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Summary

Graphene/ceramic composites have settled as a promising vehicle for exploiting
graphene’s outstanding combination of mechanical, electrical and thermal proper-
ties. However, graphene is still not fully established in the industry after many years
of thorough research, owing to its processing cost and scalability. Recent works have
integrated innovative processing techniques (such as freeze-casting and nanoparticle
deposition) to produce highly-structured ceramic-based composites inspired from hi-
erarchical natural materials (e.g. nacre) to achieve mechanical performance beyond

current synthetic materials.

This thesis explored a novel processing strategy for graphene/ceramic composites,
using water-based graphene oxide (GO) suspensions and alumina powder as precur-

3 were obtained by

sors. Reduced graphene oxide (rGO) aerogels of 1.5 — 4 mg cm”
freeze-casting water-based GO slurries after optimisation of GO concentration, ad-
ditives content and freezing rate and later carbonisation at 900°C. After thermal an-
nealing, the directional alignment of the aerogels was preserved with channel widths
of 15 — 30 pm, verifying the significant elimination of oxidised groups in the GO
sheets through chemical and structural characterisation and moderately restoring

1 Using this water-based processing ap-

the electrical conductivity up to 20 S m~
proach, rGO aerogels were successfully decorated with alumina nanoparticles below
20 nm after exploring a scarcely researched gel synthesis route based on aluminium

lactate.

An amphiphilic triblock copolymer (PF127) was included in the water-based alu-
mina suspensions to enable the infiltration into rGO structures, otherwise prevented
by their hydrophobicity. PF127/Al,03 wt./wt. ratios were adjusted from extensive
wettability and infiltration tests. After consolidation via Spark Plasma Sintering
(SPS), the structure of embedded rGO scaffolds was preserved within the sintered
alumina matrix, exhibiting channel widths of 5 — 15 pm. This work aimed to set
the basis for a cost-effective environmentally-friendly approach to produce ordered
graphene/ceramic composites through a scaffold and infiltration process, with high

potential for obtaining stronger and tougher materials with electrical functionalities.
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(zeneral introduction

In the context of materials science and engineering, advanced ceramics comprise a
wide range of high-performing materials essential for aerospace applications, turbine
blades, cutting tools and medical prostheses as notable examples. Advanced ceramics
are carefully engineered and exploited due to their high hardness and capability to
work in demanding environments under high-temperature and oxidative conditions.
However, ceramic materials also exhibit some critical weaknesses like thermal fatigue

and their lack of toughness and the ability to withstand impacts without failure.

Achieving ceramics that are both strong and tough is a widely researched topic
in materials science, as these two properties are generally mutually exclusive. One
approach to pursue this goal consists of integrating secondary constituents in the
ceramics formulation (e.g. polymers, metals or other ceramics) delivering ceramic-
based composites with more balanced properties and extended durability. One of
the most promising materials for this purpose is graphene, owing to its remarkable
combination of mechanical, electrical and thermal properties, especially in the form
of graphene nano-platelets (GNP) or reduced graphene oxide (rGO) for scalable and

cost-effective processing.

The production of ceramic-based composites with extensive hierarchy has also
emerged as a pathway to obtain strong and tough materials with superior properties
compared to those produced through random mixing of their constituents. Inspired
from biomaterials like nacre, bone or muscle, highly-structured composites can pre-
vent the quick expansion of internal cracks leading to quick failure, while maintaining

high strength and hardness.

Joining these two approaches outlined: the implementation of a powerful sec-
ondary constituent such as graphene, and a carefully tailored structure by apply-
ing non-conventional ceramic processing routes, consolidates an attractive strat-
egy to produce materials with enhanced performance and added functionalities.
This work aims to provide knowledge towards the development of highly-structured
graphene/ceramic composites, maintaining a non-toxic water-based approach that
may comply with the challenges in structural design and assembly in current and

near-future engineering.



Chapter 1

Literature Review

1.1 Advanced structural ceramics

Ceramics are defined as inorganic and non-metallic materials of polycrystalline na-
ture. [37]. Among the broad range of ceramics utilised throughout history (pottery,
refractories, glasses, cement), the so-called advanced ceramics started to be manu-
factured in the early 1900s. These ceramics are carefully engineered in structure and
composition, maximising their structural, electrical and environmental properties
[38].

Several advanced ceramic materials (e.g., silicon carbide (SiC), boron nitride
(B4N), alumina (AlyO3) or yttria-stabilised zirconia (YSZ), to name a few) have be-
come industry standards owing to their high melting points (above 2000 °C), chemical
stability and resistance to oxidation, high strength, high wear resistance and non-
toxicity [38),[39]. As for this remarkable set of properties, ceramic materials can be
found in a plethora of high-performance applications such as turbine blades, bear-
ings, inert medical prostheses, high-temperature furnaces or thermal and electrical

insulators [3§].

However, advanced ceramics also present major flaws limiting their use in chal-
lenging conditions. In general, advanced ceramics do not withstand thermal shock
adequately and are prone to failure due to thermal fatigue [39]. As a result of their
high strength, they also appear brittle in nature, exhibiting none or minimal plastic

deformation, which leads to sudden failure upon the formation of internal cracks.

1.1.1 Ceramic-based composites

It is common to transform pure ceramic materials into composites (a material con-
sisting of two or more constituents with distinct physical and chemical properties)

by integrating a second material in their formulation to improve their most criti-



cal weaknesses like thermal shock resistance and low fracture toughness. Combining
these constituents can produce a new bulk material of better-balanced characteristics

outperforming each separate component.

In ceramic-based composites, secondary materials generally consist of a softer
phase (such as a polymer or a metal) that can reduce the brittle behaviour of the
ceramic by providing some degree of plasticity at the cost of lowering the strength
and hardness of the material. Ceramics can also be integrated with other ceramics
(in the form of ceramic-matrix composites) by selecting different source materials or
morphologies (e.g. unidirectional fibres) that can moderately improve the mechan-
ical performance maintaining resistance to oxidation and ultra-high temperatures.
Examples of these are ultra-high-temperature ceramics (UHTC) based on nitrides,
borides or carbides (e.g. TiC, ZrN or TiN) with their derived composites which can
offer chemical stability above 2000 °C [40].

A simple relationship known as the rule of mixtures is conventionally followed
to provide an approximate value of the properties from two distinct constituents in
composite materials, which can be applied to density, Young’s modulus, or electrical
and thermal conductivities [II]. This rule estimates the overall value of a composite
property (X.) by employing the volume fractions from both constituents (V; and
Vo = (1 — V7)) across one direction and their respective values X; and Xy, which is

generally expressed as:

Xe=VX1+(1-V)Xo (1.1)

This example is a lineal model simplification assuming parallel /in-series stacking
of each material. Other expressions such as the inverse rule of mixtures can pro-
vide better predictions on different scenarios depending on the materials stacking.
Integrating complex structuring of the constituents in the composite can increase
properties beyond the values predicted by the rule of mixtures, as explored in later

sections of this review.

1.1.2 Traditional processing of ceramics

The processing of ceramic-based materials is inherently challenging due to their lack
of ductility and malleability combined with their high melting points (commonly
above 2500 °C) compared to metals. Instead of a process of classical melting and
solidification route applied on the latter, ceramics are traditionally produced via
powder processing, which requires diffusional mass transport to achieve consolidation
[41]. This process is divided into several steps (Figure comprising the preparation
of the ceramic powder, shaping and compaction (achieving the intended shape of the

component, referred to as green body), firing/sintering, and a final machining or



polishing step.
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Figure 1.1: Stages of traditional ceramic processing. Adapted from Moreno (2012)

[1].

The degree of humidity applied during the shaping stage can vary greatly, re-
sulting in various conditions from complete dry processing (powder/pellet pressing)
to slip forming. According to Moreno (2012), these can be divided into three main

categories divided by humidity level [I]:

e Dry pressing methods with humidity typically below 7 vol.%

e Plastic forming in the humidity range of 15 — 50 vol.% depending on the tech-

nique from extrusion to injection moulding

e Colloidal shaping processing with humidity levels over 50 vol.%

Above 50 vol.% moisture, ceramics are primarily in suspension (or slurry) form.
Solid particles in suspension are affected by various phenomena such as gravity, the
particles’ own Brownian motion and the attractive vs repulsive interactions between
different particles, all of which play a role in controlling agglomeration and the sys-

tem’s stability [42]. Additives are commonly included in the suspension formulation



to improve its stability by enhancing the attractive forces between particles (by addi-
tion of binders and flocculants) or the repulsive forces (dispersants and deflocculants)

to reduce agglomeration.

1.1.2.1 Sol-gel synthesis route

Among wet processing routes, sol-gel stands out as an alternative non-conventional
technique for producing high-purity advanced ceramics such as alumina, silica or
titania. The sol-gel process is highly flexible and can be applied to produce a variety
of microstructure and shape forms, including porous foams, nanoparticles, fibres and
coatings through an aqueous or non-aqueous approach [2, 43|. Typical sol-gel routes
require the preliminary consolidation of a solution, consisting of a dispersion of col-
loids (solid particles with typical diameters below 1 pm) suspended in a liquid. The
colloidal dispersion can be rendered stable by electrostatic and steric interactions,
achieved through pH tuning or physical blocking of neighbouring particles, respec-
tively [44]. The solution is then destabilised into a gel, a 3D network of material
interconnected via polymeric chains of length greater than a micrometre [38, [45].
The produced gel can be greatly adjusted by shifting the precursor concentration,

the pH and temperature of the suspension or the gelation time.

