
ration of both 0.5 wt%GN and 2 wt%CNTs was also evaluated to be 8.78

MPam'/?, registering an approximate 159% increase as compared to the
monolithic Al;03. The evaluated toughness from the DCM values tech-
nique correlates well with that of the SENB test, with the A10ZGCN
sample achieving the highest Kj¢ values in both cases.

The bending/flexural strength (o) values of the fabricated nano-
composite with respect to the multi-material added was also illustrated
in Table 3. Fig. 6 displays the bending strength of the nanocomposites as
a function of the added ZrO,, GN and CNTs combinations. As can be
shown from Table 3 and Fig. 6, the bending strength increases from 259
MPa for the monolithic Al,03 and reaches a maximum of 483 MPa for
the A10ZGCN sample. Compared to the monolithic Al,03, the A10Z
sample exhibited a 22% increase, with a calculated bending strength
value of 317 MPa. When 0.5 wt%GN was added to the Al,03-10ZrO,, an
improved value strength value of 325 MPa was produced by the A10ZG
sample. This shows an approximate increase of 26% and 3% with respect
to the monolithic Al;03 and A10Z samples respectively. However, with
the addition of 2 wt%CNTs to the Al,03-10ZrOs, a drastic increase of
44% in the bending strength of the A10ZCN sample was realized, as
value improved to 460 MPa against the registered 259 MPa of the
monolithic Al;Os3. In comparison to the A10Z and A10ZG samples, there
was a relative increase of 31% and 29% respectively. Sample A10ZGCN,
having both GN and CNTs demonstrated an increase of 46%, with an
approximate 34%, 33% and 5% increments in reference to the A10Z,
A10ZG and A10ZCN samples respectively. Therefore, similar to the
fracture toughness behaviour, the combined addition of GN and CNTs
enhanced the bending strength of the nanocomposites, achieving
maximum values in both cases. Also, it can be inferred that the im-
provements in the mechanical properties are greatly influenced by the
addition of the CNTs to the Al;03-10ZrO, more than the GN, as can be
seen in Table 3 and Figs. 5 and 6.

Fig. 7 shows the FE-SEM micrographs of the fractured surfaces of the
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Fig. 4. Effect of grain size/crystallite size on micro-hardness of fabricated nanocomposites.

Table 3

Mechanical properties of Al;03/ZrO, multi-material nanocomposites.
SampleID  Fracture toughness, Fracture toughness, Kic ~ Bending/flexural

Kic (MPa.m'/?) SENB  (MPa.m'/?) Niihara strength, o¢ (MPa)
eqn.

Pure A 3.06 £ 0.15 3.39 £ 0.60 259 + 14.74
Al10Z 4.88 +0.21 7.27 £ 1.48 317 + 32.94
A10ZG 4.78 £ 0.18 6.69 + 1.37 325 + 30.95
A10ZCN 5.97 £0.22 7.55+1.29 460 + 51.16
A10ZGCN 6.83 +0.19 8.78 + 0.67 483 + 69.22

processed nanocomposites. Details of the fracture morphology of each
nanocomposite have been illustrated using both high and low magnifi-
cation fractographs, which also depict the evolution of the grain size of
the reference Al,O3 with the addition of ZrO,, GN and CNTs. As most
monolith ceramics, a typical brittle fracture mode of the reference Al,O3
was clearly observed (Fig. 7a). In addition, there appears to be an
intergranular fracture with few micro-cracks and facets with smooth
surfaces illustrating the brittle fracture behaviour of Al;Os. Fig. 7b also
demonstrates the fracture surfaces of the A10Z samples. Both brittle and
ductile fracture were identified in the A10Z sample, which also had fine
and coarse ZrO, particles distributed within the Al;03 matrix grains. The
ductile fracture was observed mostly on the coarse ZrO, particle facets
which was inspired by the transgranular fracture mode during the
bending tests. Meanwhile, some of the fine globular shaped ZrO, par-
ticles appear to be completely removed from matrix grains leaving
remnant cavities within the matrix structure. The brittle fracture of the
matrix is as a result of the typical intergranular fracture of the matrix.
For the fractograph of the A10ZG sample, which had both ZrO, and GN
particle additions, a relatively finer structure was evident with smooth
matrix grain surfaces and rough patches on the coarse ZrO, particle
surfaces after fracture, confirming both brittle and ductile fractures
(Fig. 7c and d). Also, the GN particles are seen dispersed on the matrix

grain boundaries, and around sites with propagating micro-cracks and
micro-pores (Fig. 7d). The intergranular fracture with few transgranular
ones were responsible for the removal of the matrix grains, as well as the
coarse ZrO; particles. Fig. 7e shows the fractured surface of the A10ZCN
sample depicting both intergranular and transgranular mode of fracture.
Segregation of the CNTs were mostly on the matrix junctions, covering
the length of the matrix grains, with others sticking out as a result of the
pulling-out actions during the bending tests. Moreover, most of the ZrO,
particles in the A10ZCN sample were relatively finer as compared to the
A10Z and A10ZG samples. The uniform distribution of the CNTs were
also evident in the fractured surface of the A10ZGCN sample, which was
characterized with both intergranular and transgranular fractures. Even
though most of the matrix grain boundaries were covered with CNTs
(including the pulled-out CNTs) in the A10ZGCN sample, there were few
sites with the dispersed GN particles which was fairly surrounded with
grain boundary CNTs. The ZrO, particles showing ductile fractured
surface was also observed in the A10ZGCN sample having a combined
addition of ZrO,, GN and CNTs.

3.3. Mechanical properties: toughening mechanisms

High magnification FE-SEM fractographs also demonstrate the
toughening mechanisms by the reinforcement particles in the Al,O3
matrix. GN sheet pull-outs were observed in the fractured surfaces of the
multi-material nanocomposites (Figs. 1f, 7c and 7d). Fig. 8 also dem-
onstrates the pull-out actions by the CNTs within the matrix structure.
Both short and long strands of the pulled-out CNTs were protruded
mostly from the grain boundaries of the matrix (Fig. 8a-b). In addition,
whilst some pulled-out CNTs appeared to be thin, other CNTs (mostly
the short strands) were thicker and seem to be covered with the matrix
material (Fig. 8c-d). The matrix-coated CNTs were also located on some
parts of the matrix boundaries, with others glued to the matrix grains.
Bridging and arrest of propagating cracks were also exhibited by both
the pulled-out and glued CNTs within the multi-material nano-
composites (Fig. 8b and c).
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4. Discussion
4.1. Effect of ZrOz, GN and CNTs on grain structure

The retention of the monolithic Al,O3 grain structure after sintering
is dependent on the selected sintering parameters including the tem-
perature (1600 °C), applied pressure (60 MPa) and exposure time (1 h).
These optimized sintering conditions generate highly dense monolithic
Al;03 and its nanocomposites [50,51]. Fabricating nanocomposites with
densities near the theoretical value plays an ideal role in influencing the
mechanical properties. The density values in Table 1 also show an
overall well dispersed GN and CNT structures within the Al;O3 matrix.
The FE-SEM fractograhs also reveal the nature of dispersion of both the
CNT bundles and GN particles which, were mostly residing on the matrix
grain boundaries, with few within the matrix grains. Further, their dis-
tribution depicts low agglomeration of the carbonaceous particles,

especially the CNT bundles, which often render undesirable properties
of the processed nanocomposites such as micro-pores, as reported by
most studies [25,52,53]. The tendency for both GN and CNTs to rest on
the matrix boundaries is directly responsible for the drastic grain size
reduction of the monolithic Al,03 matrix, as well as the added ZrO,
grains, as previously discussed [43]. In addition, the XRD patterns also
confirm the structures and phases of monolithic Al;03 and the added
ZrO, after the hot-press sintering. The XRD detection of the graphite
phase at (002) plane shows that the structural integrity of the GN was
not necessarily compromised during the high temperature sintering
stage. The estimated crystallite sizes from the XRD patterns also depict
the matrix refinement with the addition of ZrO,, GN and CNTs. It is
perceived that this refinement is accompanied with slight broadening of
the diffraction peaks according to the Scherrer’s equation, which
inversely relates the peak width (broadening) with the crystallite sizes,
as seen in Table 1 [54,55].
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4.2. Mechanical properties

4.2.1. Comparing measured SENB and DCM fracture toughness (Kic)
values

Fracture toughness (Kic) values reported by the direct crack mea-
surement (DCM) method were the highest, as compared to the ones by
the single edge notched beam (SENB) technique. The relatively lower
Kjc values from the SENB method were anticipated since these K¢ values
are mostly dependent on the geometry (length, width and thickness) and
the notch depth of the sample [47]. In addition, studies have also shown
that the DCM method presents some restrictions and reliability issues
due to the fact that the DCM fracture toughness (Ki¢) values are obtained
from indents and cracks at different locations on the fabricated nano-
composite surface. Ideally, the hot-pressed nanocomposites do not have
a perfect uniform microstructure and distribution of reinforcement
particles on the surface, which means there is a high tendency to indent
at regions without significant reinforcement particles such as ZrO;, GN
and CNTs. Therefore, the estimated Kjc values from DCM tend to have
high range of errors relative to the SENB method [56-59]. For the cur-
rent studies however, a fairly increasing trend in the K¢ values as a
function of the added ZrO,, GN and CNTs reinforcement particles were
observed for both the SENB and DCM methods (Fig. 5¢). Similar trends
for the SENB and DCM estimated Kj¢ values are also reported in litera-
ture for prepared AlyOs-based composites, where higher values of Kj¢
were recorded by the DCM or indentation methods as compared to the
conventional SENB approach (Table 4).