The complete transformation of a solution into a gel can be summarised in the
following steps: hydrolysis, condensation/polymerisation, drying and thermal treat-

ment as represented in Figure [[.2}

Aerogel
Supercritical
drying
- :__—:— Hydrolysis
D B P roces: npoc
—_—— - process compound
_—_:_— — | Condensation
Prelctgsor . Ge::_ Evaporative
solution ormation i
drying Xerogel

Figure 1.2: General steps in a sol-gel processing method. Adapted from Rao et al.
(2017) [2].

The colloidal solution is destabilised during the first stage to initiate the reaction.
This can be achieved by several means, either by including a catalyst in the mixture
or by tuning the pH of the solution. Assuming a metal alkoxide precursor in the

form of M — (OR) in water, the following hydrolysis reaction takes place:

M — (OR) + HyO — M — (OH) + R — (OH) (1.2)



Upon the formation of R — (OH) units, the phenomenon of polycondensation
quickly ensues by crosslinking of the species present in the sol M — (OR) and M —

(OH) by two concurrent processes:

M—-(OR)+ M- (OH) — M —-O—-M+ R - (OH) 13

M — (OH)+ M — (OH) — M — O — M + Hy0 (13)

Hydrolysis and condensation reactions occur simultaneously at multiple sites in
the solution during mixing [45]. The progressive linking of the colloids eventually
results in a change of viscosity in the whole mixture, producing a three-dimensional
network that shows characteristics more typical of a gel than a liquid. Natural ageing
of the gel through several hours/days can extend polycondensation even further,

which can be similarly achieved at shorter times by applying moderate temperatures
above 50 °C [46].

Once the gel is fully developed, and the active species in the mixture have been
exhausted, a drying stage is applied to remove the solvent and develop the former
wet gel into a xerogel, only composed of the crosslinked polymeric chains. The
rate and nature of the drying step can induce substantial changes in the resulting
network, for which controlling the thermodynamics of this stage is critical. Heat-
treatment is the final stage that ensures the conversion of the polymeric gel into an
inorganic compound with the desired crystallography providing densification. This
consolidation process is also necessary to remove the amounts of adsorbed water and
residual chemical groups trapped in the produced gel that can persist up to 500 °C
[47].

1.1.2.2 Sintering

Following the ceramics processing depicted in Figure[I.1] ceramic green bodies require
a sintering stage: the transformation of powder compacts into solid pieces via firing
[41]. Sintering is generally performed at temperatures above half the material’s
melting point, leading to a substantial reduction of porosity and an increase in density
(approximately from 2 - 6 g cm™ depending on the family of advanced ceramics).
Sintering can also be accomplished with or without forming a liquid phase, either
directly from one of the components or as the by-product of a sintering reaction

between the precursor powders (also known as reaction sintering).

In the absence of a liquid phase, the process is called solid-state sintering, which
follows a three-step process comprising neck formation, neck growth, and a final
stage of grain coarsening and achievement of nearly theoretical density (Figure [1.3])
|4].
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sintering. From Kang (2005) [3].

The formation of a neck between two solid particles is initially controlled by
surface atomic diffusion, forming a bridge of material enlarged via mass transport.
Increasing the temperature results in the activation of other mechanisms, such as
lattice and grain boundary diffusion, which continue neck growth while reducing the
interconnection of pores in the material. Different parameters such as the source pow-
der size and shape distribution, temperature, time, pressure or atmosphere during
sintering all affect the kinetics of the process, which is driven to favour the reduction
of the total surface energy of the system. This reduction can be expressed by the

following thermodynamic equation [4]:

A(vA) = AAy +vAA (1.4)

Where ~ refers to the specific surface energy at the particles interface and A to
the total surface area of the solid particles. The change in specific surface energy
A~ is due to densification, which in solid-state sintering relates to the evolution
of solid/vapour interfaces in favour of solid/solid interfaces. The reduction in the
surface area component AA is produced by aggregation of particles resulting in
grain coarsening (Figure . After most pores have been removed during the final
sintering stage, grain coarsening is also activated from a similar principle of interfacial
area reduction, decreasing the system’s overall energy. At this stage, grain coarsening
and final densification are competing processes. Optimising the sintering parameters
(most notably, time and temperature) is required to limit excessive grain growth,

generally detrimental to the material’s mechanical strength and performance.
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The degree of densification obtained during sintering is generally enhanced by
applying pressure (either unidirectionally or isostatically), limiting grain growth and
modifying the obtained texturing. Novel sintering techniques developed during the
20th century also integrated the application of an electric field to enhance the consol-
idation process. The most common sintering techniques typically used for advanced

ceramics consolidation can be divided into the following;:

e Pressureless sintering: Most conventional sintering procedure where densi-

fication is only achieved through heating without any pressuring involved [48].

e Hot Pressing: Enhanced sintering achieved by the combination of tempera-
ture and unidirectional pressing, with generally low heating rates (below 100

°C min!).

e Hot Isostatic Pressing (HIP): Upgrade from standard hot pressing in which
the pressure is applied evenly from every direction using a controlled gas at-

mosphere obtaining higher shape control.

e Microwave sintering: Non-conventional technique in which the tempera-
ture increase is achieved by transforming microwave electromagnetic fields into

thermal energy [49].



e Spark Plasma Sintering (SPS): Non-conventional sintering technique that
combines the application of direct electrical current and uniaxial pressure to
enhance the sintering process. It is also referred to as Pulsed Electric Cur-
rent Sintering (PECS) or Field Assisted Sintering Technology (FAST) in the
literature [6].

e Flash sintering: Field-assisted non-conventional technique developed in re-
cent years allowing very rapid densification with heating rates approaching

1

thousands °C min™. Sintering is driven by a power surge (referred to as the

‘flash event’) occurring after a sudden drop of the electrical resistivity in the

sample [5] 50].

Although both SPS and Flash sintering are similar current-assisted techniques,
some notable differences exist among them. While in SPS; an electrically conductive
graphite mould carries most of the current applied, that mould is absent in Flash
sintering with the current forced to flow through the ceramic powders. The latter’s
‘flash event’ also results in a substantial drop of around 1000 °C in the required

sintering temperature. It is characterised by bright light emission absent in the SPS

process (Figure .
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Figure 1.5: ’Flash event’ characteristic of Flash sintering accompanying a sudden
increase in electrical power. From Biesuz et al. (2019) [5].

Among these techniques, SPS has rapidly advanced as a standard for sintering
high-performing ceramic materials, producing both electrically conductive and non-
conductive elements on-demand. Its ease of operation, high reliability and reduced
sintering time (below 30 minutes) permit achieving fully dense materials while lim-
iting undesired changes to their microstructure [6, [5I]. The technology behind the
technique was first conceptualised in the 1960s [52]. However, it gained traction

from the start of the 21st century because of its significant advantages compared to



traditional sintering processes in the industry such as hot pressing or HIP (Figure

).
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Figure 1.6: Schematic of an SPS equipment. Adapted from Guillon et al. (2014)

[6].

The direct current applied by SPS flows through the conductive graphitic dies
and conductive samples in the chamber, generating heat by the Joule effect (i.e.
the transformation of electric energy into heat upon flowing through a resistor) [51]

according to the formula:

Q=I’Rt (1.5)

Where @ is the heat produced, I is the intensity of the applied electric current,

R is the resistance value, and t is the time.

Solid particles then experience a massive local rise in temperatures at contact
points with other neighbouring particles, leading to fast necking and diffusion that
reduces intergranular gaps while limiting grain growth [53]. This permits the appli-
cation of ultrahigh heating rates (up to 600 °C min™') and reduces sintering temper-

atures a few hundred degrees compared to conventional processes [3§].

Prospects of SPS usage have integrated new concepts of pressure-less sintering
for mechanically weak materials [54], near-net-shape components, and massive scale-
up industrialisation [53]. As modern materials increase in complexity, Finite Ele-
ment Method calculations are required to account for actual in-situ behaviour with

die/punch geometry modifications that optimise compaction and prevent structural
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damage [0, 55]. All these advances reinforce the use of SPS as a promising tool for
efficient sintering of ceramic-based materials and pave the way for achieving multi-

materials with optimised microstructure and hierarchy.

1.2 Bioinspiration to design structural ceramic compos-

ites

The concept of bioinspiration refers to an intersection between biology and engi-
neering, from which structural and functional solutions found in natural materials
are taken as inspiration for improving current artificial materials. Biomaterials ex-
hibit intricate and unique features, leading to an outstanding balance of properties,
durability, or self-repair compared to their constituents [56]. Understanding the ba-
sic principles present in those natural composites can develop innovative concepts

exceeding current advanced materials.

It is essential to clarify that these biomaterials would not perform better than
artificial alternatives in equally challenging environments, as biomaterials’ proper-
ties have been far exceeded by current metals, ceramics and composites employed
throughout the industry. To avoid confusion, some recent authors distinguish be-
tween biomimesis and bioinspiration. While the former would aim to fully replicate
materials found in nature through a synthetic approach, the latter only searches to
learn the strategies employed by these materials, extrapolating them to novel designs

of high-performing artificial materials [57, [58].

Although it is impossible to mimic nature in every aspect, a bioinspired approach
can be valuable to provide innovative ideas and develop enhanced systems for syn-
thetic materials and specifications [56]. One notable example is the lotus leaf (Figure
1.7h), which exhibits a signature superhydrophobic (or water-repelling) behaviour
that enables a self-cleaning mechanism with the repelled water droplets, removing
dirt particles from the leaf surface. This property results from the hierarchical as-
sembly of micro-sized roughness in the leaf combined with nanometric crystalloids
[7, 59]. Another remarkable example comprises the highly adhesive properties of
gecko feet (Figure ) due to their toe pad structural features with hundreds of
thousands of keratinous hairs or setae. This setae arrangement permits geckos to
climb vertically through wet and rough walls, becoming the largest animal able to

overcome its body weight by sheer adhesion [60].
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Figure 1.7: Collection of remarkable biomaterials examples. a) Lotus leaves includ-
ing SEM images of the upper and lower leaf side, adapted from Ensikat et al. (2011)
[7], b) Setae arrangement characteristic of Gecko feet from Meyers et al. (2008),
¢) Euplectella sponge. Adapted from Aizenberg et al. (2005) [8] and Meyers et al.

(2008) [9).

In terms of mechanical properties, glass sponges like the Euplectella (Figure )
have been widely referenced as a prime example of nature’s ability to improve in-
herently poor building materials like biosilica |8, [61]. Employing a tailored 7-level
hierarchy, Euplectella sponges maintain mechanical stability and flexibility with-
standing the bending forces from ocean currents that would otherwise result in fatal
failure of its brittle constituents. Achieving flexibility and crack resistance in hard
and strong materials is a general challenge to materials science, for the conflicting
nature between strength and fracture toughness [62]. Biocomposites approach this

challenge by applying complementary toughening mechanisms.

1.2.1 Fracture toughness mechanisms

The property of fracture toughness plays an essential role in the quest to find better-
performing materials for cutting-edge engineering applications. Fracture toughness
describes the ability of a material to resist fracture, measured in the amount of energy
needed to cause total failure in the presence of a crack. Contrary to strength, which
is measured in terms of applied stress to the material, fracture toughness can be
evaluated through different methods. Typically, the toughness of brittle materials is
compared through the Kjc parameter, indicating the material’s resistance to crack
initiation under linear-elastic conditions, simplifying the fracture conditions with

independence of the crack extension length [63].
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High-strength materials exhibit limited fracture toughness, as these two prop-
erties are mutually exclusive in most cases [62], limiting their use in high demand
applications. The inhibition of crack growth inside a material depends on applying
both intrinsic and extrinsic mechanisms shown in Figure While intrinsic mecha-
nisms are related to plasticity and the modification of the material’s properties ahead
of forming cracks, extrinsic mechanisms act behind the crack tips and only affect the

growth of the crack itself, while being generally dependent on its length [10, 15 [62].

Extrinsic Toughening Intrinsic Toughening

rain
br?dging

cleavage
fracture

microvoid
coalescence

plastic
zone

behind crack tip ahead of crack tip

Figure 1.8: Extrinsic and intrinsic toughening mechanisms acting behind and ahead
of the crack tip, respectively. From Ritchie (1999) [10)].

Intrinsic mechanisms are usually found in metals and other ductile materials that
can increase their strength by including dislocations or changes in their microstruc-
ture, also enabling their mechanical conformation. On the other hand, ceramics (and
overall brittle materials) need to take advantage of extrinsic mechanisms to arrest
crack growth that can otherwise propagate easily and result in quick fatal failure.

Some examples of extrinsic mechanisms are listed as follows [11], 15, [64} [65]:

e Fibre/grain bridging: Ligament bridges arising from the structural features
in the material that remain unbroken behind the crack tip and inhibit its

growth.

e Crack deflection: Structural features such as weak interfaces/constituents
that deflect and control the established crack path, requiring higher forces to

extend the crack.

e Pull-out: Tearing of structural bridges (fibre, grain, etc.) from the opposite
side of the crack interface, resulting in higher friction and energy required to

continue the crack growth.

e Void growth: Formation of pores in the material structure that act as local

crack arresters and relieve stress before re-opening of the crack tip.
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e Delamination: Sliding of platelet-like structures that contributes to energy

dissipation.

Such mechanisms can help release the accumulated stress around the crack tip,
increasing the energy required to extend the crack and raising the overall fracture
toughness of the material. Classical measurements like the Ko parameter are not
sufficient to evaluate the overall fracture toughness of materials activating extrinsic
mechanisms dependent on the crack extension. More advanced non-linear testing
methods are required (like the calculation of the J integral) applying a more accurate
representation of the material’s resistance to fracture that considers the contributions

of inelastic deformation to arrest crack propagation [12} [63], 66].

1.2.2 Strength vs toughness in natural composites

Nature’s ability to produce materials with highly-ordered structures integrating in-
trinsic and extrinsic mechanisms appears to overcome the mutually exclusive balance
between strength and toughness [64]. By combining these toughening mechanisms,
biocomposites experience an increase in the resistance to crack extension by em-
ploying a carefully engineered structure that prevents the spread of cracks generated
during fracture. It has become one of the most promising pathways towards achiev-
ing both stronger and tougher advanced materials that have been conventionally
obtained through random mixing approaches or without control of the material’s

internal structure.

There are numerous examples of biocomposites containing a mixture of soft and
brittle constituents with extended hierarchy across many length scales, from the
nano- to the macro-level (e.g., sea sponges, mollusc shells, bamboo, human bones, or
muscles [8, O, 1], [62] [67]). Many of the strategies employed by these materials can
serve as bioinspiration and be extrapolated to artificial advanced composites sharing

similar structural designs [56]:

e Wood and insect cuticles as fibre-reinforced organic matrix composites
e Bone and antler as fibre-reinforced ceramers

e Mollusc shells as lamellar /prismatic ceramic matrix composites

As shown in Figure by Wegst (2015), the specific strength of some natural
materials compared to their specific stiffness (normalised by density) competes with
common engineering materials, even exceeding them at the low stiffness region. By
integrating a range of hierarchical levels, the toughness of natural composites like
bone and nacre has proven enhanced beyond the combination of their constituents
(Figure[L.9p), overcoming the values predicted by the rule of mixtures [11}68]. In the
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case of the alumina/PMMA composite in the example, the application of extrinsic

mechanisms permitted increasing the fracture toughness from 5 to 30 MPa m!/2.
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Figure 1.9: a) Ashby plot of specific strength and stiffness of natural and synthetic
materials. b) Exceptional toughness of natural composites (and nacre-inspired alu-
mina/PMMA pairing) applying extensive extrinsic mechanisms. From Wegst (2015)

1.

One of the most referenced examples for enhanced strength/toughness balances
in nature is nacre, also known as mother of pearl. Nacre has become the archetype for
hierarchical ceramic-based composites, aiming to replicate the material’s brick-and-
mortar structure that maximises strength and toughness [69]. This brick-and-mortar
structure is composed of 95 vol%. layered aragonite (CaCO3) in the form of 200 — 900

nm nanoplatelets and a 5 vol.% of interlaminar organic material mostly consisting

of proteins and polysaccharides [12], 66}, [70, [71].

While the hard inorganic aragonite provides the strength of nacre, the organic
phase glues the nanoplatelets together, permitting the energy dissipation and the
redistribution of stress around strain-concentration sites. The combination of ex-
trinsic mechanisms (such as inelastic shearing bore by nanoasperities at the arago-
nite/organic interface or the breaking of aragonite micro-bridges) leads to fracture

toughness in nacre about one order of magnitude higher than what was expected

from its constituents (Figure [1.10) [12, [72].

% = ‘%%

Figure 1.10: Nacre failure mechanisms. Adapted from Barthelat (2007) [12].

The measured fracture toughness (either by the traditional Ko value or through
the calculation of the J integral) can be presented as a function of the crack extension
Aa. Larger cracks can increase the perceived value of toughness due to the extrinsic

mechanisms activating behind the crack tip (crack deflection, pull-out, etc.). This
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results in a signature rising curve known as an R-curve, verified for nacre and similar
biomaterials (Figure[1.11)), highlighting the potential benefits of integrating extrinsic

toughening mechanisms in synthetic materials [63] [66].
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Figure 1.11: Example of J-R-curve in nacre. From Barthelat (2007) [12].

1.3 Novel approaches for bioinspired advanced ceramics

Innovative processing methods have been explored to translate bioinspired structures
(such as nacre’s) into the advanced ceramics field and overcome the main challenge of
intensive self-assembly needed to build complex hierarchies. Several examples take
advantage of wet chemistry processing and non-conventional sintering techniques
[73], mimicking nacre’s intricate structure with one soft, binding phase and a second

more brittle material that provides the strength [15].

1.3.1 Hierarchical processing via freeze-casting

Freeze-casting (also known as ice-templating) is a versatile and straightforward tech-
nique to produce oriented, highly-porous materials by applying a controlled unidi-
rectional solidification front [I3| [74]. This processing method has its origins in the
late 20th century as a near-net-shape forming technique for producing components
with the dimensions of casting moulds of higher complexity [75] [76], later finding
an additional market in the food-processing industry. Freeze-casting has resurfaced
in the early 21st century [77-81] due to its potential in advanced materials process-
ing for novel applications (e.g., bone substitutes, drug delivery, acoustic insulations,
or piezoelectric materials [82]) applying extended particle assembly with long-range

structural ordering.

In a standard freeze-casting process, a suspension containing solid particles of
a target material is cast on a mould and frozen along one direction by controlling
the temperature gradient. As the solvent starts solidifying, solid particles in the
suspension get trapped in the gaps between the forming crystals. This freezing

front progresses through the suspension until the whole sample is solidified, creating
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an interconnected network of solid material embedded in the frozen solvent. After
freezing is complete, the solvent is sublimated by a combination of low pressure and
temperature without compromising the formed structure |13} [14), [74] [77), 83] [84].