4.2.2. Effect of ZrOs, GN and CNTs on mechanical properties of
nanocomposites

Grain size and hardness have a good correlation as proposed by the
Hall-Petch equation. Fine-grained structures generally improve the
hardness of ceramic composites due to the presence of significant

10

Table 4
Example of fracture toughness (K;c) values of Al,O3-based composites measured
by SENB and DCM methods, as reported in literature.

Prepared Fabrication Measured fracture toughness, Kic Literature
Al,03 technique (MPa.m'/2) references
it
composite SENB DCM  Approximate
method % difference
Monolithic HP @1600 3.06 3.39 111% Current
Al,03 °C for work
Al,03/10 wt 60mins 4.88 7.27 1 49% Current
%ZrOy work
Pure Al,O3 HIP @ 1660 3.8 3.9 1 3% [60]
Al,03/10 wt °C 45 5.2 1 16%
%ZrOy
Pure Al,03 SPS @1400 2.8 ~3.3 1 18% [22]
Al,03/0.5 C for 7.9 9.1 115%
Wt%CNTs 10mins
Pure Al;,O3 HIP @ 1650 3.75 3.72 1 0.8% [61]
Al,03/10 wt °C 4.68 5.00 1 7%
%ZrO,

NB: HP-Hot Pressing; HIP-Hot Isostatic Pressing; SPS-Spark Plasma Sintering.

amount of grain boundaries as compared to the monolithic ceramic
structures [62,63]. The addition of the reinforcement particles such as
GN and CNTs immensely refines the Al;O3 matrix with high amount of
grain boundaries housing these reinforcement particles in the
multi-material nanocomposite system (Figs. 2 and 5). Therefore, during
Vickers micro-hardness test, the indents are mostly made on these
hard-boundary structures within the refined ceramic structure, where
there are significant load-transfer actions, which consequently improves
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the overall hardness of the nanocomposites. It is noteworthy that the
addition of only 10 wt%ZrO, to the Al,O3 matrix gave a reduced
hardness value due to the soft nature (low hardness) of the relatively
coarser ZrO; particles, as discussed in previous studies [42,43]. With the
addition of GN and CNTs, the added ZrO, particles are equally refined
with more grain boundaries that contribute to the hardness enhance-
ment of the Al,03-10ZrO; nanocomposites during indentation.

The relationship of grain size with fracture toughness (Kic) and
bending strength (o¢) is not always obvious as compared to hardness. In
addition to the refined grain structures, the individual and combined
mechanical attributes of the added ZrO,, GN and CNT particles and their
mechanisms, including the effect on crack propagation directly account
for the enhancement in the toughness and strength properties of the
prepared multi-material nanocomposites. Typically, during bending
tests, the grain boundaries of the monolithic ceramics become suscep-
tible to crack propagation, which leads to the grain removal [64]. This
intergranular crack movement causes the fractured surfaces to become
very smooth since the whole grain or part of the grain structure is de-
tached with relative ease, having little or no appreciable resistance or
plastic deformation due to the absence of a tougher structures on the
matrix grain boundaries (Fig. 7a). This elucidates the low fracture
toughness value (Kic) (up to ~3.4 MPa m'?) reported by the hot-pressed
monolithic Al;03 sample, which is also corroborated by other studies [2,
22,24,25]. Tllustration of a typical intergranular crack movement on the
grain boundaries of the matrix is seen in the schematics of Fig. 9a-b. At
another instance, some of the cracks tend to advance through the large
Al»O3 ceramic matrix grains to cause localized fracture of the grains,

Typical fractured surface of
monolithic ALLOs

<]

Typical fractured surface of multi-
material nanocomposite

Embedded
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which is evidence of transgranular fracture accompanied with relatively
high crack resistance as compared to the original grain boundaries.
However, this was not very prevalent within the monolithic Al,O3
structure even though very few sites had rough patches showing signs of
a transgranular fracture. In addition, the measured bending/flexural
strength (~259 MPa) of the fabricated monolithic AlyO3 is also com-
parable to those reported by other authors [65,66]. The near-dense grain
structure of after hot-press sintering Al,O3 can account for the inherent
bending strength in AlyO3 [67]. Table 5 gives a summary of the me-
chanical properties of prepared Al,O3 ceramic and its composites from
other studies using different fabrication routes.

Meanwhile, conventional toughening mechanisms by the ZrOz, GN
and CNTs were illustrated from the fractured surfaces, which directly
account for the enhanced mechanical properties. In addition to matrix
grain pinning that restricted the grain movement and yielded refined
grain structures, the toughening role of the added 10 wt%ZrO2 to
monolithic Al;03 was obvious in the A10Z sample. The increase in Ki¢
value can be ascribed to the transformation toughening (t-ZrO5 to m-
ZrO7) and micro-cracking in the presence of the applied stress, which
has been previously discussed [42]. The rough fractured surface of the
coarse ZrO;, particles has been attributed to crack deflection by the ZrO,
particles which is accompanied with high fracture toughness [68].
Relative increase in the bending strength can also be ascribed to the
refined grain structure in accordance to the Hall-Petch relation [67,69].
Meanwhile, the impaired Kj¢ value with the addition of 0.5 wt%GN to
the Al;03-10ZrO5 (A10ZG) can be accustomed to the limited m-ZrO,
content and presence of micro-pores. This can also be confirmed from

Fractured surface with no
_reinforcement particles

Fractured surface with added
reinforcement particles

GN on

A
S e
CNTs bridging o o foc®’
of transgraular S
crack CN’l."s on Fine ZrO,
matrix GB particles

Fig. 9. Schematics of toughening mechanisms by fabricated monolithic Al,O3 and nanocomposites (a)-(b) fractured surface of monolithic Al,O3 without any
reinforcement particles (c)-(d) fractured surface of nanocomposites reinforced with ZrO,, GN and CNTs.
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Table 5
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Reported literature values on mechanical properties of prepared Al,O3-based composites.

Prepared Al,O3 composite Fabrication technique

Reported mechanical properties

Literature references

Hardness (GPa)

Pure Al,O3 HIP @ 1650 °C 18.3
Al>,03/10 wt%ZrO, 18.2

Pure Al,O3 PS @1600 °C for 120mins 14.3
Al;,03/20 wt%ZrO, 12.4
Al,03/10 wt%Zr0O,/0.5 wt%CNTs 14.5
Pure Al,03/ZrO, (ZTA) SPS @1550 °C for 3mins 17.5
ZTA/0.81 vol%GN 16.1

Pure Al,O3 HP @ 1600 °C for 60mins 16.2

Al,03/8 vol%ZrO, 14.8
Al,03/8 vol%ZrOy/4 vol%CNTs 18.3
Pure Al,O3 PS @1600 °C for 120mins 17.5
Al,03/0.3 vol%MWCNTs ~21
Pure Al,O3 HP @1650 °C for 60mins ~16
Al;03/0.5 wt%GN ~15.8
Al;03/0.5 wt%GN/1 wt%CNTs ~17
Pure Al,O3 SPS @1500 °C for 10mins 18.2

Al;03/1 wt%CNTs 17.4
Aly03/1 wt%CNTs/0.5 wt%GN 16.7
Pure Al,O3 SPS @1500 °C for 3mins 16.4
Al;03/0.2 wt%GN/1 wt%CNTs 19.6
Al,03/0.4 wt%GN/1 wt%CNTs ~15.8
Pure Al,O3 HP @1600 °C 16.4

Al;,03/4 Wt%ZrO, 14.6
Al,03/4 Wt%Zr05/0.5 wt%GN 19.3

Fracture toughness (MPa.m'?) Bending strength (MPa)

3.8 - [61]
4.7 -

4.2 425

4.6 403 [38]
5.1 448

6.5 - [23]
9.1 -

3.1 — [40]
4.6 -

6.7 -

3.6 ~225 [65]
~4.5 250

3.5 ~360

5.5 ~380 [30]
5.7 424

2.4 -

6.4 - [28]
8.3 -

4.9 ~410
~6.8 767 [26]
~7.3 ~500

31 -

4.6 - [74]
7.9 -

NB: PS-Pressureless Sintering; HP-Hot Pressing; HIP-Hot Isostatic Pressing; SPS-Spark Plasma Sintering.