After removal of the solvent, a final consolidation stage of the material green body
is generally required to provide the aerogel with mechanical stability, which can be
accomplished via infiltration with a second phase or by thermal annealing (sintering
in the case of ceramics or carbonisation in the case of carbon-based structures). A

schematic of the complete process, including this final post-treatment, is depicted in

Figure [I.12}

Suspension Freezing Sublimation Post-treatment

Figure 1.12: Diagram of freeze-casting stages. Adapted from Dewville (2013) and
Shao et al. (2020) [13, [17).

Some benefits of freeze-casting reside in its great versatility and simplicity, ease
of implementation and compatibility with organic solutions [85]. Although the scal-
ability of the technique can be compromised (as bigger structures may collapse upon
sublimation of the solvent [68, 82]), freeze-casting is highly compatible with differ-
ent materials and solvents, being water and camphene the most common selections
[85] [86]. Water is a desirable solvent based on its low cost, great availability and
environmentally friendly characteristics [II, 87]. Tuning the process parameters such
as the solid volume content, freezing rates and the additives in suspension can sig-
nificantly impact the structuring of the cast material [88]. The morphology of the
solid particles and their size distribution can affect the homogeneity and surface

smoothness of the produced structure [89].

An excessively fast freezing rate may impede the diffusion of particles out of
the growing solvent crystals and lead to their entrapment. In contrast, slow cooling
leads to broader lamellar structures with higher spacing [83]. Suspended particles in
the solvent are subjected to opposite repulsive (F;) and attractive (F,) forces upon
the solidification front, because of the balance between inter-particle van der Waals
interaction and the viscous drag from the solvent. Many factors such as the solids
particle size, solvent thickness layer at the solid/liquid interface, or the dynamic
viscosity of the liquid can affect the balance of repulsive and attractive forces during
casting. From this balance, a critical freezing front velocity is defined (v,,), above
which the solid particles would not be allocated by the solidification front, getting
trapped within the growing crystals of the solvent instead (Figure [14, 184, [86].
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Figure 1.13: Different examples of freezing front progression compared to the critical
velocity ver. Adapted from Shao et al. (2020) [17)].

Including certain additives such as NaCl, sucrose or glycerol in the suspension
formulation can result in extended hierarchy levels in the freeze-cast structure. These
additives in suspension can increase the surface roughness of the formed crystals [83]
or work as freezing inhibitors, affecting growth kinetics and the mesostructure of the
rising ice [90]. Additionally, long-range ordering can be obtained by patterning the
surface of the cold metal fingers providing the freezing front, which can help improve

the material’s mechanical properties [74} 90].

Alumina has been a reference material in the freeze-casting of advanced ceramic
aerogels, with extensive works exploring the influence of solid loadings in suspension
from (20 — 60 vol.%), various solvents and particle sizes [77, 83] [88, 00-94]. Recent
notable examples in the advanced ceramics field also include the works from Zeng et
al. (2015) [95], creating a boron nitride scaffold via freeze-casting with anisotropic
superelasticity, Knoller et al. (2017) [96] validating the conformation of vanadium
oxide structures by assembling as-synthesised nanofibers in water, and Si et al. (2018)
[97], consolidating super-elastic lamellar structures made of SiOy nanofibers. Many
materials have been readily verified as compatible with freeze-casting processing, with
most works in the previous two decades already collected in many reviews, especially
Scotti et al. (2018) [87] and its associated open data repository FreezeCasting.net.

For such reason, this review will not extend on this topic.

The possibilities of freeze-casting can also be expanded to the field of ceramic-
based composites. Interconnected lamellar structures produced by freeze-casting of
advanced ceramics can act as the hard phase, infiltrated with a polymeric second
phase to accommodate the loading stress, analogous to the respective aragonite and
organic phases in the brick-and-mortar structure of nacre [14] [66, [7T], 98] ©99]. This
processing route can be expanded beyond the integration with polymers (by direct
analogy with nacre), integrating the ceramic aerogels with metals [100] or even other

ceramics [I5] 86] while maintaining the same processing approach.

Innovative changes to the standard freeze-casting procedure have been imple-
mented during the last decade, aiming to expand the possibilities of the technique
and increase the ordering range of produced materials. Two independent cold sources

can be applied to reduce external temperature fluctuations and provide tempera-
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ture gradients of higher accuracy [92) [10I]. The introduction of external electric or
magnetic fields can also increase the ordering levels obtained in the structure [102].
Electrostatic fields (10 kV m™) perpendicular to the freezing direction [103] have
been applied to control the direction and consistency of aligned ceramics, obtaining
lamellar structures with a tunable degree of inclination. Additionally, external mag-
netic fields can align magnetic-responsive nanoparticles (e.g. FesO4) in the solvent,
creating multiple directions of long-range ordering by combining the directional ice-
growing preference with the magnetic field orientation [104],[105]. Concentric rotation
of the magnets controlling the secondary alignment level can modify the magnetic
flux direction and tailor the microstructure of the cast material beyond the physical

restrictions of the mould wall barriers.

1.3.2 Extended hierarchy through nanoparticle deposition

Recent works have integrated ceramic nanoparticle (NP) decoration of the compos-
ite building blocks, aiming to increase the internal hierarchical levels of structural
ceramic-based materials. This approach can be combined with other processing
routes, like freeze-casting, producing structures with complementary ordering ranges
(micro- vs nano-level) similar to nacre and other structural biomaterials previously

presented.

As concrete examples, Bouville et al. (2014) [I5] produced a nacre-inspired ma-
terial by selecting a multi-phase ceramic precursor (alumina platelets 7 um diameter,
alumina nanoparticles of 100 nm and a silica-calcia liquid phase of 20 nm) under the
application of gradient-controlled freeze-casting (Figure . Upon consolidating
the ceramic, integrating these hierarchy levels in the composite led to a remarkable
combination of toughness (17.3 MPa m'/?) and strength (470 MPa), overcoming
previous limits of 10 MPa m!/? for alumina-based materials after exceeding 400
MPa strengths. The optimisation of the ceramic building blocks integrating the alu-
mina nanoparticles helped form nano-asperities and inorganic bridges reminiscent of
biomaterials, which could hinder crack growth and redistribute the load, otherwise

resulting in fatal failure [15].
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Figure 1.14: Hierarchical levels in the nacre-inspired material processed by Bouville

et al. (2014) [15].

Pelissari et al. (2018) [106] prepared hierarchical ceramic refractories by similarly
integrating magnetically-responsive alumina platelets with finer alumina nanoparti-
cles, consolidated by hot press sintering. In this work, the micro-structuring of the
material was achieved via Magnetically Assisted Slip-Casting after functionalisation
of the platelets with Fe3O4 nanoparticles instead of through freeze-casting. This
procedure produced analogous nacre-inspired structures, reaching a combination of
strength and toughness at room temperature (nearly 700 MPa and 11 MPa m'/2

respectively) superior to previous alternatives without structural optimisation.

The conformation of nano-asperities in the microstructure can be achieved by
the inclusion of pre-made nanoparticles in the formulation of the composite and by
the synthesis in-situ of ceramic nanoparticles from a chemical precursor added to
the starting materials through thermal treatment. Henry et al. (2021) [I07] recently
expanded the work from Bouville et al. (2014) [15], producing similar nacre-inspired
ceramic composites, enhancing the hierarchy of alumina platelets by integration with
Al,O3 and ZrOs nanoparticles. The zirconia nanoparticles were obtained from an

alkoxide solution precursor followed by ageing and thermal treatment at 850 °C.

As another example, Wang et al. (2016) [I08] applied an NP-decoration ap-
proach to the production of graphene/TiC composites, based on the sol-gel synthesis
of TiOg and TiC nanoparticles from a titanium isopropoxide precursor deposited
on a graphene-based structure. The gel was treated at 550 °C first to produce a
mesoporous Ti-O-C intermediate material, further reduced at 1450 °C to render TiC
particles around 100 nm, allowing to tune the C/Ti ratio in the final composite by

the application of successive NP deposition runs.

This last work can serve as an introduction to the role of graphene as an additive
in ceramic-based materials, also highlighting its potential in the field of bioinspired
composites for producing interconnected networks providing structural support and
additional functionalities [39].
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1.4 Graphene for developing graphene/ceramic compos-

ites
1.4.1 Graphene structure and prospects

Graphene consists of one single layer of carbon atoms arranged in a hexagonal lat-
tice and constitutes the base for graphite and other carbon derivatives in the sp?
hybridisation such as nanotubes or fullerenes (Figure [16], 109, 110]. Since its
theoretical prediction 75 years ago [I11] and its experimental verification through a
simple scotch tape method [109], it has gained attention from the media and become
one of the most extensively researched topics in materials science during the 2010s.
Graphene has also paved the way for the exploration of other 2D materials, such as
metal-organic frameworks (MOFs), silicene or phosphorene whose third dimension is

reduced to their theoretical minimum of one atomic layer [112, [113].

Graphene

Fullerenes Nanotubes Graphite

Figure 1.15: Graphene as the building block for fullerenes, carbon nanotubes
(CNTs) and bulk graphite. Adapted from Geim et al. (2007)[16).

From this burst in popularity, one may ask what is unique about graphene com-
pared to an already existing nanometric alternative such as single-walled carbon nan-
otubes (SWCNTs), visualised as single graphene sheets rolled into a hollow cylinder
as in Figure [114]. Graphene’s unique structure provides the material with an
outstanding combination of properties: Young’s modulus of 1,100 GPa, fracture
strengths of 125 GPa, thermal conductivity of 5,000 W m™'K-!, and charge carrier
mobility of 200,000 cm? V-!s! in the case of single-layer graphene [TI5-118]. How-
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ever, these numbers are highly dependent on the presence of structural defects [119].
Graphene’s high specific surface area of 2630 m? g! additionally sets it apart
from other carbon counterparts. Instead of the point/linear linking occurring in the
case of 1D CN'Ts stacking, the superposition of 2D graphene sheets manifests in an
area-to-area fashion, which successfully exploits its surface area advantage [23] [110],

leading to enhanced electrical conductivity.

The most significant prospects of graphene rely on its unconventional electronic
properties that led to the Nobel Prize in Physics awarded to Andrew Geim and
Konstantin Novoselov in 2007, worth mentioning in this review despite not being
its primary focus. The remarkably high charge carrier mobility shown by pristine
graphene relates to electrons behaving like relativistic particles governed by Dirac’s
equation (applied where the mass of the particle is deemed negligible) instead of
the quadratic Schroedinger equation generally used in condensed-matter physics [16),
1211 122]. This seemingly ballistic transport below the micrometre scale occurs at
the Dirac points, regions where the conduction band transitions to the valence band
arising from graphene’s honeycomb lattice structure and its associated Brillouin zones
(Figure . Owing to this behaviour, graphene’s carriers are also referred to as

massless Dirac fermions in the literature.

Figure 1.16: Band structure of single-layer graphene showing the linear dispersion
at the Dirac point. From Hill et al. (2011) [17].

Other graphene’s attributes such as its flexibility, extremely low weight and
transparency have opened possibilities for innovative applications such as electric
batteries, ultracapacitors, filtration devices, drug carriers or flexible and wearable
electronics [123]. The combination of graphene’s 2D structure and its susceptibility

to change its electronic properties under doping can be exploited as electrochemical

sensors [17].

In the structural engineering field, immediate graphene prospects comprise its

use as reinforcement for composites, providing higher mechanical and electrical per-
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formance in already existing materials envisioned for aerospace applications, medical
prostheses, or advanced sports equipment, to highlight a few. Despite its great po-
tential, the translation of graphene’s quasi-theoretical properties from a 2D isolated
monolayer to a more useful 3D environment is still not resolved. Several challenges
prevent the full expansion of graphene in the industry, such as the impracticality of

producing large quantities of defect-less material and its current costly production.

Alternatives to pristine graphene have been explored, aiming to balance its qual-
ity grade and the properties obtained in the final material while maintaining a cost-
effective approach. A few examples of these include few-layer graphene (FLG) with 2
to 10 layers of graphene sheets stacked together and graphene nano-platelets (GNP),
of further aggregation up to 100 nm [I8]. This range of quasi-graphene materials
have been widely approached through the last decade and are related to the differ-
ent mechanical and chemical methods for obtaining graphene addressed in the next

section.

1.4.2 Graphene precursors

Various synthesis routes have been developed to produce graphene using both bottom-
up and top-down approaches [124]. A bottom-up perspective involves obtaining the
material from the assembly of smaller building blocks, in this case, by arranging
graphene’s carbon atoms in self-sustained sp? layers. In contrast, a top-down ap-
proach requires scaling down any macroscopic material, such as the exfoliation of

graphite sources into separate nanometric layers of graphene (Figure [1.17)).
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Figure 1.17: Bottom-up vs top-down processing strategies.

While bottom-up approaches generally lead to purer graphene because of the
defect-less structural formation, the higher purity comes at the expense of higher
production costs. The scalability of the material is also compromised due to the
greater difficulty in obtaining large areas of pristine material. In contrast, top-down
approaches starting from bulk graphite are more cost-effective but lead to aggregated
or disrupted graphene of lesser quality that cannot meet the high-purity requirements

needed for most optical and electronic applications.

According to the review from Miranzo et al. (2017) [I8], the standard methods for

producing graphene could be classified into six main groups listed below, including
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some examples from the literature. Some of these approaches yield graphene-like ma-
terials of less purity than pristine graphene (e.g. few-layer graphene (FLG), graphene
nano-platelets (GNP) or graphene oxide (GO)), aiming to achieve a compromise of

properties and scale-up the graphene production.

e Chemical Vapour Deposition (CVD): Bottom-up approach in which car-
bon atoms are deposited through CVD on a metal substrate, producing sin-
gle and few-layer graphene domains later transferred to a secondary non-
conductive substrate. In a typical example based on transition metals sub-
strates such as Ni or Cu, a carbon feedstock (CH4 or CoHy) is supplied at
atmospheric pressure under temperatures of 900 — 1000 °C to trigger the for-
mation of continuous 1 — 12 stacked graphene layers [125]. Although this
process is not suitable for producing larger extensions of material (above 400
cm?), the deposited graphene sheets retain high purity suitable for electronic

applications.

e Epitaxial growth on SiC: Bottom-up approach focused on the growth of
graphene seeds formed on SiC crystals at high vacuum and high temperature
[126]. Under these conditions, the silicon atoms are desorbed, leaving behind
the carbon atoms that self-arrange in a sp? structure forming the graphene

layers.

e Chemical route: Top-down approach that uses potent oxidant agents to dis-
rupt the stacked structure of graphite, applying extended functionalisation to
the graphene sheets. Although this method yields a heavily oxidised material
known as graphene oxide (GO), partial restoration of the properties from for-
mer graphene sheets can be achieved through thermal or chemical reduction
methods to obtain what is known as rGO [127].

e Suspension methods: Top-down approach to exfoliate graphite into graphene
sheets by using organic solvents in conjunction with physical separation meth-
ods such as filtration or gravity-sedimentation [I128] and forces capable of in-

ducing exfoliation (e.g. ultrasonication or shear forces in liquid medium).

e Mechanical exfoliation: Top-down approach in which several milling meth-
ods are applied to a graphite supply, producing single and multilayer graphene
by sheer mechanical force. This method also includes the famous sticky tape
technique (also known as micromechanical exfoliation) that first validated the

experimental production of graphene [16, [109].

e Unzipping of CNTs: A scarcely explored method leaning on the longitudi-
nal opening of multi-wall CN'Ts, exploiting their nature as wrapped graphene
sheets. The work from Kosynkin et al. (2009) [129] mainly represents this tech-
nique, in which the CNT unzipping was performed through a solution-based

oxidative process.
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CVD and epitaxial growth on SiC are the most established bottom-up approaches
for rendering pristine graphene films with minimal defect quantity and layer aggre-
gation, mainly envisaged for electronic applications. However, graphene produced
through these techniques remains expensive and harder to escalate from a technical
standpoint [I8]. For integration with other materials in composite form or appli-

cations requiring large quantities of graphene, top-down methods appear the most
promising ones (Figure [1.18]).
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Figure 1.18: Graphene processing methods most suitable for composite integration.
From Miranzo et al. (2007) adapted from Yi and Shen (2015) [18, [19].

Due to its hydrophobic behaviour shared by bulk graphite, graphene cannot be
homogeneously suspended in water, limiting the application of wet chemistry pro-
cesses. The chemical modification of graphite into graphene oxide (GO) has appeared
as a promising alternative to produce higher amounts of graphene-like sheets com-
patible with wet-chemistry processing methods and integrated with other materials.
However, the dispersibility of graphene (and its derivatives) is nearly inversely pro-
portional to their obtained physical properties because of the increased defective
regions in the material [130], for which the selection of an adequate precursor should

be subjected to the envisioned applications.

1.4.2.1 Graphene oxide

Graphite oxide has been known and prepared for decades since its first synthesis route
proposed by Brodie in 1859 [I31], which requires the heavy oxidation of a graphite
source. Graphite oxide can be readily exfoliated in water to graphene oxide (GO), a
few-layer graphene sheet decorated with multiple functional groups comprising a top-
down chemical approach. Despite its considerable reduction in mechanical properties
compared to graphene (From Young’s modulus of 1 TPa to roughly 200-250 GPa [132],
133]), GO has become a promising precursor for graphene, owing to its dispersibility
in water and its ability to partially recover graphene properties upon reduction.

It maintains a very high aspect ratio and surface area, consisting of a primarily
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hydrophobic basal plane with hydrophilic edges (hence its amphiphilic label) with
high potential for integration with other materials in the form of graphene-based

composites.

A colloidal solution of GO can be prepared on organic (ethylene glycol, dimethyl-
formamide, N-methylpyrrolidone) and aqueous media, enabling wet processing tech-
niques [21], 134, 135]. Another attractive feature of using GO as a graphene precursor
lies in its reported self-assembly behaviour with the formation of spontaneous liquid
crystal (LC) phases [I136]. The formation and stability of these phases arise from the
high anisotropy of the planar GO sheets, being highly dependent on the properties of
the suspension such as GO concentration and lateral flake size, pH and surface func-
tionality that control the displayed LC morphology (isotropic, biphasic or nematic)
[136, [137].