the XRD estimations of the ZrO, phases which gave approximately 16%
t-ZrOy with 84% m-ZrOs for the A10Z sample as compared to the 90%
m-ZrOy and 10% t-ZrO, of the A10ZG (Table 2). Therefore, it can be
inferred that the transformation toughening of the Alo03-10ZrO, might
be slightly restricted with the dispersion of the 0.5 wt%GN within the
structure, which can hinder the expected enhancement of the fracture
toughness. With the added GN having high affinity for the matrix grain
boundaries, the obvious restriction to advancing cracks were eminent,
which can improve the toughness value of the nanocomposites. Figs. 2(f)
and 7(c) and the schematics in Fig. 9d demonstrates that both large and
small pull-out GN sheets resides preferably on the boundaries to resist
the intergranular crack propagation and improve the load-bearing ca-
pabilities of the A10ZG sample. This also increases the bending strength
since the propagation of cracks through the grains would require more
energy to overcome or bend the embedded GN particles, which
demonstrate a good interfacial bonding of the matrix and the GN
structures. However, the toughening mechanisms might be slightly
impeded in the presence of the micro-pores (Fig. 7d) which serve as
preferential sites for nucleation of cracks and propagation [25,27]. Liu
et al. also related the slight decline in fracture toughness to the presence
of pores due to the re-stacking behaviour of the added 1.33 vol%Gra-
phene nanoplatelets (GNPs) to Al,O3 matrix [25]. The significant in-
crease in the toughness value of the A10ZCN sample, with the addition
of the 2 wt%CNTs (up to 95% for SENB and 123% for DCM relative to
monolithic Al;03) could be directly acclaimed to the homogeneous
distribution of the CNTs, and predominant mechanisms including crack
bridging and pull-outs by the CNTs. The long and short pulled-out CNTs
also indicate a strong matrix-CNTs interfacial bonding even in the
presence of an appreciable stress during the bending tests, which also
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demonstrates the elastic deformation of the tough CNTs within the
fractured surface [28,70]. Further, the CNTs which are glued to the
Al,O3 matrix, as seen from Fig. 8d, can also serve as a source of
toughening in the A10ZCN structure, since they illustrate good bonding
between the matrix grains. This mechanism can therefore increase the
amount of energy needed for the CNT pull-outs, and thereby improve the
toughening within the structure. A mixture of intergranular and trans-
granular failure modes which was also observed in the fractured surface
of the A10ZCN can be attributed to the crack bridging and arrest at the
CNTs within the Al;03 matrix grains and the grain boundaries (Fig. 8b
and c). As illustrated in the schematics of Fig. 9d, the CNT-induced crack
bridging limits further widening of the advancing micro-cracks within
the grain to cause a transgranular fracture. This is best demonstrated by
the glued and matrix-coated CNTs bridging these cracks in Fig. 8d. Crack
arrest by the grain boundary CNTs also resist crack propagation along
the matrix grains to cause the complete grain removal, and thus increase
the amount energy to penetrate the CNT structures. Arguably, the ZrO,
particles might also contribute to the overall increased toughness value
of the A10ZCN sample. Contrary to the A10ZG sample, the addition of
CNTs led to a significant t-m ZrO, transformation (~95%m-ZrO, and
~5% t-ZrO,), which means toughening by the phase transformation of
the ZrO, particles might be possible in the A10ZCN sample. Magnani
demonstrated a direct correlation between the monoclinic (m-ZrO5)
content and the fracture toughness value of ZrO,-based materials [71].
Therefore, a higher monoclinic content means higher rate of tetragonal
phase transformation during fracture with an increase in the fracture
toughness value. The improved bending strength (up to 460 MPa) of the
A10ZCN sample is also due to the fine-grained structure together with
the previously outlined mechanisms, which increases the overall
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dissipation of energy during bending and fracture of the nanocomposite.
CNTs have more effective pull-out and bridging strengthening mecha-
nisms in ceramic structures than GN during bending [72,73], which can
be directly linked to the interfacial bonding strength of the CNTs and the
matrix, as can be illustrated in Fig. 8.

The drastic rise in the mechanical properties with the addition of
both 0.5 wt% and 2 wt%CNTs to the Al,03-10ZrO, can be linked to the
good coordination of the carbonaceous structures. Good dispersion of
both GN and CNTs within a matrix is assumed to hold several merits on
the resulting microstructure and mechanical performance such as
bending/flexural strength, hardness and fracture toughness. This inspi-
ration originates from the potential synergy and complementary effect
they offer during the simultaneous dispersion and mixing of both GN
and CNTs within the Al;O3 or ceramic matrix [27,28,30]. Yazdani
suggested in his works that the CNT agglomeration and re-stacking of
GN which often leads to pore formation during fabrication can be
minimized by the complementary action of the carbon nanostructures,
as CNTs tend to occupy GN gaps to limit the re-stacking due to their
geometries [27,30]. This potentially can confer high mechanical attri-
butes to the fabricated nanocomposites by activating a synergy between
the toughening and strengthening mechanisms of the combined GN and
CNTs. Therefore, the maximum values recorded for the toughness (~6.8
MP m!/? for SENB and ~8.8 MP m'/ 2) and bending strength (483 MPa)
with the combined addition of GN and CNTs can be attributed to the
bridging, crack arrest and pull-out mechanisms that were operative
within the A10ZGCN structure. Fig. 9d also depicts the simultaneous
toughening and consequent strengthening behaviour by the GN and
CNTs structures in the presence of migrating cracks on matrix grain
boundaries and within the grains. In addition, similar to the A10ZCN
sample, the estimated m-ZrO, amount was relatively higher and could
participate in the overall toughening of the multi-material nano-
composite. Therefore, the complementary roles of these additives can
inspire high mechanical properties of the advanced Al,O3-based ceramic
for high performance applications.

5. Conclusion

The mechanical and fracture behaviour of AlyOs-based multi-
material nanocomposites prepared with the addition of 10 wt%ZrO»,
0.5 wt%GN and 2 wt%CNTs have been assessed in the current studies.
Combination of these reinforcement materials within the Al,O3 struc-
ture attracts many promising attributes by refining the matrix structure
and activating mechanisms for enhancing the mechanical performance
of the multi-material nanocomposites. In this work, improvement in the
mechanical properties were realized in the fabricated multi-material
nanocomposites primarily due to the homogeneous distribution of the
reinforcement structures within the matrix material and refined grained
structures, coupled with active strengthening and toughening mecha-
nisms. Summary from the studies are as follows:

1. Hot-pressed monolithic Al,O3 with no additives had coarse grained-
structure and a typical intergranular fracture mode along the grain
boundaries with a measured fracture toughness (Kic) (up to ~3.1
MPa m'/? for SENB and ~3.4 MPa m'/? for DCM), and bending
strength of 259 MPa.

2. The mechanical properties AlpO3-10 wt%ZrO, was relatively higher
with SENB and indentation (DCM) fracture toughness values of 4.87
MPa m'/? and 7.27 MPa m'/?, and bending strength of 317 MPa,
which represent 60%, 115% and 22% respectively, in reference to
the monolithic AlyO3. This was primarily dependent on the ductile
nature of the ZrO, phases, the refined grained structure of the AlyO3
matrix and ZrO, phase transformation toughening.

3. With the addition of 0.5 wt%GN to Al,03-10 wt%ZrO,, the mode of
fracture changed from intergranular with few transgranular fracture
of the matrix and the ZrO, grains, with a slight 4% decrease in Ki¢
against the Al;03-10 wt%ZrOs but up to 56% increase when
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compared to that of the monolithic Al;O3. The presence of micro-
pores could hinder the anticipated rise in toughness value (up to
8.78 MPa m'/?) even though GN pull-outs action were operative,
However, the dissipated energy during GN pull-out was responsible
for the increase in the bending strength (~325 MPa) with the addi-
tion of the 0.5 wt%GN.

4. Meanwhile, the immense enhancement in the mechanical properties
such as fracture toughness (up to 7.55 MPa m'/?) with the addition of
2 wt%CNTs to the Aly03-10 wt%ZrO, is ascribed to the homoge-
neous dispersion, fine-grained structure, as well as the toughening
and strengthening mechanisms including crack bridging, crack arrest
and pull-out activities of the CNTs. The fusion of the CNTs to the
matrix material also depicts good interfacial bonding which accounts
for the high strength in the nanocomposite up to 460 MPa.

5. In addition to refined grain structure, the complementary roles and
toughening mechanisms of the combined GN and CNTs within the
Aly,03-10 wt%ZrO, nanocomposite reached an improved fracture
toughness by up to 123% and 159%, as measured from the SENB and
DCM respectively. This therefore displays a good coordination of the
carbon nanostructures which also demonstrated the highest value in
the bending strength (~483 MPa). The effectiveness of this addition
on the overall mechanical properties of the multi-material nano-
composites is attributed to the uniform dispersion of these nano-
phase structures in the Al;O3 matrix.
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ARTICLE INFO ABSTRACT

Keywords:

Al,03/ZrO, hybrid nanocomposite
Carbon nanotubes (CNTSs)
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Aly03/ZrOy systems with higher ZrO, amounts (>20 wt%) are known to offer improved properties such as
fracture toughness, but are restricted in their hardness, wear and strength performances. The incorporation of a
third phase carbon nanostructure (such as CNTs and GN) to Al;03/ZrO5 reinforced with low ZrO, content (<5wt
SENB %) has emerged as a novel process to overcome this property trade-off by exploring the remarkable mechanical
Toughening mechanisms properties of these hybrid nanocomposite systems. Therefore, in the current work, colloidal mixing followed by
Wear hot-pressing process (@ 1600°C) were used to consolidate monolith AlyO3, Al;03/ZrO2, Al;03/ZrO2/CNTs and
Aly03/ZrO2/GN nanocomposite structures using low ZrO, content (4wt%) and optimum amounts of CNTs (2wt
%) and GN (0.5wt%) as the hybrid reinforcement phases. Microhardness, fracture toughness and flexural
strength properties were improved from 19GPa, ~3MPa.m'/? and ~260MPa up to 24GPa, ~7MPa.m'/? and
~374MPa respectively, with hybrid additions of ZrOy/CNTs and ZrO2/GN to the monolith Al;O3. The primary
source of the property enhancement in the hybrid nanocomposites was due to reduction in the matrix and ZrO,
grain sizes (decreased up to ~78%), good interaction between reinforcement phases and combined mechanisms
such as crack bridging and deflection, matrix grain wrapping and grain gluing by CNTs and GN. The wear rate of
the parent Al,O5 was also improved from 9.71 x 10~° mm®/N.m up to 0.81 x 10~° mm®/N.m (showing ~92%
decrease) with ZrO2/CNTs and ZrO2/GN hybrid inclusions, which was attributed to the overall enhanced me-
chanical properties and wear resistant mechanisms during the dry sliding.