GO'’s functionalised sheets enable breaking the m — 7 configuration of the orig-
inal carbon network, creating an insulating but hydrophilic material instead of the
original hydrophobic graphene sheets [138, [139]. The heavy oxidation also results in
a significant transformation of carbon to the sp® hybridisation (C' — C), contrasting
with the predominant sp? hybridisation (C' = C) characteristic of graphitic systems
like pure graphene. GO’s functionalisation is still discussed by different authors, ow-
ing to the competing processes occurring during its synthesis. It is established that
hydroxyl (C' — OH), epoxide (C' — O), carbonyl (C = O) and carboxyl (O = C' — O)
groups are the most predominant species in the defective graphene structure after
oxidation (Figure [20, 140}, 141], with epoxide and hydroxyl groups generally
represented on the basal plane with carbonyl and carboxyl groups located at the sheet
edges. The presence of these functional groups reduces the interplanar bonding of GO
sheets in suspension, with layers easily exfoliated in contrast to non-functionalised

graphene [142].

Figure 1.19: Recreation of functional groups present in GO sheets. From Nasrol-
lahzadeh et al. (2015) [20]

Most of GO’s potential as a graphene precursor relies on its easy processing
and possibility of scaled-up production [I16]. Larger quantities of suspended GO
with tunable concentration can be synthesised at a reduced cost, envisioned for

applications where the electrical properties are not essential. GO synthesis routes
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are based on well-established oxidation procedures followed for graphite oxide, in
which strong acids are applied to a graphite source while including additional steps
of exfoliation and centrifugation. Graphite oxide has been typically obtained through
three main procedures [116] 143], 144]:

e Brodie route: Oldest preparation method dating from 1859 using KCIlO3
and fuming HNOj3 as oxidising agents. This process lasts for four days and

encompasses a high explosion risk [131].

e Staudenmaier route: Improvement on Brodie’s method in which the HNO3
acid is replaced by a mixture of HNO3 and H2SOy4 at higher temperatures (first

described in the original publication in German [145]).

e Hummers route: Higher yield method replaces previous oxidising agents
with a mixture of concentrated HoSO4, NaNOj3 and KMnQOy, reducing the

total synthesis time to a couple of hours [143].

According to today’s standards, the Hummers method is arguably the most re-
ported graphite oxide synthesis route based on its high efficiency and relative safety
[146], easily expanded to GO production. In a standard Hummers procedure, bulk
powdered graphite is put in contact with NaNO3 and HySO,4 and cooled down to 0
°C in an ice bath. The mixture is stirred vigorously while KMnQOy is added, which
leads to the formation of MnyO7 that heavily attacks the graphite layers. Enough
water is supplied after returning to room temperature, causing an exothermic reac-
tion that reaches 98 °C. The mixture is further diluted with extra water and HoO5 to
reduce the residual KMnO,4 and MnOj to soluble MnSO, [143]. Extended cycles of
exfoliation and centrifugation/washing can delaminate the oxidised graphite layers,

obtaining single to few-layer GO in suspension.

Variations of the traditional Hummers method have been applied to increase the
GO yield and limit the toxicity of the process. A typical modified Hummers method
was first introduced by Hirata et al. (2004) [147|, similarly oxidising the graphite
layers with NaNOj3, HoSO4 and KMnOy4 but applying increased oxidation times and

a purification process of higher purity.

Another remarkable modification of the Hummers method was presented by Mar-
cano et al. (2010) [148] to limit the production of toxic gases during synthesis and
achieve better temperature control. This route excluded NaNOj from the mixture,
increasing the content of KMnO,4 and substituting the HoSO4 from the traditional
method with a 9:1 concentrated mixture of HoSO4/H3POy4. The addition of phos-
phoric acid in the formulation increased the procedure’s safety. It also resulted in
higher yield retaining more significant intact portions of graphitic basal planes, for

which it has been preferred in recent years over the traditional Hummers route [134].

Chen et al. (2013) [146] proposed another modification removing the use of
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NaNOj to reduce the environmental cost of GO production, limiting the toxic gases
generated and simplifying the water purification process. The reaction yield was not
negatively affected through this improvement, and the as-produced GO maintained
dispersibility with comparable lateral flake sizes to those from analogous synthesis

routes.

1.4.2.2 Reduced graphene oxide

The highly oxidised carbon regions of GO can be partially restored to former graphene’s
hexagonal sp?-bonded configuration through a reduction step, with the complete bulk

graphite to rGO processing route represented in Figure [1.20]
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Figure 1.20: Processing route for obtaining rGO from ezfoliated graphite. Adapted
from Li et al. (2008) [21)].

The reduction has been traditionally induced via chemical attack of hydrazine-
based compounds such as hydrazine hydrate [120, 127, [149], dimethylhydrazine [1T0]
and straight hydrazine vapour [I50] Alternatively, lesser common agents like hydro-
quinone [I5I] have also been employed. In the most common chemical reduction
procedure using hydrazine (NoHy), the proposed reduction mechanism consists of
the ring-opening of the epoxide groups, producing alcohol and amino groups that
are later dehydrated. The resulting diimide is removed at the working temperatures
(moderate heating of 100 °C), favouring carbon double bonding and re-establishing
the former graphitic ring domains [I127]. Although the use of hydrazine can induce
the reduction of GO at lower temperatures, the use of this material should be prefer-

ably limited based on its toxicity [21].

An alternative reduction route can be achieved through thermal annealing under
an inert atmosphere [140, 152, [I53]. The energy provided by the applied temperature
can similarly eliminate the humidity molecules and the oxidised groups attached to
the graphene sheet surface, favouring the restoration of graphitic domains (Figure
1.21}). The reduction temperature directly affects the oxygen elimination, from a
minimum of 500 °C to ensure the removal of functionalities to temperatures above
1000 °C, yielding C/O ratios above 40. Although this reduction method can lead to
higher reduction efficiency compared to chemically-driven methods, it is essential to
limit the heating rates to prevent the exploding of the structure as in the process of
GO exfoliation [140].
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Figure 1.21: Representation of the removal of functional groups in the GO sheet
after reduction. Adapted from Gao et al. (2009) [22].

Even after reduction, the material’s highly defective structure carries a substan-
tial decrease in performance compared to that of pristine graphene, retaining a non-
negligible amount of oxygen and defects in the material. While the mechanical
properties can be nearly restored, with Young’s modulus of rGO resembling pure
graphene (around 1 TPa), the electrical conductivity does not commonly exceed
200 S m™! even after reduction at temperatures above 1500 °C. Reduced GO sheets
undergo the restoration of former graphitic domains in the structure, which grants
a blackened colour reminiscent of pure graphite [127, 53] [154] and display higher
roughness when compared to mechanically exfoliated graphene. Localised regions in
rGO sheets also show singular heptagon-pentagon pairs and defect clusters disturbing

graphene’s original six-membered ring structure [I55].

For these reasons above, reduced GO is given a different name in the litera-
ture other than graphene, such as chemically modified graphene (CMG) or reduced
graphene oxide (rGO) [140], the latter used throughout this work to avoid confusion.
Even if its overall properties never reach pristine graphene, rGO provides a solid
alternative to graphene obtained through mechanical cleavage or epitaxial growth
due to its compromise between cost-effectiveness, ease of manufacture, and mechan-
ical performance while retaining moderate electrical conductivity. The ability to
tune the hydrophobicity of rGO by limiting or extending the degree of reduction
permits high flexibility in the processing, improving the dispersibility of graphene in

multi-material composites.

1.5 Recent progress on graphene/ceramic composites

1.5.1 Advantages and disadvantages of graphene as a ceramic ad-
ditive

Graphene and graphene-like materials (FLG, GNP, rGO) are considered exceptional
additive candidates for ceramic-based composites due to their combination of prop-
erties, leading to an increase in mechanical performance, wear resistance, electrical
conductivity or electromagnetic interference (EMI) shielding of the ceramic matrix
[18] 156].

Alumina-based composites containing graphene reinforcements (0 — 10 vol.%)
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have been reported throughout the last decade, exhibiting strength and toughness
increases of 35 — 80% compared to bulk alumina at a minor reduction of hardness
(< 15%) |23, I57HI6I]. Similar works were extended to other advanced ceramics
like SizNy from Walker et al. (2011) [162], who validated increases of K¢ values
above 200%, only experiencing a 25% hardness reduction after the inclusion of 1.5
vol.% of GNP in the formulation. Shin et al. (2014) [25] also applied this processing
route for yttria stabilised zirconia (YSZ), achieving a 12% drop in hardness for rGO
reinforcements of 4 vol.%, which resulted in toughness increases of 50% compared to

the pure matrix material.

Graphene can soften the brittle behaviour characteristic of advanced ceramics,
improving the material’s toughness with moderate increases in bending strength,
owing to graphene’s flexible and strong nature. Graphene nanostructures embed-
ded in the matrix can help provide extrinsic toughening mechanisms behind the
crack tip (Section , in the form of graphene sheet pull-out and bridging the
crack tip edges, with easier paths for crack extension and deflection provided by the
graphene/ceramic interfaces preventing from traversing through the brittle ceramic

matrices.

Another advantage of the inclusion of graphene additives resides in increased
wear resistance. Once the graphene sheets embedded in the ceramic matrix are
pulled out from the composite surface after wearing, these act as a self-lubricant
layer that can reduce the friction coefficient of the material [163) [164]. Belmonte
et al. (2013) verified an increase above 50% of the base wear resistance of SizNy
ceramics when including 3 wt.% of GNP in the formulation, a work that established
the potential of graphene inclusions to reduce friction under high contact pressure
conditions [I65]. As another example, Llorente et al. (2016) included GNP addi-
tions to SiC matrices, increasing the additive content up to 20 vol.% values attaining
wear resistance improvements up to 70% [166]. Gutierrez-Gonzalez et al. (2015) ap-
plied a significantly reduced graphene content in graphene/alumina composites (0.22
wt.% in the consolidated material), noting an increase of 50% in the wear resistance
when compared to plain alumina and validating the use of GO as the precursor for
the graphene phase [163]. Graphene reinforcements can also trigger electrical func-
tionalities in insulating ceramics upon their introduction in formulation. With the
increase in graphene volume content, the electrical conductivity gradually augments
until reaching a percolation limit. Above this critical volume, the conductivity of
the composite is increased exponentially, arising from the creation of continuous
graphene networks embedded in the composite that allow the electric current to flow

through paths of lower resistance.

This percolation limit is highly dependent on the aspect ratio of graphene sheets
and the quality of the precursor employed [I8]. Achieving this internal network gen-
erally requires the addition of abundant reinforcement in the formulation at the cost

of a higher deviation from the matrix properties. However, percolation can also be
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achieved at very low concentrations, as shown by the works of Centeno et al. (2013)
reporting percolation of graphene/alumina hybrids at 0.22 wt.% [23] and Hussainova
et al. (2017) [167] producing electroconductive zirconia-based composites by adding
hybrid graphene/alumina fibres with conductivities of 10 — 100 Sm™ upon reaching
network percolation at remarkably low carbon levels (0.6 vol.%). More examples are
included in Figure by Miranzo et al. (2017) [I8], covering graphene/ceramic
composites with enhanced conductivity up to 10000 S m™! [23-31].
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Figure 1.22: Electrical conductivity increase of ceramic-based composites as a func-
tion of the graphene volume content (GO or GNP) in the ceramic matriz. Adapted
from Miranzo et al. (2017) [18] with references in the legend from top to bottom
corresponding to Centeno et al. (2013), Fan et al. (2012), Shin and Hong (2014),
Ramirez et al. (2013), Ramirez et al. (2012), Simsek et al. (2017), Yun et al.
(2015), Roman-Manso et al. (2016) and Tan et al. (2016) [2313]1).

Fluctuations in this range of electrical conductivity (for instance by disruption
and cracking of the internal structure of the material) can be registered, opening the
possibilities for ceramic-based components with sensing capabilities that retain high

strength and toughness in demanding environments.

Additional advantages of including graphene in the ceramic formulation have
been proposed, such as lightning protection or improved EMI shielding [168] with
great potential for aerospace applications. Graphene inclusions can enhance the
reflection and absorption mechanisms of neighbouring electromagnetic fields, reach-
ing shielding effectiveness up to 40 dB [164] several orders of magnitude superior
to plain advanced ceramics, generally transparent to electromagnetic radiation. Al-
though EMI shielding is conventionally provided by metals, ceramic-based shields
could exploit the advantageous properties of ceramics, working in high-temperature

environments providing resistance to corrosion and high strength [164 [169].

Some major challenges remain in graphene/ceramic composites despite their huge

31



potential and the extended research performed throughout the last decade. Scalabil-
ity and costliness issues still limit its spread into the industry, keeping it at the early
stages of commercial development [I30]. The difficulty in obtaining heterogeneous
dispersions in a matrix material is a key disadvantage reported for graphene (common
to CNTs) as a reinforcement in composites, leading to aggregation and an overall
loss of mechanical properties compared to the expected behaviour [25] 39 157, [170].
Even though graphene processing methods were significantly improved compared to
CNT reinforcements, it remains a difficult task to achieve homogeneous dispersions
of graphene due to the stacking tendency of its sp? planar graphitic domains and its

hydrophobic (or water-repelling) behaviour.

Graphene’s properties are also highly vulnerable to layer stacking and agglom-
eration, approaching the behaviour of bulk graphite upon increasing the stacking
above 10 layers. Although there are suitable applications for non-pristine graphene,
the electrical and mechanical properties are drastically reduced in the presence of
stacked layers and defects in the structure [I32]. As a result, the predominant use
of graphene-like precursors (rGO, GNP) in composite processing permits a cost-
effective approach, at the expense of electronic applications envisioned for graphene
throughout the first decade of the 21st century based on the theoretical studies on

graphene monolayers.

1.5.2 Spark Plasma Sintering of graphene/ceramic composites

All graphene/ceramic composites shown in the previous section required an optimised
consolidation stage, performed either through hot pressing, Flash sintering or SPS as
the most referenced techniques. Among these, SPS has taken a leading role, enabling
a high degree of solid packing with densities over 99% by its combination of uniaxial
pressure and direct electrical current (Section 6, [51].

Graphene/alumina composites reported [86), 157, (158, [171] have been convention-
ally SPSed exploring several process parameters (maximum temperature reached,
heating rates, isothermal dwelling times and exerted uniaxial pressure). Sintering
temperatures of 1300 — 1500 °C, with pressures of 50 — 80 MPa have been predomi-
nant in the literature with heating rates over 100 °C min™, exploiting the capabilities
of SPS that permit fast sample production. The duration of the isothermal stage has
varied extensively in these reported works (1 — 10 min), constrained to the thermal
and electrical conductivity of the sintered materials and the physical dimensions of

the samples produced.

SPS-driven consolidation has been successfully extended to other graphene/ce-
ramic pairings beyond alumina, examples being zirconia [25, [172], alumina-zirconia
mixtures [167, [I73], silicon carbide [174], silicon nitride [26], [I75] or boron carbide

[31], maintaining similar ranges of pressure and heating rates. The maximum sinter-
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ing temperatures were adapted to the desired crystallographic phase for each ceramic
matrix (e.g. from 1350 °C in zirconia mixtures to 1800 °C in the case of UHTCs like
silicon or boron carbides), with increased temperatures also having an effect on the
electrical capabilities of graphene, such as the graphitisation process occurring in
rGO.

In these reviewed studies, the internal structure of the material during the fabrica-
tion of graphene/ceramic composites was not carefully tailored, with the constituents
integrated in a random fashion during processing. Despite obtaining improvements
of the properties compared to the bulk ceramic matrix, this processing approach
could soon reach another upper limit that could not satisfy the complex demands of
the near future engineering |40} [I76]. Gaining more insight in tailoring the internal
hierarchy of novel graphene/ceramic composites appears a promising solution, an
example being the integration of bio-inspiration concepts in the materials processing

strategies.

1.5.3 Towards hierarchical graphene/ceramic composites

The prospects of obtaining an interconnected 3D graphene network embedded in
a ceramic-based composite have been recently explored as a pathway towards the
current challenge of achieving programmable design and assembly in ceramic-based
materials [40]. Maintaining the composite’s internal hierarchy can lead to an increase
of the mechanical properties based on graphene’s natural strength and ability to
deflect crack propagation while providing added functionalities such as increased
electrical and thermal conductivity owing to the remarkable properties provided by

graphene-like materials.

Hierarchical processing was primarily resolved for graphene/polymer hybrids via
freeze-casting of graphene precursors in suspension. The colloidal stability of GO
in suspension has permitted the conformation of graphene super-elastic structures
exhibiting ultralow density after reduction (1 — 10 mg cm™) with oriented internal
channels in the order of tens of micrometres [152] (154, (177, [I78|. By infusing a poly-
meric phase, a range of electrically conductive polymer-based composites have been
reported, useful for sensing purposes, EMI shielding or increased thermal conductiv-
ity [179-I8I].

Graphene/polymer hybrids have been taken a step further by providing more
functionalities to the composite beyond the restoration of electrical conductivity and
increase in mechanical properties. D’Elia et al. (2015) [I82] proposed the selection
of polyborosiloxane (PBS) as the polymeric phase based on its self-healing capabili-
ties, permitting the conformation of a 3D interconnected graphene network produced
via freeze-casting as a scaffold, providing structural integrity to the material during

healing of the polymer matrix. Recently, freeze-cast graphene networks were simi-
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larly integrated with memory-retaining epoxy resin to produce electrically conductive

shape-memory composites [183], maintaining a very low carbon content (<1 wt.%).

Research on hierarchical graphene/ceramic hybrids has been significantly scarce
in comparison. Some works implemented ceramic precursors as in the case of Wang
et al. (2016) [108] (previously introduced in[1.3.2), the work from Wang et al. (2019)
[184], in which the freeze-cast structure was made from combining GO and alumina
in the precursor prior to hot-pressing, and the work by Sun et al. (2020) [164], which
consolidated the ceramic phase by pyrolysis of a zirconium n-propoxide precursors,

later expanded to other ceramics like alumina or silica.

Picot et al. (2017) developed a separate GO scaffold/infiltration approach in
which the infiltrating ceramic phase consisted of polymer-derived ceramics (PDCs)
[38, [185]. The integration of graphene and PDCs had already been explored by Ji et
al. (2009) by integrating GO powder with a polysiloxane precursor later transformed
to SiIOC by a process of crosslinking and pyrolysis [I86]. However, in Picot et al.
work, the concept was expanded by applying a bioinspired approach, through which
a polymethyl siloxane polymer was used to infiltrate a freeze-cast graphene-like net-
work, later converted to a glass-ceramic (silicon oxycarbide glass) via pyrolysis at

900 °C and SPS at 1700 °C.