1. Introduction them suitable for cutting tools and wearing parts, are further enhanced

with an improvement in fracture toughness (Kj¢) attributes derived from

In the last decades, the fabrication, microstructural design and
properties of advanced ceramic-based composites have shown consid-
erable interest in areas including biomedical and structural engineering
[1,2]. A widely used structural ceramic-based composite is the
Alumina-Zirconia or Zirconia Toughened Alumina (ZTA), which are
designed to have a unique combination of a base alumina (AlpO3) matrix
with dispersed zirconia (ZrO2) phases. This is done as an attempt to
improve the brittle nature of low density alumina ceramics [2,3]. The
engineering perks of these composites including high strength, hardness,
chemical inertness and resistance to abrasion properties, which make

* Corresponding author.
E-mail address: sboakyey@yorku.ca (S. Boakye-Yiadom).

https://doi.org/10.1016/j.ceramint.2022.08.069

the distributed ZrO, reinforcements [4,5]. It has been shown that the
addition of ZrO, can offer fracture toughness values up to 12MPa.m'/?
and higher, as compared to that of the parent Al,O3 matrix material
(estimated at ~3MPa.m'/?) [6,7]. These blends of mechanical proper-
ties make Al,O3/ZrO, composites relevant structural materials for
biomedical applications including knee and hip joint prosthesis, as well
as other high temperature engineering applications [8]. For Al,03/ZrO5
system, the overall mechanical performance is a function of the ZrO,
content and their nature of distribution within the Al,O3 matrix. With
the Al,O3 matrix contributing hardness and strength to the composite,
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the substantial improvement in the toughness is determined by the ho-
mogeneous dispersion and toughening mechanisms of ZrO; when
optimal amount is added to the matrix [8-10]. Several studies have
highlighted micro-cracking and phase transformation as the major
mechanisms of toughening by the ZrO, inclusions. The tetragonal
(t-ZrO3) to monoclinic (m-ZrO,) phase transformations are mostly
inspired under mechanical stress when the ZrO, particles are fairly
dispersed within the matrix phase [10]. This martensitic transformation
is also accompanied with a volume expansion (about 3%) which tend to
exert compressive stress on the parent Al;O3 matrix grains to minimize
crack expansion, thereby improving the toughness of the composite
structure [7,11]. This mechanism, coupled with the micro-cracking
phenomenon in the presence of applied stress contribute to the overall
toughness of Al,03/ZrO, composites.

For the remarkable mechanical attributes of Alo03/ZrO, composite
systems to be fully experienced, an optimum concentration of the nano
ZrO, particles are needed to reinforce the matrix material. Studies
however have shown that, regardless of the toughening effect of ZrO,,
the hardness and wear properties are sometimes deteriorated when
larger amounts of the ZrO, (>20wt%) are included within the parent
Al,O3 matrix [12,13]. For instance, it has been demonstrated that
increasing the ZrO, content (> 20wt%) results in thickening of the ZrO,
grains rather than refining the Al,O3 matrix grains, thus rendering the
refining capabilities of ZrO, all but ineffective [5]. Furthermore, the
quest to create a tougher composite structural material by reinforcing
with large amount of ZrO, phases often comes at the expense of the
desired strength, which can limit potential engineering applications of
the fabricated AlyO3/ZrO, composite materials [14]. For instance,
microcracking toughening, which is inspired when large inclusions of
ZrOy is added in ZTA generates tougher composite structures whilst
restricting the strength properties [7,9]. Also, inhomogeneous ZrOy
phase distributions within the parent Al,O3 material, as a result of the
processing techniques contribute to the decline in the wear, hardness
and other mechanical properties of Aly;03/ZrO, composites [15-17].
Rao et al. showed in their recent studies that mechanical properties such
as hardness decreased from 17.45 GPa to 15 GPa (representing an
approximate decline of 14%) when 10wt%ZrO, was added to the
monolithic Al,O3, regardless of the drastic 70% increment in the frac-
ture toughness value [5]. In a more recent work by Gafur et al. both the
microhardness and flexural strength of conventionally mixed and sin-
tered AlpO3-ZrO; composites fairly declined with increasing ZrO, in-
clusions (from 5vol% to 20vol%), despite the increase in the fracture
toughness. A decrease in hardness from 17.35 GPa to 12.98 GPa and
flexural strength (from ~496 MPa to ~455 MPa) with the higher con-
tent of ZrO, (>10vol%) was ascribed to coarsening of the ZrO, grains
and pore formation in the composite [18]. In similar studies with
fabricated Aly;03/ZrO2 composites, it was demonstrated that the wear
resistance also diminishes with higher ZrO, contents due to the forma-
tion of defects on composite surface [19]. These trade-off in properties
therefore suggest a need to further explore various research methods
that can simultaneously enhance the bulk hardness, wear and strength
properties of AlyO3/ZrOs and ZTA composite systems for various
advanced engineering applications.

The desire to improve ZTA and Al,O3/ZrO, composite systems
without depleting the strength, hardness and wear properties has
sprouted new research approach. Particularly, via microstructural
tailoring and design, new multiphase composites have been developed
to counter these shortcomings and improve the overall mechanical
performance of the dual-phase AloO3/ZrO, composite systems [2,20].
This normally involves the inclusion and dispersion of other third phase
nanoparticulate materials to Al,O3/ZrO; to form a hybrid or
multi-phased nanocomposites [2,21]. Carbon nanostructures such as
graphene (GN) and carbon nanotubes (CNTs) exhibit various inherent
physical and mechanical properties that can be further explored in
ceramic-based composites. The unique structure and geometry of these
carbon nanostructures (2D-graphene and 1D-CNTs) credit them with
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numerous remarkable attributes such as specific surface area, high
tensile strength, thermal and electrical properties, and make them
suitable for fabricating a stronger, tougher and wear resistant
Aly03/ZrO2 composite systems [22,23]. The addition of these carbon
nanostructures is known to directly influence the grain structures of
both the matrix and the reinforced ZrO; phases, and immensely enhance
the fracture toughness and strength properties by activating several
combined mechanisms within the composite [24,25]. Also, several
studies have explored the lubricating properties of both graphene and
CNTs when used as a reinforcing phase in ceramic-based hybrid com-
posite systems [26,27]. The effective interaction of the reinforced par-
ticles in a multi-phased hybrid composite depends on their amounts and
homogeneous distributions within the matrix material, which conse-
quently influence the structure and the bulk mechanical properties [28,
29]. Literature works suggest that the improvement in the mechanical
properties is most evident when low contents of the carbon reinforcing
phase are utilized in the ceramic-based composites [30,31]. An attempt
by Echeberria et al. to illustrate the effect of MWCNTSs (0.01wt%) on ZTA
hybrid composite (having 2wt%ZrO,) fabricated using hot isostatic
pressing (HIP) resulted in an increase in both the hardness (up to ~17%)
and fracture toughness (up to ~37%) properties [24]. Despite these
promising outcomes, only few studies have been conducted on the me-
chanical and tribological effect of these carbon additives on Al;O3/ZrO4
and ZTA composites.

The addition of a third-phase nanostructure to a ZTA or AlyO3/ZrO,
composite has the potential to surpass both conventional and novel at-
tributes of alumina-zirconia systems, with the augmentation of proper-
ties including toughness, strength and wear. However, the scarcity of
results demands further studies in the microstructural, mechanical
properties and tribological performance of these novel engineering
structures. Thus, in the current investigation, low ZrO; amount (4wt%),
with optimum amounts of carbon nanotubes (2wt%CNTs) [32] and
graphene (0.5wt%GN) [33] were used to prepare Al,O3/4wt%ZrOy/2wt
%CNTs and AlyO3/4wt%ZrO2/0.5wt%GN hybrid nanocomposite sys-
tems using colloidal processing and hot-pressing technique. These third
phase amounts were selected based on literature studies to yield the best
structural and mechanical attributes of the hybrid nanocomposites [32,
33]. The influence of the hybrid additions of these nanostructures on the
microstructure, mechanical and wear performance of the consolidated
nanocomposites were also examined and detailed in this study.

2. Experimental procedure
2.1. Hybrid nanocomposite fabrication

Nanopowders of a-Al;O3 and ZrO; with average particle size of
approximately < 50nm and < 80nm respectively, were acquired from
commercial sources (Sigma-Aldrich, UK). Graphene (GN) and carbon
nanotubes (CNTs) were also procured and processed, as detailed previ-
ous work [25,34,35]. Low content of ZrOs powders (4wt%) were
colloidally mixed with the Al,O3 matrix powder and subsequently added
to the prepared 0.5wt%GN and 2wt%CNTs suspensions whilst stirring
continuously to form the AlyO3-4wt%ZrO2-0.5wt%GN and Al;O3-4wt%
ZrO2-2wt%CNTs hybrid nanocomposite powder mix slurry. The slurries
were then dried constantly on a hot plate heating at a temperature from
120 °C up to 150 °C. The dried powder mix obtained were then milled to
fine nanocomposite powders, which was followed by consolidation and
high temperature sintering, as detailed in previous works [35-37].
Hot-pressing of the final powder mix was conducted using a 60MPa
uniaxial pressure and a sintering temperature of 1600°C in a graphite die
for a duration of 1hr to ensure highly dense bulk samples. A 10°C/min
rate of heating was used during the sintering, within an argon (Ar)
controlled atmosphere. The rectangular consolidated nanocomposites
having dimensions of 50mm x 40mm x 2mm were further sectioned for
various physical, microstructural, mechanical and tribological charac-
terizations. Both the monolith Al;O3 and AlyO3-4wt%ZrO,
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Table 1
Structural and mechanical attributes of hot-pressed Al,03/ZrO, nanocomposites.

Ceramics International 48 (2022) 34803-34816

Compositions Sample Measured ZrO, grain Monoclinic ZrO, Tetragonal ZrOy Estimated Young’s Critical Energy Release Rate,
Label size (pm) amount (%) amount (%) Modulus (GPa) Grc (J/m?)
Alumina (A) A - — - 383 21.85 + 3.97
A+4wt%ZrO, AZy 4.23 +£0.3 84 16 378 29.83 +9.22
A+4wWt%ZrOo+2wt% AZ4CN 1.31 £ 0.1 94 6 396 122.13 +19.48
CNTs
A+4wt%ZrO,+0.5wt AZ4G 3.07 £ 0.17 86 14 384 87.58 + 21.30

%GN

nanocomposite were also fabricated for reference purposes using similar
processing conditions, as detailed in Table 1.

2.2. Physical and structural characterization of nanocomposites

Apparent densities of the sintered hybrid nanocomposites, as well as
the parent Al,O3 samples were measured using the Archimedes princi-
ple, with distilled water as the immersion liquid. Theoretical densities of
the prepared monolith Al;O3, Al;03-4Wt%ZrO2, Alo03-4wt%ZrO,-0.5wt
%GN and Al;03-4wt%ZrO2-2wt%CNTs samples were estimated using
rule of mixtures, with literature density values of the AloO3, ZrO2, CNTs
and GN assumed as 3.97g/cm?, 5.87g/cm®, 1.85g/cm® and 2.21g/cm®
respectively [28,38]. The relative densities were then calculated by
dividing the apparent densities by the estimated theoretical densities of
the nanocomposites. Sections of the sintered nanocomposite samples
were cut from their bulk pieces using a diamond wire-saw, and prepared
for microstructural studies using routine metallographic procedures,
involving grinding and polishing up to 0.05um finish. The prepared
surface of each sample was then observed in a field emission scanning
electron microscope (FE-SEM, Quanta 3D), operating at an accelerated
voltage of 10KV, in order to document the grain morphology and dis-
tributions, as well as structural features of the nanocomposites.

The Al;0O3 matrix grain size and distributions within the sintered
nanocomposites were also estimated from the SEM micrographs via the
linear intercept method, in conjunction with image J software. At least 5
different micrographs were used for each sample and the mean grain size
value recorded. The ZrO, grains were also measured for each
Aly,03-ZrO5 nanocomposites using similar technique described above.

2.3. Crystallite phase identification of nanocomposites

Phase analysis of the hot-pressed monolith Al;03 and the hybrid
nanocomposites was carried out using the X-ray diffraction (Rigaku
Miniflex 600 XRD) attached with Cu-Ka radiation A = 1.54056 A. pat-
terns from each sample were detected and collected by the XRD system
from 5 to 110° at a range of 26, with a scanning rate of 1.4°/min. The
ZrO, phase transformation from tetragonal to monoclinic (t-m) in the
Aly03-ZrO5 hybrid nanocomposites was also quantified using the crystal
planes (111) and (111) of m-ZrO,, and (111) of t-ZrO,. The corre-
sponding intensities of the phase peaks in conjunction with known
equations were then used to approximate the amounts of t-m ZrO,
phases in the hybrid nanocomposite samples [39,40]:

1.311X,,

= om 1
14 0.311X, M

m

(1, (T11) + £, (111)]

X =) + L, (110) + L(11D)]

(2)

where Vm denotes the volume fraction of m-ZrO; and Xm represents the
integrated intensity. Volume fraction of the t-ZrO, phase was also esti-
mated using the relation: Vt =1 — Vm.

2.4. Characterization of mechanical properties

2.4.1. Vickers hardness measurement

The microhardness of the hot-pressed samples was measured using
the Vickers microhardness tester (METLAB, Canada) under a 9.81N load
for 15s. The diagonals of the diamond shaped indents on each sample
surface were then measured with an attached microscope coupled to the
microhardness system. At least 10 indentations were made on each
sample at a fairly spaced distances, and their diagonals recorded. The
applied load and measured diagonals were used to calculate the Vickers
microhardness value of each indent in GPa using Equation (3) [41].
Average microhardness (Hv) value in GPa was then documented for
each sample.

L
Hv=0.0018544 x (x—2> 3

with L and x denoting the indentation load (N) and average diagonal
length from indent (m) respectively.

2.4.2. Flexural strength and fracture toughness measurements

The hot-pressed nanocomposites were subjected to three-point
bending tests at room temperature to measure the flexural strength
using a Hybrid Rheometer (Discovery 3), with a bending frame acces-
sory. Sectioned rectangular test samples with approximate dimensions
of 50mm (length) x 2mm (width) x 2mm (thickness) were used on the
three-point test frame with a span length of 40mm and crosshead speed
of 0.05mm/min. Three test specimens were prepared for each nano-
composite, and the flexural strength measured using Equation (4) [42]:

3xLxS

FS=———~"°
$ 2Xbxh?

4

where L is the breaking point load, S, b and h represent the span length,
sample width and sample thickness respectively.

The fracture toughness (Kic) of the nanocomposites was determined
using bending test (Single edge notched beam, SENB) and indentation
method. The SENB test was conducted on a 30mm (length) x 2mm
(width) x 2mm (thickness) specimen using the three-point bending
frame (Discovery Hybrid Rheometer), with a loading speed and span
length of 0.05mm/min and 25mm respectively. Three similar test
specimens with cut notches at the centre were used for each fabricated
nanocomposite sample, with their toughness values evaluated using
Equation (5) [43,44]:

3xPxS§ 12
K[C:<—2><b><h3/2> xa?xy (5)

~1.99 —a(1 —a)(2.15 - 3.93a + 2.70)

Y
(14 2a)(1 — a)*?

(6)

where P is the fracture load applied during bending, S is the bending
span, b and h denotes the width and thickness of the test specimen
respectively, a is the notch depth, « is the notch depth to thickness ratio
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Table 2
Summary of wear properties of hot-pressed Al,O3/ZrO, nanocomposites.
Sample Surface Brittleness Average Wear Wear
Label Roughness Index (u m'/  Friction Volume Rate (x
(nm) %) Coefficient (mm®) 107%)
(COF) (mm®/
N.m)
A 59.15 + 6.18 £ 0.93 0.65 + 0.21 0.243 + 9.71 £
3.66 0.05 0.87
AZy 71.61 £ 6.05 £ 0.71 0.76 + 0.19 1.345 + 47.14
6.78 0.12
+ 3.59
AZ,CN 18.89 + 3.89 £ 0.99 0.59 £+ 0.17 0.027 + 1.08 £
1.41 0.01 0.28
AZ,G 45.11 + 4.00 £+ 0.42 0.71 £ 0.19 0.021 + 0.81 +
2.68 0.01 0.21

(ash), and Y is the geometrical compliance function.

Microstructures of the fractured surfaces were also studied to iden-
tify the fracture modes and toughening mechanisms by the hybrid
reinforcement phases within the matrix material.

Fracture toughness from indentation was also estimated by directly
measuring the cracks (DCM method) originating from the indents during
the Vickers hardness testing under the 9.8N load. The crack lengths were
used together with Nijhara [45] Equation (7) to calculate the indenta-
tion fracture toughness of the nanocomposites

o\ -15
Kie =0.203 x (5) x H % a* @
where H is the microhardness value (GPa), c is the radial crack length
(mm) and a is the half of the length of Vickers indent diagonal (mm).

2.4.3. Critical energy release rate (Gic)

The critical energy release rate parameter (Gyc), which is a function
of the fracture toughness was also estimated for the prepared hybrid
nanocomposites. For crack movement through the ceramic nano-
composite structures, the Gic value mathematically quantifies the en-
ergy dissipated during crack propagation, which is calculated using the
theoretical equation (8) [46]:

1 -2
Gre=Ki? ><< E ) ®)

where K¢ is the fracture toughness value, v denotes the Poisson’s ratio of
Al,0O3 (assumed as 0.21 [47]), and E represents the Young’s modulus of
the hot-pressed nanocomposites which is calculated from the rule of
mixture, with the known mass fractions and literature values of Al,O3,
ZrO,, CNTs and GN taken as 383 GPa [48], 205 GPa [49], 800 GPa [50]
and 1000 GPa [51] respectively. The estimated E and G values are also
presented in Table 1.

2.5. Wear analysis of nanocomposites

Tribological properties of the hot-pressed monolith Al;O3 and the
hybrid nanocomposites were also evaluated at ambient temperature
using the UMT Tribolab (Bruker Tribometer, Canada). A linear recip-
rocating sliding wear test configuration was used, with the polished flat
surfaces of the nanocomposites sliding against a 9.5mm SizN4 spherical
ball, in accordance with the ASTM-G133 protocol. The stationary
counter-ball with a constant contact force of 25N was pressed against the
oscillating nanocomposite samples, at a predefined stroke length of
10mm and stroking velocity of 0.1m/s (0.5Hz). Three tests were con-
ducted for each prepared nanocomposite at different locations on the
samples’ surface, and the average friction coefficient recorded (Table 2).
The surface roughness (Sa) of the polished samples prior to the wear test
was also measured using an optical profilometer (Bruker Contour GT),
and documented in Table 2. Post-wear testing analysis of each sample
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Fig. 1. Measured bulk density (g/cm®) and densification (%) of hot-pressed
nanocomposites.

having wear tracks were carried out to determine the volume loss and
consequent wear rate of each sample. The optical profilometer was
utilized to generate the 2D and 3D wear track profiles in order to
measure their wear width and depth. Prior to these measurements, the
tracks covered with debris were thoroughly cleaned and dusted using air
pressure to reveal the true depth and width for accurate measurements.
The wear rate (Wg) was calculated using the relation in Equation (9)
[52].

14

Wr =
FTFEXL

)]

with V as the volume loss (mm3), F represents the applied load (N) and L
is the total sliding distance (m). The worn surfaces and wear debris of
each nanocomposite were also studied after the wear test using the FE-
SEM, to determine various wear mechanisms during the dry sliding tests.

Brittleness Index (BI): The wear properties of the hot-pressed
ceramic nanocomposites were also quantified using the brittleness
index parameter given in Equation (10) [53]:

_Hv

Bl =—
Kic

(10)

where Hy is the Vickers hardness (GPa) and K¢ is the fracture toughness
value of the nanocomposites.

3. Results
3.1. Density and microstructure

Fig. 1 shows the variation of the sintered densities and the relative
densification (as computed from the theoretical densities of the matrix
and reinforcement phases) of the hot-pressed Al;O3 and hybrid nano-
composites. A near density value of 3.96g/cm® and 3.98g/cm® was
recorded for both the monolith Al,03 and Al,03-4wt%ZrO (designated
as AZ4 sample), with approximate relative densities of 99.5% and 99.1%
respectively. From Fig. 1, it can also be deduced that the addition of
CNTs and GN to Aly03-4wt%ZrO; led to relatively lower densities, with
the Aly03-4wt%ZrO,-2wt%CNTs (designated as AZ4CN sample) regis-
tering 3.91g/cm® density, whilst a density value of 3.95g/cm® was ob-
tained for AlyO3-4wt%ZrO,-0.5wt%GN (designated as AZ4G sample).
For both AZ4CN and AZ4G samples, respective densification of approx-
imately 99.8% and 98.5% was realized. Thus, good sinter densities
(~>99%) was achieved via the hot-pressing processing route for both
the monolith Al;03 and its nanocomposites.
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Fig. 2. FE-SEM micrographs and grain size distributions of sintered nanocomposites (a) monolith Al,O3 (b) Al,03-4ZrO, (c) Aly03-4ZrO»-2CNTs (d)

Al,03-47r0,-0.5GN.

Fig. 2 illustrates the grain structure and grain distributions of the
sintered Aly,O3.based hybrid nanocomposites as examined via the FE-
SEM. The grains of the monolith Al;03 sample with an average grain
size of 7.64um (Fig. 2a-b), exhibited both fine and coarse structures, as
observed in previous studies [36,37]. A slight increase of ~3% in the
grain size was realized with the addition of only 4wt%ZrO, in the AZ,4
sample (measured grain size of 7.85um), which also displayed fairly
coarse grain structure (Fig. 2c—d). The added ZrO, phases were distinct
within the Al,O3 matrix structure, with both huge chunks and very fine
globular-like ZrO, particles dispersed within the parent matrix. An

average ZrO grain size of 4.23uym was also estimated for the sintered
AZ4 sample, as seen from Table 1. The grain size of the Al,O3 matrix
structure was hugely refined (up to 1.71ym) in the AZ4CN sample,
having the hybrid additions of 4wt%ZrO, and 2wt%CNTs (Fig. 2e-f).
About ~77% and ~78% reduction in the grain size was achieved in
reference to the monolith Al;03 and AZ4 samples respectively. Similar to
the AZ4 sample, the added ZrO, particles in the hybrid AZ4CN sample
were also insoluble within the matrix grain structure, having both coarse
and fine distributions within the matrix. The measured ZrO, grain size
was averaged as 1.31um, which demonstrates an approximate reduction
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Fig. 3. X-ray diffraction (XRD) patterns showing crystalline phases of hot-pressed nanocomposites.

of 69% when compared to the ZrO, grains in the AZ4 sample. This

therefore illustrates the refinement capabilities of the added 2wt%CNT Hardness 450
nanostructures on both the Al,03 matrix and the ZrO, inclusions. With 25+ Flexural strength| o0
the combined additions of both 4wt%ZrO, and 0.5wt%GN, the AZ4G
hybrid nanocomposite also exhibited about ~37% and ~38% drop in 350 @
the grain size relative to the monolith Al;O3 and the AZ,; samples = 20 %
respectively, with an average grain size of 4.85um (Fig. 2g-h). The AZ4G & 00 =
grain size was however estimated to be about ~65% higher when 9 154 L 250 ‘é‘)
compared to the AZ4CN sample, having the co-additions of 4wt%ZrO, A o
and 2wt%CNTs. The dispersed ZrO, particles were also marginally g - 200 E
refined up to about 3.07ym, which represents an estimate of ~27% & 10 o
decrease with respect to the AZ; sample having only 4wt%ZrOs. e 180 g
Although both additions of CNTs and GN showed a refinement in the L 100 =
ZrOy grain size relative to the Al,O3-4wt%ZrO2, the AZ4CN hybrid 51
nanocomposite demonstrate a more finer structure with about ~57% - 50
lower ZrO, grain size when compared to that of the AZ4G hybrid ) ; 0
nanocomposite. Alumina A+42r02 A+4ZrO2+42CN  A+4Zr02+0.5GN
Alumina nanocomposites
3.2. Phase compositions and crystalline structure Fig. 4. Hardness and Flexural strength properties of nanocomposites.

¢ "l}"lhe }fleatures oflthe crystalllte.pha:?es ;Te stglov;n H,l ﬂlle )}(IRD pat;erllzs However, Fig. 3b, 3c and 3d illustrate the extra diffraction peaks with
of the hot-pressed nanocomposites in Fig. 3. Typical phases of the the various hybrid additions of 4wt%ZrO2, 2wt%CNTs and 0.5wt%GN.

monohtb A1,203 as prefllously.dlscussed [3.6’54] is illustrated 1? the XRD With the emergence of the additional peaks, the major peak intensities
spectra in Fig. 3a, which depicts the starting a- Al;O3 crystalline phase.
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Fig. 5. (a) Fracture toughness variations in Al,Os-based nanocomposites (b)
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of the reference Al;03 were relatively decreased in samples AZ4, AZ4CN
and AZ4G. The additional peaks in the hot-pressed Al,O3/ZrO; nano-
composites were identified as monoclinic (m-ZrO,) phases, which were
indexed at approximate diffraction angles of 28.2°, 31.5° and 35.2°,
with the tetragonal (t-ZrOs) phase indexed at approximate diffraction
angle of 30.2° (Fig. 3b-d). Table 1 also presents the estimated m-ZrOy
and t-ZrOy amounts (%) in the hybrid Al,O3/ZrO, nanocomposites.
Variations in the m-ZrO, and t-ZrO5 contents which had 4wt%ZrO,
additions suggests the effect of carbon nanostructures (CNTs and GN)
during the colloidal mixing of the Al,03/ZrO5 nanocomposites. For
instance, it has been demonstrated that the addition of GN can some-
times hinder the m-ZrO5 amount in the nanocomposite structure [55].

T
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T T
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3.3. Mechanical performance of hybrid nanocomposites

Fig. 4 illustrates the microhardness values (Hv) of the hot-pressed
nanocomposites determined from indentation. An enhancement in the
hardness values with the hybrid additions of ZrO, CNTs and GN in the
Aly03/ZrO5 nanocomposites were depicted, with the AZ4CN hybrid
nanocomposite recording the highest Hv value of ~24.0 GPa, revealing
about 26%, 17% and 11% increment as compared to the monolith Al,O3
(Hv of ~19 GPa), AZ4 (Hv of ~20.5 GPa) and AZ4G (Hv of ~21.6 GPa)
respectively. An improvement of about 14% and 5% was also realized
upon the addition of GN in the AZ4G sample, with reference to the parent
Al;03 and AZ4 samples respectively. It is noteworthy that the addition of
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ZrO2-2wt%CNTs (g)-(i) Al,O03-4wt%ZrO,-0.5wt%GN.

low amount of ZrOs (4wt%) to the monolith Al;O3 resulted in an in-
crease in the microhardness value (~8% increment), whereas higher
amounts (up to and above 10wt%) tend to yield significant drop in the
hardness value, as demonstrated in previous studies [5,36,54].

Fig. 4 also shows the relative improvement in the flexural strength of
the nanocomposites, which were calculated from the three-point
bending tests. The flexural strength of the parent Al;Os which was
determined in previous studies to be 260MPa [54] reached a maximum
value of ~374MPa (44% increment) with the hybrid additions of 4wt%
ZrOy and 2wt%CNTs. However, the single addition of 4wt%ZrO, (AZ4
sample) recorded about 8% drop in the strength value, which was esti-
mated to be ~240MPa. With the combined additions of 4wt%ZrO- and
0.5wt%GN, the AZ4G sample yielded strength value of ~319MPa, which
represents about 23% and 33% increase over the monolith Al,O3 and
AZ4 samples respectively. Compared to the AZ4 and AZ4G samples, an

approximate increase of 55% and 17% respectively, was realized in the
flexural strength when hybrid reinforcements of ZrO,/CNTs was
included within AlyO3 matrix structure (AZ4CN sample).

Single edged notched beam (SENB) and direct crack measurement
(DCM) fracture toughness (Kic) values of the hot-pressed Al,O3 and
Aly03/ZrO, hybrid nanocomposites are also illustrated in Fig. 4.
Regardless of the method used, the hybrid addition of ZrO5/CNTs
(AZ4CN sample) recorded the maximum Kicsgng) and Kicpem values of
up to 6.3MPa.m'/? and 7.2MPa.m'/? respectively, which was 115% and
118% higher as compared to that of the parent Al;O3, having respective
Kicesens) and Kicipewm) values of ~3MPa.m'/? [54] and ~3.3MPa.m'/2.
As can be seen from Fig. 5a, the indentation toughness values were
higher than that from the conventional bending tests, which is also
demonstrated in other works [56-58]. In both methods however, the
single addition of 4wt%ZrO4 (AZ4 sample) exhibited a slight rise in the
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toughness of the parent Al;Os3, registering Kic(seng) and Kigpewmy values
of ~3.4MPa.m!/? (~13% increase) and 3.7MPa.m'/? (~12% increase)
respectively. Relative to the reference Al,O3, the addition of ZrO, and
GN (AZ4G sample) also indicated about 97% and 88% increase in the
fracture toughness, with Kicseng) and Kigpewmy values of 5.9MPa.m'/?
and 6.2MPa.m'’? respectively. The FE-SEM micrographs shown in
Fig. 5b—c demonstrate the emerging cracks induced by the indentation,
as well as bridging mechanisms by the carbon nanostructures. Fig. 6 also
illustrates the post-fracture surfaces of the nanocomposites which de-
picts their fracture modes and toughening mechanisms. A mixture of
transgranular and intergranular fracture can be observed, indicated by
the smooth and rough fractured surfaces. Typical intergranular fracture
with micro-cracks are seen in the parent Al,O3 sample (Fig. 6a).
Fig. 6b—c also demonstrate the intergranular mode of fracture for the
AZ,4 sample, which also displayed fine and coarse ZrO phases trapped at
Aly,03 matrix grain junctions. For the AZ4CN hybrid nanocomposite
(Fig. 6d-f), both ZrO, and CNT nanostructures were apparent on
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intergranular-fractured grain surfaces. Trapped ZrO particles were also
surrounded by the dispersed CNTs glued to the Al;O3 matrix grains, as
well as the grain boundaries (Fig. 6e). Pull-out strands of the CNTs were
also evident, which illustrates toughening effect of the added CNTs. The
fractured surface morphology of the AZ4G hybrid nanocomposite was
also characterized with smooth and rough surfaces of the Al;03 and
ZrO grains, indicating both intergranular and transgranular fractures
(Fig. 6g-i). Evidently, the presence of the dispersed GN nanostructures
at the matrix grain boundaries contributed to the fracture mode of the
surrounding grains.

Table 1 also summarizes the estimated Young’s modulus (E) and
critical energy release rate (Gjc) of the prepared nanocomposites. From
Table 1, it is shown that the E value increased from 383 GPa for the
parent AloO3 to a maximum of 396 GPa for the AZ4CN hybrid nano-
composite, which was about 3.4% higher. The calculated modulus from
Table 1 also showed a relatively lower E value for the AZ4 sample
(decreased by 1.3%), whilst a comparable E value was realized in the
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AZ4G hybrid nanocomposite. The energy release rate (Gyc) values of the
nanocomposites were also computed to be ~22 J/m? for the parent
Al,03, which was immensely increased up to 122 J/m? (up to 458%
higher) with the hybrid addition of ZrOz and CNTs (AZ4CN sample). The
calculated Gy value of the monolith Al;O3 was comparable to those
obtained in literature [46]. For the AZ4 and AZ4G samples, there was
approximately 37% and 300% increase in the G¢ values over that of the
reference Al,O3 (Table 1).

3.4. Wear performance of hybrid nanocomposites

The wear resistance behaviour of the hot-pressed nanocomposites
was also analysed after subjecting samples to dry sliding reciprocating
test for 1000s. Table 2 and Figs. 7-10 illustrates the performance of both
the monolith Al;03 and AlyO3-ZrO, nanocomposites after the sliding
tests. The surface roughness of each polished sample was also compared
prior to each wear experiment, as summarized in Table 2, with the
AZ4CN sample showing the lowest Sa value of ~19 nm. Fig. 7 shows the
3D wear track profile and depth variations of each nanocomposite after
5000cycles. From Fig. 7b, it can be shown that the AZ4 sample had the
largest depth and width, which were estimated to be more than ~70pm
and ~2300pm respectively. The monolith Al,O3 also exhibited fairly
larger wear track profile but was relatively lower than that of the AZ,4
sample. However, the hybrid additions of ZrO2, CNTs and GN resulted in
lower depth and width wear tracks, which was estimated to be up to
~3um and ~950pum respectively. Friction coefficient (COF) was deter-
mined after the sliding cycles from the COF trends in Fig. 8a. The mean
COF value for each nanocomposite was also estimated from the trend
and presented in Table 2. The COF of the reference Al;O3 dropped from
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0.65 to 0.59 in the AZ4CN nanocomposite. For the AZ4 and AZ4G sam-
ples, the mean COF values computed to be 0.76 and 0.71 respectively,
were slightly higher when compared to the reference Al,O3 sample. The
wear properties of the nanocomposites were further characterized by the
volume loss and wear rate using Equation (9), which was also plotted in
Fig. 8b. Wear volume, which corresponds to the direct measure of ma-
terial lost after the dry sliding test reached a maximum value of
~1.35mm? for the AZ4 nanocomposite, which was ~463% higher than
the monolith Al;03, with recorded volume loss of ~0.24mm®. Mean-
while, as shown in Table 2 and Fig. 8b, the AZ4CN and AZ4G hybrid
nanocomposites produced the minimum volume loss of up to ~0.03
mm?>, which was approximately ~90% and ~98% lower when
compared to the Al,O3 and AZ,4 samples respectively. The wear resis-
tance of the hot-pressed monolith Al;03 nanocomposite also showed
drastic improvement from 9.71 x 10> mm/N.m up to 0.81 x 10~> mm/
N.m (up to ~92% decrease in wear rate) for the AZ4CN and AZ4G hybrid
nanocomposites. However, the individual addition of 4wt%ZrOy (AZ4
sample) rather led to poor wear resistance, recording an estimated
~385% higher wear rate relative to the reference Al;O3. Thus, the ad-
ditions of 4wt%ZrO5 with 2wt%CNTs and 0.5wt%GN enhanced the wear
performance of Al,O3 matrix and Al;O3/4wt%ZrO, nanocomposite.
Table 2 also summarizes the brittleness index (BI) calculated for the
parent Al;03 and the AloO3-ZrO3 nanocomposites. The brittleness index
as a combined parameter can be used to assess the wear resistance
behaviour better than the individual mechanical parameters such as
hardness and fracture toughness. A lower BI value corresponds to an
enhanced wear resistance, as demonstrated in several studies [26,59,
60]. The reported BI values in Table 2 reflects this trend, with the AZ,CN
and AZ4G hybrid nanocomposites exhibiting up to ~37% lower brit-
tleness index value, as compared to the monolith Al,O3 and AZ4
samples.

Fig. 9 also shows the FE-SEM analysis of the wear tracks and wear
debris, which illustrates the scratch and groove morphology of the worn
surfaces on the samples’ surfaces. Wear texture of the monolith Al;O3, as
shown in Fig. 9a—c, demonstrates material pull-outs and large grooves
which corroborates the volume loss and wear rate results in Table 2 and
Fig. 8b. The groove morphology of the AZ4 sample is more severe as a
result of the intense Al;0O3 matrix and ZrO, grain pull-outs (Fig. 9d-f).
This was also evident in the large worn-out particles (Fig. 9f), which
suggests higher wear rate within the AZ4 sample during the dry sliding.
Fig. 9g-i also depicts the worn surface of the AZ4CN hybrid nano-
composite with distributed minor scratch grooves and micro-cracks, as
well as few smooth regions devoid of the mild pull-outs. The relatively
finer wear debris of the AZ4CN sample also portrays the lower rate of
wear and material loss, as seen in Fig. 8b. Similar to the AZ4CN sample,
the wear morphology of the AZ4G nanocomposite was also characterized
with minimum pull-out grooves, and more smooth regions after the dry
sliding (Fig. 9j-1). The fine debris of the AZ4G sample also indicates a less
severe wear and fracture of the matrix and ZrO, grains. The mechanisms
of the wear resistance by ZrO, phases and carbon nanostructures
including crack bridging, deflection and arrest within the worn surfaces
are also illustrated in Fig. 10.

4. Discussions

The prepared monolith AlpO3 and the AlyO3-4wt%ZrO; hybrid
nanocomposites achieved a near-density structure (~ > 98%) after the
high temperature sintering. The low densities (~< 3.98g/cm?) of the
nanocomposites after the hybrid additions of the nanostructures in their
low amounts (4wt%ZrOo, 2wt%CNTs, and 0.5wt%GN) also suggest the
lightweight properties of the consolidated ceramic structure were
maintained. Low concentration of the added reinforcements are known
to offer optimum structural and mechanical properties to ceramics [32,
33]. The distribution of the carbon nanostructures (CNTs and GN) is also
illustrated in fractured surfaces of the Al,O3-4wt%ZrO, hybrid nano-
composites. Both CNTs and GN phases have high affinity for the Al,O3
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matrix grain boundary, as illustrated in Fig. 6, as well as the schematics
in Fig. 11a. This binding characteristics of the CNTs and GN at the matrix
grain boundary have also been demonstrated by other studies [23,
27-29]. Some bundles of the CNTs however tend to attach themselves on
and within the grains rather than the boundaries (Figs. 6 and 11a). The
location of the carbon nanostructures within the matrix structure
immensely contributes to the grain refinement by hindering their
growth during sintering [29,61]. With the additions of ZrO2/CNTs and
ZrOy/GN, the refinement of the grains (both Al,O3 and ZrO5 grains) in
the hybrid nanocomposite is more apparent due to the coordination of
reinforcement phases. An example of this is seen in Fig. 6e, and
demonstrated in Fig. 11a, where there is an evident of simultaneous
interaction and pinning activities of ZrO, with CNTs, as well as ZrO, and

GN structures on the Al,O3 grain junctions. However, as observed in
Aly03-4wt%ZrO, nanocomposite, the single addition of only 4wt%ZrOy
gave comparable grain size as the parent Al,O3, as illustrated in previous
reports [36]. This could suggest that adding only low amounts of ZrO, is
not enough to restrict the matrix grain growth during sintering, despite
achieving a dense structure [62].

The mechanical performance of Al,O3 and the AlyO3-4wt%ZrOy
hybrid nanocomposites were dependent on the grain structure and the
reinforcement particles. The trade-off in mechanical properties such as
hardness against toughness, which were otherwise realized with high
concentration of ZrO, (>10wt%) within Al,O3-ZrO, and ZTA ceramic
structures were minimized with the inclusions of low content ZrO,
particles (4wt%), and optimized amount of carbon nanostructures (2wt
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%CNTs and 0.5wt%GN) [5,32]. In addition, there was a simultaneous
rise in the toughness and flexural strength properties, which can be
ascribed to the relative grain refinement, combined interaction and
mechanisms of the reinforcement phases within the Al;03 matrix. Crack
bridging and deflection of CNTs and GN were observed as the primary
toughening and strengthening mechanisms as a result of the hybrid
interaction between ZrO, and CNTs, as illustrated in Figs. 6 and 11a. The
deviation of crack paths and crack inhibition by ZrO, and carbon
nanostructures during bending and indentation is accompanied with
high amount of energy which translates into their load-bearing and
strength capabilities. This therefore corroborate the estimated energy
release rate (Gyc) values which demonstrated high value (122 J /m?) for
the AZ4CN nanocomposite due to the large network of CNTs on the
matrix boundaries and within the grains. Also, CNT gluing to the matrix
grains, as seen in Fig. 6e—f signifies a stronger CNTs-matrix bonding and
interactions, which essentially contributes to the improved mechanical
properties [2,46]. For the AZ4G sample, the embedment and wrapping of
the GN particles accord the increase in the strength and toughness
properties (Fig. 6h—i). Fig. 11a also highlights the coordination of the
ZrOy and GN structure at matrix boundary in the presence of propa-
gating cracks, which further depicts toughening capabilities in addition
to the grain refinement effect by the hybrid additions. The refinement of

the ZrO, grains by the carbon nanostructures in the AZ4CN and AZ4G
samples also contributed to their overall mechanical performance
including hardness and strength. However, it is perceived that the finer
ZrO, grains tend to restrict the t-m ZrO, phase transformation in the
presence of applied stress [63,64]. Therefore, the ZrO, phase trans-
formation toughening in the AZ4CN and AZ4G samples could be limited
to the relatively larger ZrO, grains [65] and the active mechanisms by
the carbon inclusions.

The grain structure and mechanical properties also influenced the
tribological performance of the hot-pressed nanocomposites during
interaction with the hard SisN4 counter-surface. The relatively lower
wear volume and wear rate of the AZ4CN and AZ4G hybrid nano-
composites (up to 0.81 x 10~° mm/N.m) can be ascribed to the finer
grains, dispersion and presence of CNTs and GN within matrix grains
and grain boundaries, as well as the specific mechanical attributes of the
carbon nanostructures which consequently improved the wear perfor-
mance of the nanocomposites [26,33,60]. The higher rate of wear with
large removal of grain materials of the parent Al,O3 and the AZ4 samples
are due to the plastic deformation during the continuous sliding against
the harder counter-body. This induces stresses and causes cracks to
propagate on the top surface, that promotes chipping, delamination and
pull-out of the matrix grains [66,67]. Fig. 11b illustrates the contact
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surface interaction of the counter-body with nanocomposite, as well as
the crack propagations and wear mechanisms within the wear track.
With the hybrid addition of ZrO, and the carbon nanostructures, the
crack paths are impeded during the oscillatory movements of the
counter-body, and thereby limits the rate of grain pull-outs to cause the
large wear grooves and volume loss. Fig. 10a—c also demonstrates the
crack bridging, deflection and arrest capabilities of the fine and ductile
ZrO, particles within the wear track of the AZ4CN nanocomposite,
which hinders the progress of surrounding cracks along the matrix
grains during the sliding wear. This resistant mechanism was identified
as a unique behaviour of the ZrO, particles amidst the moving cracks
during the dry sliding tests. The bridging of the crack paths is also seen
within the worn surface of the AZ4G sample, which is a predominant
wear resistant activity when lower GN content (< 0.5 wt%) is added to
ceramic composite structures [33]. Therefore, the addition of optimum
amount of carbon nanostructures can drastically enhance the wear
resistance of AlpO3-4wt%ZrO, systems via these combined wear resis-
tant mechanisms.

5. Conclusion

In this work, ceramic Al,03 and Aly03/ZrO2 nanocomposite systems
reinforced with low content ZrO,(4wt%) and optimum amounts of CNTs
(2wt%) and GN (0.5wt%) were mixed using colloidal process and hot-
pressed to form hybrid nanocomposite structures designated as: AloOs-
4wt%ZrOs, Al303-4wWt%ZrO2-2wt%CNTs and Al,03-4wt%ZrO2-0.5wt%
GN. The correlation between the grain structure, mechanical and
tribological properties of the processed nanocomposites under similar
experimental conditions were thoroughly investigated. The following
conclusions were drawn from this study:

1. The addition of CNTs and GN as a third phase to Al,O3-4wt%ZrO,
showed a good dispersion of the reinforcement structures within the
Al,03 matrix after sintering and consolidation.
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2. Though the addition of only 4wt%ZrO, yielded comparable grain
sizes to the Al;03 matrix, there was however a significant refinement
of the matrix grains with the hybrid inclusions of ZrO,/CNTs and
ZrOy/GN within the matrix, with up to 78% and 38% grain size
reduction observed for the Al;03-4wt%ZrO,-2wt%CNTs and Al,O3-
4wt%ZrO2-0.5wt%GN hybrid nanocomposites respectively. The
ZrO, grains were also refined up to 69% and 27% with the respective
additions of ZrO/CNTs and ZrO,/GN hybrid reinforcements to the
Al;03/ZrO, nanocomposite structures.

3. Hybrid additions of ZrOy/CNTs and ZrOy/GN also increased the
fracture toughness and flexural strength of the parent Al,O3 from
~3MPa.m'/? and ~260MPa up to ~7 MPa.m'/? and ~374 MPa
respectively. This was due to the finer grain structure, and the
combined presence and interaction of the reinforcement nano-
structures precipitating within the matrix grains and grain bound-
aries, simultaneous toughening and strengthening mechanisms
including crack bridging and deflection by GN and CNTs, GN grain
wrapping, CNT pull-outs and grain gluing which illustrated good
CNT-matrix bonding.

4. The wear resistance also improved from 9.71 x 10~> mm®/N.m up to
0.81 x 107> mm®/N.m with the additions of ZrO,/GN and ZrO,/
CNTs, which was accustomed to the enhanced mechanical properties
and the wear resistant mechanisms such as crack arrest, bridging and
deflection by the reinforcement phases.
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