The substitution of PDC precursors with advanced ceramic slurries in the direct
infiltration of graphene networks appears as a promising extension of this study, de-
livering a cost-effective processing route without chemically converting the matrix
material and maintaining the attractive properties of advanced ceramics. Extend-
ing this strategy to water-based suspensions is also desirable, based on water’s low
cost, great availability and environmentally friendly characteristics [T, 87]. However,
achieving this is not trivial due to the hydrophobic nature of graphene, repelling
the water-based ceramic slurries and preventing the integration of both constituents.
This challenge could be approached by the integration of amphiphilic additives in
suspension that modify the surface behaviour of the ceramic particles, a strategy
recently approached by Fan et al. (2021) [187].

Achieving a flexible, interconnected graphene network embedded within advanced
ceramics could improve the material’s toughness by providing extrinsic mechanisms
to accommodate the stresses that lead to fatal failure upon loading, also paving the
way for lightweight, electroconductive ceramics produced via a water-based cost-
effective method. Such materials could be highly valuable for aircraft and shielding
applications where ceramic-based materials have been increasingly used over the
years, and yet non-insulating materials with a better combination of toughness and

strength are required [40), [168].

34



Chapter 2

Aims and Objectives

The main objective of this thesis consisted of validating a water-based processing
route for bioinspired graphene/ceramic composites through a scaffold and infiltra-
tion approach. It comes as an extension of previous approaches in producing highly-
structured graphene/ceramic composites using polymer-derived ceramics (PDCs)
[176]. In contrast, this work aims to apply the strategy to water-based alumina
slurries, exploiting the amphiphilic capabilities of Pluronic F127 additions in the
ceramic formulation and expand previous knowledge on the production of graphene-
based aerogels via freeze-casting. A general processing strategy was defined (Figure
to overcome the main challenge of infiltrating a hydrophobic graphene scaf-
fold, permitting ceramic and graphene phases to coexist in the bulk composite and

maintaining coherence after consolidation.
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Figure 2.1: General steps in the proposed processing strategy.

Accomplishing this general objective required expertise in wet-chemistry, freeze-
casting, sol-gel synthesis, carbonisation and advanced sintering techniques (Spark
Plasma Sintering), along with a selection of chemical and structural characterisation
techniques at every stage. The document has been divided in three self-contained
results chapters that correlate to the three identified stages in the processing strategy

proposed:
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1. Production of self-supporting graphene aerogels and hierarchy enhancement

via deposition of alumina nanoparticles.
2. Integration of alumina and graphene phases.

3. Consolidation of the novel graphene/alumina composite.

1. Achieving self-supporting graphene aerogels

The first stage objective comprised the conformation of interconnected graphene
aerogels via freeze-casting and carbonisation, using colloidal graphene oxide (GO)
suspensions in water as precursor. Settling a systematic procedure required defining
freeze-casting parameters such as GO concentration in water, additives in formulation
and freezing rates applied to the slurries. The scalability of the produced aerogels was
additionally targeted, paving the way for later stages in the project and producing
specimens large enough for future testing without damaging their consistency and
self-standing behaviour. This has been approached by combined optimisation of the

freeze-casting setup and the carbonisation cycle.

A secondary objective comprised evaluating the selected graphene precursors,
with extensive characterisation applied to the two GO sources (CU GO and ICL -
GO) used throughout this work. This chapter also explored the decoration of
graphene aerogels with alumina nanoparticles (NPs), designing an environmentally-
friendly route of low toxicity based on aluminium lactate. This aerogel-decoration
strategy aimed to implement an extended level of hierarchy in the material and ex-
plore a scarcely researched NP synthesis route previously applied for ceramic glasses

and fibres.

2. Integration with water-based alumina slurries

The second stage objective consisted of solving the key challenge of infiltrating
water-based alumina slurries into hydrophobic graphene aerogels, maximising wet-
ting and delivering graphene/ceramic green bodies according to traditional ceramic
processing routes. The aim was to study the effect of the amphiphilic copolymer
(PF127) additions in the ceramic formulation, limiting its quantities while allowing

the wettability of the graphene/alumina pairing.

A systematic approach was defined by adjusting the formulation of PF127/Al,03
slurries in water and performing wettability and infiltration tests under lab-scale
conditions, also applied to graphene aerogels with the extended hierarchy level. The
scalability of this processing strategy was also approached, with the objective of

producing scaled-up graphene/alumina green bodies ready for consolidation.
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3. Consolidating a final composite

The third stage objective targeted the consolidation of graphene/alumina green
bodies obtained in previous stages, preserving the graphene aerogels’ structure pro-
vided by freeze-casting processing. The aim was to achieve unidirectionally aligned
channels of graphene on the micrometre scale embedded in the ceramic matrix, mir-

roring previous works on bioinspired structures.

This stage required finding optimal parameters for SPS sintering, regarding the
temperature and pressure cycles applied to deliver unbroken ceramic-based discs pre-
serving integrity and a high degree of densification. The conditions were applied for
both lab-sized and scaled-up scenarios, understanding the constraints of the pro-
cessing strategy and outlining pathways for future optimisation of the processing

route.
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Chapter 3

Materials and Experimental
Methods

3.1 Raw materials

Two types of water-based graphene oxide (GO) suspensions were used at different

stages in the project acquired from various sources:

1. GOGraphene (William Blythe Ltd.) 1 wt.% GO suspension in water.

2. As-prepared 0.6 wt.% GO suspension from Imperial College London.

While GOGraphene (labelled CU GO throughout the document) is a readily
available commercial supply of GO suspensions, the suspension from Imperial College
London (ICL_ GO) was specifically synthesised for this research by Prof Saiz "s group
at the Centre of Advanced Structural Ceramics (CASC) through a modified Hummers
method [I48]. Due to the limited availability of this custom suspension and the
expected variability between different batches, CU GO was selected for most of the
early tests and characterisation before defining a general processing strategy. Silicon
wafers (Graphenea) containing a 300 nm SiOs layer were used as substrates for GO

films and suspensions.

Baikowski BA-15W alpha-alumina (specific surface area of 19.6 m? g™!, particle
size of 100 nm measured by SEM and density of 3.96 g cm™) was used as the main
ceramic powder throughout the project. Additives added to water-based alumina and
GO slurries consisted of sucrose powder (Ci12H29011, Sigma Aldrich) and polyvinyl
alcohol beads (PVA, Sigma Aldrich). A triblock copolymer based on polyoxyethylene
(PEO) and polyoxypropylene (PPO) in the form of [PEO|,-[PPO],-[PEO], (a = 100,
b = 65, Mw = 12600 g mol!, Sigma Aldrich) commercially labelled as Pluronic F-127

(PF127) was also included in the formulation of water-based alumina suspensions.
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Deionised (DI) HoO was chosen as the aqueous suspension medium for water-based
processing and cleaning purposes. Organic solvents used for the preparation of non-
aqueous suspensions and cleaning purposes include ethanol (anhydrous - 99%, Sigma
Aldrich), isopropanol (IPA, anhydrous - 95% purity, Sigma Aldrich) and acetone
(95%, Fisher Scientific).

Infusion epoxy resin (IN2, Easy Composites Ltd.) was selected as the matrix for
epoxy/graphene composites, cured for 24 hours using a slow hardener (AT30, Easy

Composites Ltd.) by mixing in a 70:30 weight ratio.

Alumina nanoparticles were synthesised using aluminium-L-lactate in flake form
(95%, Sigma Aldrich) as a precursor in DI HoO. The pH of the lactate solutions was
adjusted by dropwise addition of sodium hydroxide (NaOH, 1 M) and hydrochloric
acid (HC1, 2 M). Commercial water-based 20 wt.% suspensions of alumina nanopar-
ticles (a-phase, 30 nm, US Research Nanomaterials, Inc.) were also used for com-

parison purposes.

3.2 Materials and composites preparation

3.2.1 Slurry preparation

Throughout this work, GO and alumina solids were processed in slurry form (as
suspensions of dense materials in water or other liquid media). Several steps were
common in the preparation of each suspension. The required amount of solid material
was initially weighted on an OHAUS Explorer EX 423 balance and added to a plastic
container, or speed-mixing beaker described hereafter. For weighting even lighter
materials, such as graphene oxide aerogels, a five-digit Precisa Balance 40SM-200A

was used alternatively.

All granular powders (e.g. ceramics and sucrose) were weighted on disposable
weighing boats with a stainless-steel spatula and added to the mixture. Liquids and
low-viscosity slurries were weighted by drop-wise addition with a disposable Pasteur

pipette or 1000 pl micropipette when higher precision was required.

A laboratory-sized instrument for rapid mixing SpeedMixer™ DAC 800.1 FVZ
unit was included in most procedures requiring great mixture homogeneity to pro-
vide efficient contact between the formulated water-based slurries. Speed-mixing
combines the spinning of a high-speed mixing arm in one direction with the opposite
rotation of the basket. This combination (referred to as dual asymmetric centrifuge)
provides degassing and efficient contact between the formulated water-based slurries,

obtaining a homogeneous dispersion in under 10 minutes.
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3.2.1.1 Wet ball-milling

In common with traditional ceramic processing routes, a wet ball-milling stage was
included in the preparation of alumina suspensions (in the presence of PF127 addi-
tions) before their integration with graphene-based aerogels in the main processing.
Ball-milling was applied to aid in breaking the alumina agglomerates from the sup-

plied powder and reducing sedimentation.

Alumina balls of 3 mm in diameter were used as the milling media. The volume
of alumina suspension, milling media and air to be introduced in a sample container
was first based on a simple relationship with each part occupying 1/3 of the total

volume (Viotar):

V;fotal = (Vsusp + Vmill + Vair)

1 (3.1)
Vtsusp = Vmill = Vair = 7‘/: