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Abstract

Ceramic and glass materials have had been used for millennia and have
become ubiquitous in applications including communication, electronic and biomedical
devices. Traditionally, ceramics are sintered at very high temperatures approaching
~80% of melting temperature. The high temperatures required to produce dense
ceramics not only makes a significant contribution to processing energy but also limits
the potential for development of novel ceramic and glass components which integrate

polymeric materials and non-noble metals.

A novel method of densification, known as ‘cold sintering’, utilises a transient
liquid phase, pressure, and temperatures up to 300 °C to achieve the consolidation
and densification of ceramics. In addition to energy reduction, benefits include the
ability to co-sintering a broad variety of materials, greater control of component
dimension and the final microstructures. This work demonstrates the application of
the cold sintering process to three materials - lithium molybdate, a borosilicate glass
frit and Bioglass® 45S5.

The properties of lithium molybdate after cold sintering, heat treatment and
conventional sintering are compared with heat treated and conventionally sintered
samples. No residual water or secondary phases were found in cold sintered samples
although some evidence of an amorphous grain boundary phases is seen. Lithium
molybdate - bismuth molybdate composites were also fabricated and shown to remain
as distinct phases within the component. The room temperature permittivity of the
composites is reported and discussed. Coatings of lithium molybdate on glass
substrates are produced by cold sintering, demonstrating the capability of the process

to create well-adhered coatings on glass at very low temperatures.

A glass frit provided by Johnson Matthey is also densified via the cold sintering
method and compared to conventionally sintered materials. The effect of sintering
conditions (cold and conventional) on the impedance behaviour is discussed. The

creation of coatings and adhesive layers on steel and PTFE are also demonstrated.

Bioglass® 45S5 is well-known for its bioactive responses driven by the ability
to dissolve in the body and stimulate bone regeneration. Its solubility makes it an ideal
candidate for densification using the cold sintering method. Bioglass powders are

produced via flame spray pyrolysis and densified by cold sintering at 100 °C. NMR

studies of the materials as received, wetted and after cold sintering provide insight into



the potential mechanisms of the cold sintering of Bioglass. Bioglass-polymer
composites are produced with a broad range of compositions and are shown not to be
cytotoxic. Coatings of Bioglass on titanium have also been achieved. These results are
promising steps towards a simple method of creating biomedical components utilising

Bioglass-polymer composites and coatings thereof.

The outcome of this work is to gain further understanding of the difference
between properties of cold and conventionally sintered materials and to demonstrate

the potential applications of cold sintering in areas beyond electroceramics.

Novelty and Significance

The study of cold sintered lithium molybdate presented here contributes to the
understanding of how the cold sintered process affects the structure and

microstructure.

This thesis has demonstrated for the first time the densification of silicate glass
components from powders at very low temperatures and expands the current
applications of the process into a new class of materials. The intrinsic solubility of a
silicate glass produced by Johnson Matthey (JM5430F) in acidic environments has been

utilised to achieve dense pellets by cold sintering.

The cold sintering of Bioglass® 45S5 has been achieved at 100 °C, composites
with PLA and coatings on titanium plate have also been produced. Cell culture work
indicates that the cytotoxicity of Bioglass-PLA composites after pre-conditioning is

within acceptable levels and similar to materials formed from conventional Bioglass.
Work described in chapters 5 and 0 on the densification of glasses, forms the

basis of a patent application entitled “"Method of forming glass coatings and glass

coated products”, filed by Johnson Matthey.
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1 Introduction

A crucial stage in the manufacture of ceramics products is sintering, where
materials are heated to ~80 % of their melting temperature to drive mass transport
and densification. Archaeologists have dated some of the earliest ceramic artefacts to
24,000 BC and sintering methods evolved empirically for thousands of years prior to

the development of the relevant theoretical background [1].

A promising method for the densification of ceramics, cold sintering, utilizes a
transient liquid phase, uniaxial pressure and heat to achieve densification [2], [3]. The
maximum temperature typically used in cold sintering is <300°C, which is a dramatic
reduction in compared to conventional methods for most materials (>1000 °C). There
are numerous incentives to reduce the sintering temperatures used in ceramic
processing, including reducing energy usage (which is a significant factor in final
component cost), total processing time and allowing the integration of dissimilar
materials [4]-[7].

First reported in 2016, the application of cold sintering is currently being
explored to achieve densification of a broad range of functional ceramics [2], [3]. The
development of a broad range new technologies is likely to be enabled by the process
as the capability to densify new materials is demonstrated. Partial solubility of a
material in a solvent is a strong indicator that it is possible to be densified via cold
sintering. Much of the work to date has focused on functional ceramics for applications
such as multilayer capacitors and antennae. This work aims to contribute to the
understanding of the cold sintering process and broaden the application of cold

sintering to other classes of material.

1.1 Aims and Objectives

This work aims to apply the cold sintering method to a number of functional
materials, exploring how the process might affect the final properties. This work also
aims to broaden the potential applications of the cold sintering technique by
demonstrating the method on a class of materials which has not yet been reported in
the literature - glasses. The thesis focusses on three main materials to achieve these

aims, through the objectives below:



Lithium Molybdate

o

Compare and contrast the properties of lithium molybdate produced via
cold sintering, after heat treatment and conventional sintering.
Demonstrate the densification of lithium molybdate - bismuth
molybdate composites.

Deposit dense layers of lithium molybdate on glass substrates.

Johnson Matthey Silicate Frit — JIM5430F

o

Demonstrate the feasibility of utilising the cold sintering process for
glasses by densifying a glass produced by Johnson Matthey.

Compare microstructural and electrical properties of the glass densified
by cold and conventional sintering.

Creation of coatings of JM5430F on steel substrates.

Bioglass

O

Achieve the densification of Bioglass through cold sintering and develop
an understanding of the mechanisms.

Investigate the potential for cold sintered Bioglass to be utilised in
biomedical applications through cytotoxicity testing.

Demonstrate the application of a cold sintered coating on titanium, a

commonly used biomedical implant material.



2 Literature Review

2.1 Sintering of Ceramics

Sintering is a crucial stage in the manufacturing of dense ceramic products
from a green body and archaeologists have dated some of the earliest ceramic
artefacts to 24,000 BCE [1]. Sintering was developed in a very empirical way for
thousands of years prior to the development of relevant theories [1]. The density of
ceramic materials significantly affects their dielectric and physical properties. High

densities are, therefore, crucial in ceramic manufacture.

Traditionally, sintering of materials to create dense products has required them
to be heated up to 0.8 Tm to promote the transport of material to eliminate pores;
such high temperatures are not only energy intensive but can be restrictive in the
manufacture of many functional ceramic devices. At high temperatures, there are
several challenges for the integration of metallic and polymeric materials such as
volatility and mismatch in coefficient of thermal expansion. This leads to complications
in the production of components such as warping and the high cost of metallic

materials able to withstand the harsh temperature environment.

Conventional sintering processes can be approximately divided into four
different types, which are dependent upon to the volume fraction of solid, liquid and
pore in the component [8]:

Solid state sintering, which occurs in systems of solid material and pores.

Liquid phase sintering, occurs when <20 vol.% liquid is added to the system.

Viscous composite sintering, requiring >20 vol.% liquid phase, and

Viscous glass sintering, occurring during the solidification a liquid melt.

These four types of sintering in relation to the amount of solid, liquid and pores
present are shown in Figure 1. The type of sintering observed is largely dependent on
the materials being sintered. The addition of secondary phases or additives with a
lower melting temperature creates a liquid during sintering which allows high
diffusivity into pores and aids densification [9], [10]. However, the properties of
functional materials, such as permittivity (er) and dielectric loss (tans) can all be
affected by the use of sintering aids and this should be balanced by improvements

gained by enhanced densification [11].
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/ VISCOUS COMPOSITE
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LIQUID VISCOUS GLASS SINTERING PORE

Figure 1: Ternary Solid-Liquid-Pore diagram showing when the different types of sintering occur, after [8]

2.2 Driving Forces of Densification

The driving force for densification is the reduction of Gibbs’ free energy through
the reduction in surface energy by eliminating solid-vapour interfaces and solid-solid
interfaces with lower energy [12]. The transfer rate of material is affected by both the
particle size and the radius of curvature of particles in particular. When curvature is
small (on the order of microns), the rate of material transfer increases, fine particles
are therefore often utilized in ceramic materials to ensure good sintering and

densification behaviour [12].

When a large pore is surrounded by a large humber of grains with convex surfaces,
the pore can become metastable and begin to grow, causing residual porosity in the
sintered samples [13]. The relationship between the dihedral angle (the angle
between the surface of particles) and the number of grains surrounding that pores is
shown in Figure 2. If the number of grains surrounding a pore is greater than the
critical value (N¢) indicated by the curve in Figure 2 for a given dihedral angle, pores

will grow during sintering [13].
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Figure 2: Stability of pores determined by the dihedral angle and pore coordination number, after [13]

There are several non-densifying material transport mechanisms which can
occur alongside sintering which reduce the driving force of sintering and cause
coarsening of the microstructure. It is therefore important to avoid processing

conditions where these mechanisms are highly active [13].

2.2.1 Solid State Sintering

Solid state sintering is the method most understood and is utilized in several
industries [9]. For solid state sintering to occur, a ceramic powder is compacted and
heated to very high temperatures, usually greater than half the melting point of the
material. High temperatures are required to allow reaction and mass transport
between particles, schematically represented in Figure 3 [13]. During the sintering of
polycrystalline materials there are a number of diffusion, vapour transport and plastic
flow processes, which and are shown in Figure 3 [10], [13]-[15]. Densification is
caused by plastic flow, grain boundary and lattice diffusion from the grain boundary,
causing the formation of a neck between particles. During solid state sintering, non-
densifying mechanisms create significant microstructural changes and grain growth,
as material from particle surfaces moves to necking regions and that from convex

grains is transported to concave grains [13], [15], [16].
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Non-Densifying Mechanisms:

1. Surface Diffusion

2. Lattice Diffusion (from surface)
3. Vapour Transport

Producing microstructural change without
/ causing shrinkage
¢ /\ 3.

Densifying Mechanisms:

4. Lattice Diffusion (from grain boundary)

5. Grain Boundary Diffusion

6. Plastic flow (via dislocation motion)
Causing shrinkage by removing material from
the grain boundary region

Figure 3: Schematic representation of mass transport systems contributing to sintering of crystalline particles,
adapted from [10], [13]-[16].

The rate of sintering can be altered by the presence of aliovalent dopants and
impurities which alters the diffusion coefficients. The precise role of dopants and
impurities is complex and is determined by segregation at grain boundaries, boundary
energy and the potential for secondary phase formation [13]. The addition of sintering
aids is often utilized to reduce conventional sintering temperatures. Lithium doping of
BaTiOs (BT) has been shown to successfully reduce sintering temperatures, Kimura et
al. demonstrated a reduction from 1300°C to 1000°C [17] and Randall et al. achieved
a reduction of sintering temperature to 750°C with <0.3 mol.% Li by the addition of
15 mol.% LiF [18]. Many other sintering aids have been investigated, but no others
are able to reduce the BT sintering temperatures to below 900°C [6], [19]. However,
this temperature remains too high to allow for the full integration of a wide range of
materials with ceramics and the reduction in sintering temperature must be balanced

with any effect on properties [20].

During sintering, volatile elements can evaporate causing changes to the
stoichiometry of the final materials which in turn have an impact the electrical
properties [21]. Co-sintering of ceramic materials with polymeric and metallic
materials via a solid-state method presents a range of challenges. Thermal stability,
rate of shrinkage and the physical and chemical compatibility of materials at high
temperatures must all be considered and often precludes the integration of ceramic
materials with low melting point electrodes, semiconductors and polymeric materials
[22]-[24].



2.2.2 Liquid Phase Sintering

Sintering temperatures have often been reduced by the addition of liquid phase
additives or fluxes in a process called liquid phase sintering. Typically, these additives
are able to reduce the sintering temperatures by approximately 10-20% [3]. The
benefits of a reduction in sintering temperature by adding a liquid phase have to be
balanced with the potential for reduction in the dielectric properties; reducing & and
increasing the tand [23], [24]. For full densification of materials through liquid phase
sintering, a number of requirements must be met [8], [25]: i) Partial solubility of the
solid in the liquid phase, ii) an appropriate volume of added liquid, usually <15 vol.%
and iii) complete wetting of the solid particles by the added liquid

During liquid phase sintering, the extent of densification is depends on the
capillary pressure in the inter-particle region due to the wetting of the solid particles
[26]. The size of the solid particles, the space between the particle and the properties
of the liquid phase all contribute to the capillary pressure, fine particles with small
inter-particle capillary spaces are required to achieve sufficient pressure.[12], [13].
The theories of liquid phase sintering suggest there are three stages distinct stages
observes during the densification of a material via LPS [8], [13], [26], [27].

D
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Time

Figure 4 Densification curve showing the three main stages of liquid phase sintering [8], [13], [26], [27].

During stage one of liquid phase sintering, the solid material particles are
wetted by the addition of a liquid or the melting of a flux phase. The material is rapidly
densified in stage 1 as the particle are rearranged and the liquid is able to move into
pores. [9], [25], [26]. The controlling factor for this step is the amount of liquid in the
system, densification is achieved by sufficient wetting of the particles to allow for

rearrangement of the particles [13]. Kingery calculated the liquid required to instigate
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true liquid phase sintering to occur with particle rearrangement is 35 vol.% and this
can lead to a volume shrinkage during sintering of up to 40%, as shown in Figure 5.
When insufficient amounts of liquid are added to the system, other sintering methods,

such as solid-state sintering are required to achieve densification [25].

0.5

0.4

Other
mechanisms

Particle
Rearrangement

Volume Fraction Shrinkage

0 0.1 0.2 0.3 0.4

Volume Fraction Liquid

Figure 5: Effect of liquid fraction on shrinkage by rearrangement [25]

Solution-precipitation occurs in stage 2 after the initial particle rearrangement,
the solubility and diffusivity of the materials then become the dominant effects in
densification [9], [26]. During solution-precipitation a significant amount of
microstructural coarsening occurs. Smaller grains dissolve into the liquid phase due
to their higher relative solubility; this material then diffuses into the larger grains

causing them to grow, increasing density [9], [26].

The final densification stages in liquid phase sintering are solid state controlled
in which closed porosity is eliminated in the samples. Due to its slow rate, the solid-
state controlled portion of densification is only significant in the later stages of
sintering after the liquid has been removed. The properties of liquid phase sintered
materials are often degraded by the solid-state process so this is usually kept short.
[9], [26]

2.2.3 Processing Routes with Reduced Sintering Temperatures

Microwave sintering, flash sintering, spark plasma sintering, and high-pressure
sintering are among techniques which have been used to efficiently sinter ceramics by
utilising electrical energy, high pressure, and controlled heating steps. In these
techniques, the sintering temperature often remains above 400°C, which, whilst
considerably lower than conventional sintering temperatures is still too high for co-

firing with polymers and other materials [4], [5].



Incentives for the reduction in sintering temperatures include the reduction in
energy requirements and processing times as well as the ability to integrate other
materials into ceramic products. The use of high temperatures requires a significant
amount of energy which becomes the dominant factor in the cost of final components
[6], [7]. The energy required to sinter BaTiOs conventionally is 2800 kl/g, a
comparison of energy consumption for several sintering methods is shown in Table 1.
A significant reduction in energy consumption can be achieved through various
methods, by reducing processing temperatures, with cold sintering thought to

represent a 99% energy reduction for sintering of BaTiOs [6].

Table 1: Comparison of energy consumption of sintering techniques after [6]

Sintering method Energy consumption ( kJ/g)
Solid State 2800

Liquid Phase 2000

Field Assisted 1050

Microwave 540

Fast firing 130

Cold 30

As sintering temperatures have been reduced to save energy, reduce
processing time and allow for integration, processing temperatures have been
classified into a number of categories: High 1200-1800°C; Low 900-1000°C; Ultra-low
400-700°C and Cold <200°C. Figure 6 illustrates these alongside compatible metallic

elements used in co-firing ceramic technologies.

Metal
Compatibility

W, Mo

Cu, Au, Ag

Ultra-Low TR Cu, Au, Ag, Al

Most metals

Figure 6: Sintering temperature classifications with compatible co-firing materials [28]



Ceramic components are commonly tape cast, printed with conductive patterns
and stacked to produce multilayer components and then sintered at 900-1000°C,
whilst this is considered ‘low temperature’ there are still a number of issues such as
warping, cracking and other defects can occur due to thermal mismatch, which affects
the performance of components [24], [29]. Recently, “cold sintering” has been
developed for ceramic densification below 200°C utilizing a transient liquid, which aims

to avoid some of the issues of traditional sintering methods [2], [3].

2.2.3.1 Microwave Sintering

The use of microwave radiation in the processing of ceramics has been explored
since the 1950’s and work towards utilising microwaves for densification began in the
1970s [30]. Reported advantages of the process over conventional sintering include:
rapid heating and short cycle times, which in turn reduces processing cost, improved

microstructural control and improvements in mechanical properties [31]-[34].

Conventionally sintered samples are indirectly heated via radiation, conduction
and convection, whilst in microwave sintering, heat is generated within the materials.
Dielectric loss is a crucial factor in the use of microwaves to densify materials as energy
absorbed from the electromagnetic wave dissipates through the material as heat.
There is a broad range of microwave absorption characteristics amongst ceramic
materials, and for low loss materials such as ultra-pure alumina, “hybrid” sintering is
[30], [31]. The hybrid method utilises conventional heating to ensure the work piece
has sufficient microwave absorption to achieve densification. Hybrid microwave
sintering allows for the heat distribution within a work piece to be tailored which can

be used to aid microstructural control [30], [34]-[36].

a) Conventional b) Microwave c) Hybrid

Temperature

Figure 7: Temperature profile within a) conventional, b) microwave and c) hybrid sintered samples adapted from [35]

Alumina is highly refractory with a sintering temperature of over 1600 °C, whilst
hybrid sintering has been shown to achieve >95% relative density at 1400 °C (Figure
8). Whilst still requiring temperatures of over 1000 °C, reducing sintering temperatures
by several hundred degrees could yield significant improvement in processing time

and therefore achieve significant energy and cost benefits.
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Figure 8: Sintered Density vs. Temperature for microwave and coventionally sintered alumina, adapted from [31]

2.2.3.2  Flash Sintering

Flash sintering, reported in 2010 utilises a combination of applied electrical field
and elevated temperatures to densify oxide materials very rapidly [37]. Densification
occurs at specific combinations of temperature and applied field, with onset
temperature lowering with increased field strength. [38]. The flash sintering event is
characterised by thermal runaway of Joule heating, a change in the electrical

conductivity of the sample and the emission of bright light [37]-[40]
There are a significant number of variables (summarised in Figure 9) which

affect the Flash sintering process, many of which are interrelated and therefore finding

the optimum processing parameters for each materials can be complex [38].
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Figure 9: Processing parameters which must be considered in the flash sintering process, from [38].

I4

Lab based trials of flash sintering are commonly performed on ‘dog-bone
shaped samples suspended from platinum wire within a furnace, however these
samples are complex to form and the final microstructure is complex due to field
distribution in the sample [37], [40]. In smaller samples the electric field and current
density can be easily controlled, however the ability to control these in larger work
pieces may be a barrier to commercialisation [40].

It has been noted that the microstructure within flash sintered samples can
vary, not only with applied field strength but also with distance from the anode. Figure
10 shows fracture surface micrographs of zinc oxide (ZnO) samples flash sintered at
low (3.9 A/cm2) and high (15.4 A/cm2) current density [41]. Zhang et al. flash
sintered ZnO with a particle size of ~0.5um a with very little grain growth achieved in
the low current density sample whereas a significantly larger grain size is seen in the
samples sintered with a high current density. Grains nearer the anode were
comparatively larger than those at the cathode in both cases and has been attributed
the accumulation of electrons aiding the transport mechanisms which lead to grain

coarsening [41].
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Figure 10: Fracture surface SEM micrographs of flash sintered Zinc oxide at a), b) low current density and c) d) high
current density at the cathode (-) (a and c) and the anode (+) (b and d), adapted from [41]

Significant efforts have been made in electro-ceramics industry to develop a
facile route for the production of functionally graded components. The asymmetric
grain growth observed in ZnO and Yttria-stabilised zirconia by Zhang et al. and Kim
et al. under applied electric field could be a potential avenue to achieve this. However,
for applications where microstructural homogeneity is important, this phenomenon
must be better understood in order to overcome the grain size distribution in the final

products.

2.2.3.3  Spark Plasma Sintering

Used to consolidate a wide range of materials, spark plasma sintering uses
uniaxial force and pulsed DC currents at low atmospheric pressure to achieve
densification [42][43]. As current passes through the material, coulomb discharge and
Joule heating effects cause significant heating at the contact points between powder

particles, which promotes densification with limited grain growth [42], [44], [45]).
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Figure 11: Schematic drawing of SPS apparatus, left (from [43]), and visualisation of the flow of pulsed current and
energy dissipation through powder particles during SPS, right (from [45]).

Reducing sintering temperatures and times is a major step towards reducing
the overall energy consumption of ceramic processing, and spark plasma sintering has
been demonstrated in a broad range of ceramic materials from cutting tools to bio
ceramics [45]. Elissalde et al. investigated the use of spark plasma sintering for
zirconia (Zr02) ceramics from different precursor materials to reduce sintering
temperatures, control the microstructure and prevent the formation of the detrimental
cubic phase [46]. Using ZrOH4 as a precursor, sintering at 350 °C with applied pressure
of 600 MPa, achieved relative densities of 70-80 % in just 10 minutes [46]. Bioglass®
45S5 (glass-ceramics have also been densified via the SPS method, achieving high
relative density and improved mechanical properties when compared with
conventionally densified material, Figure 12 [47]. Ion release studies in distilled water
of the resulting glass-ceramics attributed higher rates of sodium dissolution to lowers
densities amongst samples sintered at lower temperatures, but may also be

attributable to the extent of crystallisation as discussed in sections 2.7 and 2.8 [47].
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Figure 12: Relative density (a), Young’s modulus (b) and ultimate compressive strength (c) of Bioglass® 4555 glass-
ceramics after densification via conventional heat treatment and SPS, adapted from [47]

There are numerous potential benefits to SPS over conventional sintering
methods. Due to the rapid rate of sintering, it is likely that unwanted reactions and
significant grain growth can be avoided. Shrinkage is also limited to the dimensions
parallel to the applied pressure, allowing for greater control of the final component

dimensions.

2.2.3.4  High-Pressure Sintering

During conventional sintering, pressure is not applied to the sample during
densification and can therefore be considered pressureless sintering. During high
pressure sintering, samples are heated whilst under and applied pressure >1 GPa[48]-
[52]. Whilst in most cases the sintering temperature remains high, this technology

allows the densification of otherwise difficult to prepare materials [51], [53], [54].

One application for high-pressure sintering is the production of cutting tools
from diamond-SiC composites and boron nitride [51], [52]. Sintering of diamond-SiC
composites at 1400-1600 °C with applied pressure of 6 GPa for 1 hour achieved
samples with ~99 % relative density, with homogenous microstructures at higher

temperatures and Knoop hardness over 40 GPa [52]. Cubic boron nitride is difficult to
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prepare through conventional means and has been densified by Lv et al. at 1300-
1700 °C with applied pressure of 5 GPa for 20 minutes [51]. The Vickers hardness of
the resulting samples initially increases with temperature and then begins to

decreased, which the authors attribute to the formation of secondary phases
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Figure 13: Comparison of Vickers hardness for cubic boron nitride sintered with 15 wt.% Al (—s—) and 20 wt.% AIN (——),
from [51]

High-pressure sintering has also been utilised in functional materials to achieve
electrical/thermal property combinations that are difficult to achieve through
conventional processes, such as thermoelectric devices. Good thermoelectric materials
should have high electrical conductivity and Seebeck coefficient whilst maintaining low
thermal conductivity to achieve a high figure of merit (ZT) [21]. CoSbs and BiCuSeO
are thermoelectric materials which have been consolidated using high-pressure
sintering [48]. For CoSbs, Mei et al. reported higher electrical conductivity at lower
pressures (2 GPa) attributed to Sb impurities, whilst the Seebeck coefficient was
highest after higher pressure sintering (5.7 GPa) due to increase grain size [49]. Zhu
et al. report a significant increase in ZT for BiCuSeO when prepared via high pressure
sintering (3 GPa) at the same temperature (700 °C) compared to pressureless
sintering, Figure 14 [48]. This was attributed to a low crystal defect concentration

within the samples and restricted grain growth leading to a fin final microstructure.
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Figure 14: Temperature dependence of ZT for BiCuSeO prepared by conventional (PLS) and high pressure (HPS) sintering,
adapted from [48].

Although high pressure sintering is performed at relatively high temperatures,
it often enables a slight temperature reduction or the improvement of material
properties which may not have been otherwise achieved. An understanding of the role
of pressure during high-pressure sintering may also prove useful in further reducing

processing temperatures.

2.3 Cold Sintering

Cold sintering is a promising method for the densification of a wide range
ceramics, which utilizes a transient liquid phase, uniaxial pressure and heat to achieve
densification [2], [3]. During cold sintering, powdered material is mixed with a
transient liquid in which it is partially soluble, introducing a liquid phase at particle-
particle interfaces. The moistened powder is then placed into a die, pressure (100-
500 MPa) and heat (<300°C) are then applied to aid rearrangement of the particles
and the re-precipitation of the solid material from the solution [2], [3], [28], [29],
[55], [56]. The maximum temperatures typically used in cold sintering is 300°C, which
is a dramatically reduced sintering temperature compared to conventional methods
for most materials. The general process of cold sintering is shown in Figure 15. Factors
that can affect the efficacy of the process include particle size and distribution;
pressure; temperature; volume of transient liquid and solubility of powdered material

in the transient liquid.

17



Development of the process has mainly been on a material-by-material basis,
optimising parameters empirically. Therefore, for each material-solvent combination
densified via cold sintering, a significant amount of trial and error occurs before

achieving sufficiently dense materials.

i .

2) Powder mixed with 3) Dissolution of ions into
1) Dried powder weighed transient solvent )

o

the transient solvent

4) Application of uniaxial 5) Application of uniaxial 6) Evaporation of transient
pressure causing particle pressure and heat. Increased liquid and precipitation of
rearrangement dissolution material

Figure 15: Stages in the Cold Sintering process

The proposed mechanisms of cold sintering are closely related to those
observed in liquid phase sintering, comprising of two-stages [6]. The initial stage is
dominated by particle rearrangement and compaction whilst the second is dominated
by dissolution, grain growth and precipitation. The application of uniaxial pressure to
the moistened powder allows for rearrangement of the particles in the initial stage of
cold sintering, aided by the liquid phase which lubricates the movement of solid
particles and fills small voids. In the majority of cases, pressure is applied before the
temperature is increased, however, papers by H. Guo et al. and Baker et al. have
reported preheating the die or pressing platen prior to application of pressure [3],

[57]. In stage two, the uniaxial pressure is maintained whilst applying heat, further
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aiding densification as the solubility of the materials in the liquid is enhanced as the
system is heated. As the materials are heated further, the liquid evaporates, leading
to precipitation of the solute onto the surfaces of the remaining particles. The liquid
used for cold sintering can be used to create a saturated solution via the dissolution
of the starting powder or be pre-loaded with a liquid phase containing the materials
of interest [58].

Prior to research emerging from Randall et al. at Pennsylvania State University,
Yamasaki et al. described a combined process of hydrothermal processing with
isostatic pressing referred to as “hydrothermal hot pressing” to densify ceramics at
200-300 °C in 1986 [59]. The process was used to demonstrate the densification of
a range of materials including silicates, cements, barium titanate, porous anatase,
hydroxyapatite ceramics and low-level nuclear waste [59]-[61]. Initially, HHP
generated interest as a method of bonding hydroxyapatite with metal and densifying
ceramics which decompose at low temperatures. Cold sintering has many similarities
with HHP such as the requirement for a liquid phase to facilitate mass transport and
the occurrence of dissolution and precipitation reactions. HHP was inspired by natural
geological phenomenon and is now considered to be a subset of the broader definition
of CSP [58].

Table 2 shows a summary list of the materials that have been reportedly cold
sintered. Molybdate, tungstate and vanadate ternary compounds are promising for
cold sintering, with many having already demonstrated potential for processing via
this route. Many of the compounds presented in Table 2 (such as Li2MoOa4) are
hygroscopic or highly soluble in water, making cold sintering using distilled water as
the solvent possible. Other compounds such as BaTiOs require solutions containing

constituents of the final material to allow cold sintering to occur.

Table 2: Compositions reported to have been cold sintered [29], [62]-[64]

AlLO3 Bi.Tes BaMoO4 AgVOs3 Li>CO3 LiFePOa4 Li1.5Alo.sGe1.5(POa4)3

Bi.O3 PbTe Gd2(Mo04)3 BiVO4 Na2ZrOs LiCoPO4 Lio.sxBi1-0.5xM0xV1-xO4

MgO ZnTe K2M0207 LiVO3 NaNO2 KH2PO4 Nasz.256Mgo.1282r1.872S12PO12
MoOs  CuCl Liz2MoO4 KPO3 SrTiOs Cas(P04)3(0OH)

V203 NaCl Na:Mo,0- Mg:P20; CsH2POs  (LiBi)0.sM0O4

V205 Agl ZnMoO4 CaszCo409 Pb(Zr,Ti)O3

WOs CsBr Cs2WOs4 NaxC0204 Li2MgsTiOe

ZnO ZrFq4 Li2WO4 BaTiOs Nao.sBio.sM00O4

ZrO2 NaWO4 CsSO4
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The cold sintering process has been shown to be simple and effective in
materials which readily dissolve congruently in water, including NaCl, NaF, alkali
molybdates and phosphates. The process becomes more complicated in materials
which dissolve incongruently in water or are insoluble. BaTiOs (BT) is one of the most
used electroceramic materials and Ba?* ions are known to preferentially leach out of
the solid material when water is added, creating particles with Ti** rich exterior layer.
In the case of BT, high quality nanoparticles have been used with a supersaturated

solution of Ba and Ti sources to inhibit dissolution [65] [29].

Due to the low temperatures involved, cold sintering can be utilized to produce
components from ceramic-polymer composites and with integrated metallic layers
such as multi-layer ceramic capacitors and compact filtering-radiating modules for
microwave communication [5], [22], [29]. There is a broad range of compositions that
can be cold sintered, with over 50 inorganic compositions reported to have achieved
densification via CSP by Guo et al. [29] and Baker et al. [2], [66]. As well as
densification of bulk inorganic ceramic materials, a range of polymer/ceramic and

organic/inorganic composites have also been investigated.

2.3.1 Water Soluble materials

LMO is conventionally sintered at 540 °C but via cold sintering it can be densified
at 120°C with the addition of 2-10 wt.% distilled water under applied pressure [58],
[67], [68]. The properties of cold sintered LMO are comparable with conventional
samples but a slight increase in dielectric loss is thought to relate to residual hydroxyl

groups at the grain boundaries [68].

Lithium molybdate (LMO) has a phenacite-type crystal structure consisting of
corner sharing tetrahedrons (Figure 16) [29][68][69]. LMO has been reported to melt
incongruently at 698°C according to DSC studies by Moser et al. [72]. Denielou et al.
and Brower et al. reported melting points of 701+2°C and 700+2.5°C respectively
[73], [74]. Lithium molybdate (Li2MoO4, LMO) is a hygroscopic material which is
congruently soluble in water and was one of the first materials used to demonstrate
cold sintering. [18], [66], [67].
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Figure 16 Phenacite structure of lithium molybdate [70], [75]

Conventionally, lithium molybdate is produced via solid-state synthesis by
mixing stoichiometric amounts of Li2COs and MoOs and calcining at temperatures
ranging from 500-620°C [68], [70], [76]-[78]. Lower temperature manufacturing
could reduce costs and prevent volatile compounds being lost during calcination and

there are reports in the literature of low temperature production of lithium molybdate.

Inagaki et al. prepared Li2M0oOs4 at ‘room’ temperature via a precipitation
method from an aqueous solution of (NH4)sM07024 and LiOH which is heated to 100°C
to remove ammonium and then precipitate in ultrasonically agitated ethanol [78].
They investigated several processing parameters and their effect on the final
materials, including the concentration of the agqueous solutions, quantity of ethanol,
frequency of agitation and sintering duration. The particle morphology and
morphology were highly sensitive to small alterations in the process. Zhang et al.
followed a similar solution method to Inagaki substituting ethanol for distilled water.
(NH4)6M07024-H20 and LiOH-H20 were dissolved in deionized water and held at 60°C
until the water had completely evaporated. The resulting dried powder was then

ground using ethanol as a dispersant [79].

Yip et al. claim to have produced highly crystalline lithium molybdate by mixing
LiOH-H20 and MoOs to form a paste and then leaving the paste to dry at room
temperature [80]. The particle size and morphology of room temperature Li2MoO4 was
found to be smaller and more regular when compared to that of conventionally

calcined material produced from Li>CO3 and MoOs.

The dielectric properties of lithium molybdate have been shown to vary with

production method and sintering conditions. Kahari et al. densified lithium molybdate
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by pressing with 2-3 wt.% distilled water followed by drying at room temperature,
120°C or sintering at 540°C and found all samples had a permittivity of 4.6-5.2 at 9.6
GHz [68]. They also measured the Qr which increased as a function of sintering
temperature due to removal of residual water in the samples. Zhou et al. reported
dielectric properties of Li2M0oO4 sintered at 540°C as & 5.5 (£0.05), Qr 46,000
(£1000)GHz and a TCF of -160(£10)ppm/°C [76]. Zhang et al. reported slightly higher
permittivity and Qr values (5.58 and 49,328 GHz) in lithium molybdate manufactured
via their aqueous solution method due to a reported reduction in impurity
concentration compared to conventional solid state synthesis [79]. Cold sintering of
lithium molybdate has been shown to increase the relative permittivity (5.61) but also
to reduce the quality factor (30500 GHz) [66]. A decrease in Qf values was also
observed in other materials produced by Guo et al. via cold sintering, most significantly
in Na2Mo207 (Qrof conventional material: 62,400 GHz, of cold sintered: 14,900 GHz) ,

although no explanation is offered [66].

Materials related to LMO such as sodium molybdate and potassium molybdate
(Na2Mo0O7, NMO and K2MoQO4, KMOQ) can also be densified via cold sintering. Whilst not
hygroscopic, NMO and KMO are highly soluble in water (65.0 and 164.5 g/100ml
respectively) making them ideal candidates for cold sintering [81], [82] . Sodium
molybdate is conventionally sintered at 610 °C, whilst the material can be cold sintered
at 150 °C with the addition of 5-10 wt.% water and the application of 200 MPa of
pressure. Wang et al. achieved relative densities of 87% after conventional processing
but 96% after cold sintering. The dielectric properties of NMO are also comparable
between conventional and cold sintered. An increase in &r is observed (Conventional:
11.6 CSP: 12.7), due to increased density whilst residual hydroxyl groups increased
dielectric loss [83], [84]. For KMO, a relative density of 100 % was achieved by cold
sintering with 5-10 wt.% deionized water at 150 °C, 200 MPa for 30 minutes, followed
by a 24 h drying step at 120 °C [85].

2.3.2 Water Insoluble Materials

Using water as the transient solvent in cold sintering limits the process to only
water-soluble materials. To widen the applicability of the technique, a range of other
liquids have been investigated. Transient liquids utilised to achieve cold sintering
include acids/alkalis or solutions which upon heating decompose to form the desired

chemical phase.
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Funahashi et al. studied the cold sintering process for ZnO, utilising a 1M acetic
acid solution to encourage dissolution, densification and grain growth of the material
under cold sintering [56]. They achieved samples with >90% density and grain
structures similar to that of conventional sintered materials (1400°C) after pressing
at 378MPa followed by sintering at a pressure of 77MPa and temperatures between 88
and 305°C [56].

Gonzalez-Julian et al. used kelvin probe force microscopy (KPFM) to investigate
the role of different solvent chemistries and the mechanisms occurring during cold
sintering [86]. Samples were produced via cold sintering and a combined cold
sintering/SPS method. For both CSP and CSP-SPS, powders were moistened with 1.6-
3.2 wt.% distilled water or a 0.5% Zn-Ac solution and sintered according to
parameters in Table 3. The use of a Zn-Ac solution as the transient solvent was found
to significantly reduce the onset temperature of densification from 90-130 °C to
~25 °C at all applied pressures. This demonstrates the crucial role of powder

dissolution in densification via cold sintering.

Table 3: Parameters used by Gonzalez-Julian et al. to create CSP and CSP-SPS samples

CSP CSP-SPS
Solvent content 1.6 - 3.2 wt.% H20 1.6 wt.% H20
3.2 wt.% H20 + 0.5 wt.% ZnAc | 1.6 wt.% H20 + 0.5 wt.% ZnAc
Temperature ramp rate 20 °C/min 100 °C/min
Holding Temperature 250 °C 250 °C
Pressure 150, 300 MPa 100, 125, 150 MPa

The surface potentials of samples sintered via CSP-SPS at 150 MPa were
assessed using KPFM. The addition of water increased surface potential compared to
the as-received powder, indicating an increased defect concentration. With the
addition of Ac-H20, a contrasting effect is seen, surface potentials are reduced
indicating a lower defect concentration, attributed to grain growth during sintering.
The increase in surface potential indicates that the solvent phase promotes transport
and as OH™ and H" ions diffuse into the surface of the crystal structure, defects are
created which lower the activation energy and raises sintering potential [56], [86],
[87].

Induja et al. cold sintered the naturally occurring mineral sillimanite Al2SiOs
with distilled water at 120°C and using NaCl as a sintering aid [88]. Sillimanite has low
permittivity (4.43), high Qrvalue (41,800) and a TCF of -17 ppm/°C, however it sinters
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poorly via conventional methods and converts to mullite at 1500-1650°C so cannot be
manufactured into component by conventional methods. The dielectric properties of
the resulting composite samples matched those calculated from the rules of mixing
with &r = 4.52, Qr = 22,350 GHz and TCF -24 ppm/°C [88].

Unlike lithium molybdate, MoOs has limited solubility in water (1g/L @ 20°C)
and whilst cold sintering using 4 wt.% water as a transient solvent achieves some
improvement in density it is below the desire >95% for commercial MW ceramics.
Molybdenum oxide has been used to demonstrate new approaches to cold sintering of
materials. Varghese et al. reports that conventional sintering of MoOs at 650°C (no
time specified) achieved a relative density of 88%, whilst Zhou et al. achieved 64%
density after sintering at 680°C for 2 hours and 76.8- 83.7% % via cold sintering [89],
[90]. The cold sintering processes adopted by Zhou et al. compared the use of water
and a solution of ammonium molybdate tetrahydrate as transient solvents, sintering
at 100-150 MPa and 120-150 °C following by an annealing step. Ammonium molybdate
is highly soluble in water and decomposes to form MoOs at high temperatures, 10
wt.%. (NH4)sM07024-4H20 was mixed into the MoOs powder prior to the addition of
4wt.% water and cold sintering at 150 °C with a 600 °C anneal. After the initial 150 °C
CS step, the (NH4)sM07024-4H20 remains as a secondary phase and is observed in
XRD. Heat treating at 600 and 700 °C removes the secondary phase and improves
density. Cold sintered samples were found to have higher permittivity and lower Qf
values than conventional sintering, likely due to the increased density and smaller

grains present in cold sintered samples [91].

2.3.3 Non-Congruently dissolving materials

In cases where the powder dissolves incongruently, a method of hydrothermal
assisted cold sintering is applied where the transient liquid forms reactive intermediate
phases. The transient liquid is often a solution containing a deep eutectic reaction
precursor which forms the desired products at temperatures below that of a solid state
calcination process [28], [92]-[94].

Guo et al. and Ma et al. utilised barium titanate nanoparticles and a
hydrothermally inspired Ba(OH)2/TiO2 suspension in deionized water to cold sinter
BaTiOs (180 °C, 430 MPa) [94], [95]. When particles of BaTiOs are exposed to water,
Ba2* ions leach from the surface, leaving a Ti-rich layer [96]. The composition of the
transient liquid prevents the dissolution of Ba?* from the powder particle surfaces. A

post-sintering annealing step at 700-900 °C is applied to the cold-sintered material,
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which whilst significantly lower than the conventional sintering temperature, causes

[3].

hydrothermal synthesis of barium titanate, BaCOs is a commonly reported by-product,

significant grain growth and increases relative density by 1-5% During
which was seen in XRD as an impurity phase in the as-cold-sintered material by both
Guo et al. and Ma et al. [94], [97]. Post sintering heat treatment allows the removal
of this impurity phase by reaction to form BaTiOs. TEM and chemical analysis revealed
the presence of a carbonate rich, amorphous, intergranular phase which crystallizes
during annealing. The improvements reported by Guo et al. in dielectric properties
achieve after heat treatment are shown in Figure 17. Dielectric loss is significantly
reduced and room temperature dielectric constant (1kHz) increases from ~70 after
cold sintering to ~1800 after 900 °C annealing [95]. Ma et al. reported a room
temperature permittivity of 2332 (1kHz) in samples cold sintered for 60 minutes and
annealed for 3 hours at 900 °C [94].
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Figure 17: Temperature-dependence of dielectric constant and loss for (a) cold-sintered ceramics at 180 °C, and

subsequently annealed at (b) 700 °C, (c) 800 °C and (d) 900 °C reported by Guo et al. [95]

SrTiO3 is conventionally sintered at over 1400 °C, Boston et al. developed a
method to cold sinter SrTiO3 which utilises reactive intermediate phases [92], [98].
Micro- and nanoscale SrTiOs and TiO2 powders were mixed with 0.2 ml of a 1.5 M SrCl>
aqueous solution. The mixture was pestle and mortared to produce a free-flowing

powder which was then pressed at 750 MPa for 10 minutes at room temperature before
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increasing to 180 °C for 60 minutes. After cold sintering, a 4 h heat treatment at
950 °C promotes micro-reactions between SrCl> and TiO2 intermediate phases,
forming SrTiOs. The elimination of the intermediate phases is demonstrated in Figure
18, where peaks in the XRD spectrum attributed to SrCl> and TiO:z are seen after cold

sintering and are not seen after heat treatment [92].
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Figure 18: XRD spectra of a cold sintered ceramic using solid state powder as a starting reagent before (right) and
after (left) heat treatment at 950 °C after [92].

Electrical testing of cold sintered SrTiOs showed similar trends to
conventionally sintered materials, however the relative permittivity values were lower
and exhibited frequency dependence. Particle size in the conventionally sintered
samples is shown to affect the permittivity and loss whereas the properties of cold-

sintered samples appear less dependent on particle size (Table 4).

Table 4: Range of relative permittivity and tan 6 values measured across 25-250°C temperature range [92]

Nanoscale Micron-Scale

Permittivity tand Permittivity tand
Conventional 130-210 0-0.55 120-180 0-0.14
Cold 70-120 0-0.21 70-120 0-0.21
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2.3.4 Post-Sintering Annealing

Amorphous grain boundary phases have been reported in some polycrystalline
ceramic materials after cold sintering [3], [28], [66], [95]. The formation of
amorphous phases is controlled by a number of factors including the condensation
rate of the solute due to solvent evaporation and the level of super-saturation prior to
condensation [66]. The temperatures and times involved in cold sintering are
insufficient to allow for total recrystallisation of grain boundaries and heat treatments
are often utilised after cold sintering to remove moisture, aid recrystallization, and

achieve further densification.

For BaTiOs the annealing temperatures used are 700-900°C, after cold sintering
at 180°C, which is significantly lower than the conventional sintering temperature, but

causes significant grain growth and increases relative density by 1-5% [3].

Densification of yttria doped ZrO: is typically achieved at temperatures of
~1400°C but Guo et al. have reported 85% theoretical density in 3 mol% Y203-doped
ZrO:2 after cold sintering at 180°C for 30 minutes and 95% density after annealing at
1000-1100°C. In ZrO2 with 8 mol.% Y203 doping (YSZ), the cold sintered density is
much lower (56%) before heat treatment [62][66]. As most metallic electrodes melt
or oxidise as high temperatures, the annealing processes required for some materials
is a barrier to co-firing of components unless it is below ~900°C [24]. Therefore,
development processes and materials which achieve full density is required before co-

firing.

Whilst the use of heat treatments may seem to contradict the energy savings
achieved by cold sintering, temperatures utilised are significantly lower than required
in conventional sintering. The removal of secondary grain boundary phases and grain
growth can lead to improvements in properties in materials such as SrTiOs and BaTiOs3,

discussed in 2.3.3

2.3.5 Effect of Particle Size on Cold Sintering

Control of particle size can also be utilised to improve cold sintering of non-
soluble materials, although competing ideas about the optimum particle size and size
distribution exist. Kadhari suggests that greater particle sizes produce better results in
hygroscopic Li2MoO4, due to water being more evenly distributed, preventing

clumping and warpage [67]. Whereas Guo et al. cite the use of nano-particles as a
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method to improve density in other non-hygroscopic material systems due to higher
reactivity and surface to volume ratio [3]. A bimodal system, utilising nanoparticles in
combination with coarser particles created a thermodynamically unstable system,
which encourages the process of surface area reduction [65]. However nanoparticles
tend to have a higher concentrations of defects, which could have a negative impact
on mechanical and electrical properties [99]. When investigating the potential of new
materials to be cold sintered, a number of factors should be considered, including
solubility and particle size of the starting material and effect of sintered particle size

on properties.

2.3.6 Cold Sintered Ceramic-Ceramic Composites

LMO, NMO and KMO are readily densified via cold sintering and have therefore been
used as a starting point to create many composites with other ceramic materials with more
favourable properties, but which are harder to cold sinter such as barium hexaferrite, sodium
bismuth molybdate and bismuth lithium vanadium molybdate [83], [100], [101]. Several two-
component cold sintered ceramic composites have been demonstrated with temperature stable
MW properties using LMO, NMO and KMO to encourage densification [83], [85], [100], [101]. The
ability to create highly dense ceramic composites with varying compositions allows for properties
to be tailored, demonstrating compositional design that would not be easily achieved by

conventional methods.

Wang et al. produced NagsBipsMoO,s-Li,Mo0O, (NBMO-LMO) composite samples by
mixing NBMO and LMO powders with 5-10 wt.% of deionized water and pressing pellets 30 min
at 150 °C and 200 MPa. Sintered pellets were dried for 24 hours at 120 °C to remove any residual
moisture [101]. The NBMO-LMO ceramic composites in this study showed no chemical reaction
between the phases occurs during cold sintering. Figure 19 shows the properties of the individual
phases after conventional sintering and cold-sintered composites. The significantly lower
permittivity and Qs of cold sintered NMBO can be attributed to the lower density achieved. Near
zero TCF was achieved at 20% LMO with & = 17 and Qf = 8000 GHz [101].
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Figure 19: Properties of NBMO-xLMO composite ceramics produced by cold sintering, comparing permittivity to
conventional samples produced and measured by Zhou et al. [22], [76], [83], [101], [102]

(Bio.gsLio.os)(Vo0.9M00.1)04-Na:Mo0207 (BLVMO-NMO) composites were also
sintered by combining the mixtures with 5-10 wt.% of deionized water, and hot
pressing for 30 min at 150 °C & 200 MPa. A post sintering drying step of 120 °C for
24 hours was performed to remove residual moisture [83]. Electrical and microwave
analysis of the BLVMO-NMO showed similar trends to the NBMO-LMO and near zero
TCF was obtained at 20 wt.% NMO with & ~ 40 and Qf = 4000, as shown Figure 20.
Although the Qf values of these composites do not compete with conventionally
sintered ceramics for resonator applications, their properties, ease of integration and

low energy consumption show promise for a wide range of novel devices.
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Figure 20: Properties of cold sintered BLVMO-NMO composite ceramics (Black) and conventionally sintered BLVMO
and NMO (Red) [83].

Composites of BLVMO-NMO (20 wt.% NMO) were also used to produce
multilayer ceramic capacitor via cold sintering. Ceramic layers were tape cast and Ag
electrodes applied via screen printing which were stacked and laminated at 80 °C for
20 min, with an applied pressure of 10MPa. Binder burnout was performed at 180 °C
for 3 hours and resulting stacks were exposed to water vapour in a sealed beaker at
80 °C. The moistened stacks were then cold sintered at 150 °C under 100 MPa of
pressure for 30 minutes. The MLCC produced by this method was well densified, well
laminated, and un-warped as shown in Figure 21. The silver electrodes (Figure 21c)
appear well defined indicating no reaction at the metal-ceramic interface. EDS
mapping also shows that grains of BLVMO and NMO are randomly distributed in each
layer (Figure 21b-h) [84].
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Figure 21: SEM (a) and EDS elemental mapping (b-h) for a cross-section of BLVMO-NMO MLCCs, from [84]. .

The room temperature €- and dielectric loss at 1 MHz were found to be 39 and
0.01, respectively and TCC was within 0.013% up to 150 °C. This indicates that the
BVLMO-NMO MLCC's produced via cold sintering conform to property limits for COG
capacitors of TCC <0.01% of room temperature value (Figure 22). Current
commercially available COG capacitors are fabricated at approximately 1100 °C from

CaZzrOs-based dielectrics with sintering aids and Ni electrodes.

-75 50 -25 0 25 50 75 100 125 150
Temperature / °C

Figure 22: Comparison of commonly used capacitor categories, according to temperatures coefficient of capacitance
and temperature [62][84]

Wang et al. cold sintered a series of calcium titanate-potassium molybdate
(CTO-KMO) composites and produced a microstrip patch antenna substrate.
Composites were produced at 150 °C under a uniaxial pressure of 200 MPa for 30 min.
High densities were achieved for all KMO containing compositions, with 100 % relative

density in compositions >70 wt.% KMO (Figure 23). From energy-dispersive X-ray
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spectroscopy (EDS) mapping, the authors showed that two chemically discrete regions
are present in the composites after cold sintering indicating that no reaction occurs

between the two phases during sintering [85].
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Figure 23: Properties of cold sintered CTO-KMO composite ceramics (Black) and conventionally sintered (Red) [85]

Materials for 5G antenna substrates should have & <15, a near-zero TCF and
high-quality factor [85], [103]. CTO-KMO composites produced with 92 wt.% KMO
achieved TCF ~-4 ppm °C!, & = 8.5 and Qr ~11,000 GHz, which was then used to
create a cold sintered microstrip patch antenna, operating at 2.51 GHz with a 62 %
radiation efficiency. The combination of high antenna performance and low
temperature densification demonstrates the potential for the direct fabrication of

antenna substrates onto printed circuit boards [85].
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Figure 24: (a) Efficiency and (b) radiation pattern of a microstrip patch antenna fabricated from cold sintered CTO-
KMO and shown inset (a) [85].
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2.3.7 Cold Sintered Ceramic-Polymer Composites

The relatively low temperatures used during the cold sintering process allows
for the integration of polymeric materials, which have significantly lower working
temperatures than conventional ceramic processing temperatures. The advantages of
combining polymers and ceramics are varied and could allow for the tailoring of
electrical, thermal, or mechanical properties. A number of polymeric materials,
including PTFE, PVDF-HFP, PEDOT:PSS and PEI have been co-sintered with ceramics
to demonstrate a number of potential applications such as microwave

communications, semiconductors and multi-layered circuits [22], [29], [104]-[107].

2.4 Screen Printing

To produce a range of components with more complex geometries, ceramic
powders are commonly mixed with binders to produce slurry for tape-casting, screen
printing or stereolithography. The final properties of components manufactured via

these methods is very dependent on the slurry and processing parameters [81][82].

Screen-printing is commonly used to create relatively thick films (10-100um)
of ceramic materials and is used to produce a wide range of components [110]-[117].
During screen printing a slurry or ‘ink’ is applied to the screen, a flood bar then spreads
the slurry across the printing area. The ‘squeegee’ is then lowered and moved across
the screen, forcing the slurry through the mesh onto the substrate. This process can
be performed multiple times to create thicker samples. Screen printing slurry is
generally produced by mixing a powder of the materials to be printed with binder,
solvent and dispersant [110]. Slurrys should be shear thinning such that the viscosity
is reduced when pressure is applied by the squeegee allowing it to flow through the

mesh and when printing is finished the pattern is maintained [83][91].
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Figure 25: Stages of screen printing

There are several parameters that can be altered in both ink production and
the screen-printing process that influence the final quality of the screen-printed
materials. Several authors have discussed screen-printing parameters for producing
high quality screen prints. These include the squeegee load, speed, angle and
geometry and the type of mesh and the distance the mesh is from the substrate [114].
If the printing ink is very viscous and ‘tacky’ increasing the squeegee load whilst also
reducing the speed of printing will improve film quality, however too low a speed
causes flow out from the mesh pattern [83][87][89]. Figure 26 shows screen printed
samples of doped ZnO produced by Rudez et al. with common screen-printing defects

caused by slurry characteristics and printing parameters [83].
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Figure 26: Optical microscope images of screen printed film surfaces displaying common defects (a-c) and an example
of a well printed surface (d) [110]

The rheology of the printing ink has a significant impact on the quality and
density of screen-printed samples and there have been several studies in this area
relating to the manufacture of a number of different products. Increased binder
content has been found to increase the green and sintered density of cermet films
[112]. Miicke et al. studied the correlation between particle size of the powder and
the green density of thick films produced via screen printing [119]. They showed that
slurry produced using finer powder particles has higher viscosity and lower shear rates,
due to the increased specific surface area the particles are wetted less completely.
They also concluded that that using coarser particles in the ink produced denser
samples [119]. Wu et al. manufactured Al.Os based ceramics via stereo lithography
followed by de-binding and sintering steps. In their work, denser samples could be
produced using starting powders with bimodal particle size; however different
sintering temperatures were used for samples containing particles of different sizes,
potentially contributing to the observed difference in density [109].

Screen printing onto polymeric and metallic substrates has been used in
conjunction with cold sintering for lithium molybdate [2]. A printing ink was made to
the quantities in Table 5 and homogenized using a planetary centrifugal mixer, it was
then printed through a 200 or 400 mesh onto nickel foil or PET substrates.
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Table 5: Screen printing formulation for lithium molybdate [2]

Wt.%
Lithium molybdate (LMO) 66
Ethylene glycol diacetate (EGD) 11
Benzyl Butyl Phthalate (BBP) 0.9
Printing QPAC40 3.3
Vehicle EGD 18.7

After screen printing, binder burnout was performed at 150 °C for nickel
substrate samples and 175 °C for PET substrate samples for 6 hours. Cold sintering
was then performed by exposing the green printed samples to water vapour to
encourage water absorption prior to pressing the samples in a 120 °C preheated platen
at 100MPa for 12-15 mins. Figure 27 shows the cross section of a single layer capacitor
structure after cold sintering, the microstructure consists of fine grains, consistent
with the low driving force for grain growth at such low sintering temperatures. To
achieve consistent sintering, a variety of sintering aids were trialled in this study, such

as paper and PTFE.

Ceramic

Figure 27: Cross-Sectional SEM image of lithium molybdate cold sintered onto a PET substrate in a single layer
capacitor structure, reproduced from [2]
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2.5 Microwave Dielectric Materials

There are a wide range of applications for microwave dielectric materials, such
as microwave telecommunication, and satellite broadcasting [11]. With the continued
growth of the telecommunication industry, research has been driven by the
requirement for materials with properties which can enable the manufacture of

smaller, more cost efficient components [11], [103], [120]

Ceramic materials have been widely utilized as filters and resonators in
antennas for microwave communication since their commercial introduction in the
1980’s. Dielectric resonator antennas consist of a high permittivity material, which
exhibits resonance for a narrow range of electromagnetic frequencies, mounted on a
ground plane and fed by a coaxial probe [121], [122]. Figure 28 illustrates how
microwave ceramic technology developed between 1995 and 2005, with handset and

base station technologies diverging due to differing requirements [103].
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Figure 28: Ceramic resonator development through the 1990's and 2000's [103]

Early mobile technology was reliant on large, metallic invar air cavity
resonators in base-stations and handsets, limiting the size and therefore practicality
of mobile phone usage [24], [123]. Dielectric resonator antennas often used for
satellite navigation offer a number of advantages including reduction in size and
weight alongside radiation efficiency and ease of integration [121], [123]-[125]. For
base stations, the emphasis is on producing extremely low loss materials rather than
reducing size, so materials with high Q values and moderate ¢r are utilised to produce

acceptable components.

There are a large number of possible of configurations for dielectric resonator
antennas, making them highly versatile [126]. Ceramic pucks are suitable for use as

single mode resonators, where a standing wave of specific resonant frequency is
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sustained within the material [103]. Despite the concept being relatively simple,
controlling the physical dimensions and phases during processing and sintering is more

complex; small differences between batches of material affecting final properties

[103].

Patch or microstrip antennas consist of a conducting layer on a low-loss
dielectric slab. A variety geometries are easily manufactured by mass-production of
printed circuit techniques where ground planes and strip conductor are deposited on
the dielectric substrate by screen printing and other techniques [127], [128]. Figure
29 shows a simple, approximately square microstrip antenna configuration. The
physical dimensions and relative permittivity of the dielectric slab determine the guide

wavelength, which in turn affects the size of the conducting patch [129].

MICROSTRIP PATCH

DIELECTRIC SLAB

GOUND PLANE

Figure 29: Schematic of a simple square microstrip patch antenna [129]

2.5.1 Polarization and Permittivity

Relative permittivity (&) is the measure of a materials ability to store charge
under an applied electric field, compared to the energy storage capacity of a vacuum.
Permittivity is the macroscopic property of a material, caused by polarization.
Polarization occurs when an electric field is applied to a material, causing small

displacements of charge creating dipole moments within the material.

All materials exhibit atomic/electronic polarization (a,), where electrons move
relative to the nucleus of an atom. In ionic materials, the relative displacement of anion
and cation lattices causes ionic polarization («;). In polar molecules such as water, the
electric field acts to orient the molecules creating dipolar polarizability (a;). Space
charge polarization (a,.), is caused by the movement of charge carriers in a materials

until they are halted at a potential barrier such as a grain or phase boundary [12],

38



[130]. Figure 30 provides a visual representation of the four mechanisms discussed

above.
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Figure 30: Schematic representation of the four polarization mechanisms [12], [130].

These four mechanisms all contribute to the overall polarization («) of a material

according to equation 1 [12]:
a= a,+ a; +ay;+ ag (1)

Each mechanism of polarization contributes to the & of a material at different
frequencies of applied field. As shown in Figure 31, all mechanisms of polarisation
contribute to the polarisation of a material at frequencies lower than ~103 Hz. As the
frequency is increased to ~10* Hz space charge effects begin to relax out, with dipolar
effects being lost at frequencies higher than 10 Hz. Electronic and ionic polarization

mechanisms are the main contributors to s- at microwave frequencies (10'*-10!3 GHz).
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Figure 31: Schematic representation of the frequency dependence of polarization mechanisms contributions to the
total polarizability of a material [11], [12].
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The relationship between the &, and its resonant frequency (f;) is shown in

equation :
fom —C XS (2)

T Ae 1z T 1
dcr DETZ

where ¢ is the speed of light in a vacuum and 1, is the length of the standing
wave induced along the diameter (D) of a dielectric resonator [11], [12]. Utilizing

higher permittivity materials therefore allows the same resonant frequency to be

1
maintained whilst the resonator size is reduced proportionally to (1/€T) /2 [11], [12],

[131]. Therefore compared to a vacuum cavity (&= 1) a dielectric component with &r

= 36 is only 1/6 of the size but would have the same resonant frequency [120].

Materials with permittivity in the range of 4-12 are applicable in millimetre
communication and as substrates for integrated microwave circuits [123]. Base
stations require materials with 35<¢<55, whereas miniaturized GPS antennas require
75<&r<120 [131]. & of @ non-polar, non-conductive material with a highly symmetrical

ionic structure can be estimated using the Clausius-Mossotti relationship:

= s (3)

Ert+2 3¢&p

where N is density, « is the polarizability of the ionic species in the material [130]. The
dielectric polarizability of a number of ions were derived by Shannon from the dielectric
constants of oxides and fluorides [132]. The value obtained using the Clausius-Mossotti
equation is idealised, with deviations in materials due high symmetry or caused by

extrinsic defects such as cracks, pores and impurities [11], [130], [133].

Porosity has a significant effect on the & of a ceramic puck, therefore
experimental samples should be produced with high relative density. Penn at al.
produced an equation to calculate the actual permittivity of a material (e,) corrected

for fractional porosity (P) from experimental values (¢') in alumina [133]:

e =g, (l—w) (3)

2em+1
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2.5.2 Dielectric Loss

The dissipation of electrical energy in a material due to physical processes such
as conduction, relaxation and resonance is called the dielectric loss (tan d) [134].
Losses are caused by the delay in change of polarisation as the applied electric field
changes due to a combination of intrinsic and extrinsic factors. Losses occur
intrinsically due to the crystal structure, temperature, or frequency of electric field
change. Extrinsic losses are associated with impurities and microstructural features
such as lattice defects and porosity [11], [130], [134], [135]. Increasing frequency
normally increases losses due to higher energy dissipation within the material and

dielectric leakage demonstrated by Figure 32.

Microwave Dielectric Millimetre-wave Dielectric

Figure 32: Increase of dielectric loss caused by increased number of polarisations over time and volume with increased
frequency [131], [136]

Although the contribution of grain boundaries to extrinsic loss was shown to be
very limited in work on MgO by Breeze et al. [135], grain size is reported to create a
variety of effects in different systems [133], [135], [137]-[139]. Increasing grain size
is found to reduce loss in (Zn,Mg)TiO2 and Ba(Mgi/3Taz/3)03 and to increase tané in
polycrystalline alumina [133], [138], [139].

Dielectric loss is an important factor to be considered in microwave dielectric
materials and is given as a ratio between the two complex quantities dielectric

permittivity, . and electric loss factor, ¢’ [12], [71]:

& (4)

tand = —r,
T

The Quality factor (Qr) of a microwave dielectric material is commonly reported
and is approximately the reciprocal of the tan & value [131]. High quality factors reduce
cross talk within a given frequency range [123]. Four types of loss are present in
microwave resonators - dielectric, conduction, radiation and external, which are

related to the loaded quality factor by equation 5 [11], [140]:
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+r_ 1. 1 1 1 (5)
& 0 o

As frequency increases, the losses in a system normally increase, making Qs
frequency dependant. The Quality factor is determined experimentally, by measuring
the half power bandwidth (width of the resonance curve 3dB below maximum peak) at

resonant frequency (as shown in Figure 33) and applying equation 6 [11], [103] :

of =L 6

Transmitted Power / dB

fo
Frequency

Figure 33: Resonance peak of a microwave dielectric material, with the resonant frequency and half bandwidth
indicated [11], [103]

2.5.3 Temperature Stability

Changes in permittivity due to temperature are given by the temperature
coefficient of permittivity, 7., which is reported in parts per million per degree (ppm/°C
or ppm/°K). The temperature coefficient of resonant frequency (z;) is related to the

temperature coefficient of relative permittivity (z.) and the linear expansion coefficient
(av) by equation 7 [11], [123], [130], [131], [141]:

o= @)
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Thermal stability is very important in microwave dielectric ceramics, as
operating temperatures for common practical applications range from -30 to +80°C
[24], with a requirement being that the magnitude of z; is lower than 10 ppm/°C from
-40 to 100 °C [120] for most applications Experimentally, z; is determined my
measuring the shift in resonant frequency as the temperatures is varied. The 1 is then
calculated from the slope of the resulting plot of resonant frequency against

temperature using equation 8 [11]:

— meax - mein (8)
frmin(Tmax — Tmin)

Tf

where frmax and frmin are the resonant frequencies measured at the maximum and

minimum temperatures, respectively.

2.5.4 Factors affecting dielectric properties

The properties of dielectric materials can be altered by adding dopants to the
composition or by utilizing different processing routes [125]. Plotting & of zero 7,
resonator materials against logi0Qxfo, and against temperature coefficient of
capacitance when 7, » a results in trend lines that are straight [103], [142]. Although
there is a wide range of commercial materials from 5<e.<90 with high Q, zero ;,
ceramics with 45<g-<75 have not been developed [103], [143]. Qxfo is dependent on
composition, processing and structure and is mainly improved by reducing sources of

extrinsic loss [103].

Control of particle size is a critical factor in controlling the final properties of
materials. Calcination rates are highly dependent on the mobility of the ions which can
be improved by using smaller particle sizes [14], [21], [134]. Smaller particle sizes
have higher surface area and therefore more potential reaction sites during calcination,
allowing the formation of homogenous materials at shorter processing times. In
conventional sintering, smaller particle sizes tend to improve sintering behaviour and
densification, particularly when the curvature of the particle is on the order of a few
microns [12]. This can aid in producing materials with high density and & and Qxfo
which are close to the materials theoretical maximum [15], [71], [130]. Nanoparticles
have been shown to improve sintering rates and reduce sintering temperatures in some
systems but the green density is often lower and the presence of contamination

increases due to the higher surface area [13].
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The & of some materials is effected by the final grain size within the sintered
materials, which is related to the initial powder size and subsequent processing [144],
[145]. Figure 34 shows the effect of grain size on & of barium titanate between -50°C
and 175°C measured by Arlt et al. with grain sizes 0.28-6.8 um [145]. BaTiOs3 with an
average grain size of 6.7 ym showed the lowest & at room temperature. Initially,
decreasing the grain size (0.7 pym) increases &r and shifts the transition temperatures
higher, even finer grain sizes (0.28 um) show a decrease in permittivity and a
smoothing of the peaks associated with phase transitions. The authors attribute this
to changes in crystal structure in the ferroelectric phase and in the domain structure.
McNeal et al. also studied the effect of grain size in BaTiOz and ceramic-polymer matrix

composites and found a similar size dependence of properties [146].
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Figure 34: Temperature dependence of the relative permittivity of BaTiOs at grain sizes of (1)6.8um, (11)0.8um and (ll1)
0.28 um [145].

However, grain size dependence has differing effects and is not present in all
material systems. For example, in work by Ohata on alumina sintered at higher
temperatures produces larger grain sizes and increase Qxfe by ~300000 GHz but does

not have a significant effect on & or thermal stability [147].

Starting materials often contain low levels of impurities which in some cases
can have a significant impact on sintering behaviour and final properties [14]. The
effect of Fe203 and NiO on (Zro.s,Sno.2)TiO4 was investigated by Wakino et al.. Adding
just 0.5 wt.% Fe203 reduced the Qxfo from 7000 to 350 but for 0.5 wt.% NiO in
conjunction with 0.5 wt.% Fe203, Qxfo remained relatively high (5000) [148]. This is
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thought to be due to Ni ions supressing grain-growth and diffusion of Fe ions into the

grains.

To prevent significant signal drift during operation and ensure communication
systems are temperature stable, 7 should be no more than +2ppm/°C or ‘near-zero’
[125]. ‘Tuning’ is the term given to altering the 7, to achieve a near-zero value; this is
commonly achieved by mixing compounds with 7, values of opposite sign [121], [149],
[150]. Materials with high positive 7, include TiO2, CaTiOs and SrTiO2 can be added to
materials with negative 7, to achieve a t; close to zero, these additions inevitably alter
the permittivity and Quality factor, so the effects must be balanced [121], [125]. In
complex perovskites, 1, has been related to the tolerance factor (t) and the onset of
octahedral tilt transitions, with cation substitution (used to alter the t) having a direct
effect on the thermal stability [141], [151], [152].

2.6  Glasses

2.6.1 Structure of Inorganic Oxide Glasses

Glasses are often described as supercooled liquids, due to their lack of long-
range order in the atomic structure. The amorphous structures of glasses are achieved
by cooling between Tm and Tq sufficiently fast to avoid the nucleation and growth of
crystalline structures (Figure 35) [153]. Conventionally, oxide glasses are produced by
high temperature melting of precursors including oxides, carbonates and fluorides
[153]. Other methods including sol-gel and pyrolysis have been used to decrease

temperatures of manufacture and control composition.
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Figure 35: Schematic graph of specific volume vs. temperature of a glass, where Tg is the glass transition temperature
and Tm is the melting temperature.

Glass compositions usually contain several different constituents, which
depending on their electronic structure act either as network formers, modifiers, or
intermediates. Network formers create a highly cross-linked, covalently bonded
structure. Modifiers alter the network, bonding to oxygen and producing non-bridging
oxygen, decreasing the network connectivity or degree of polymerization of the
material. Intermediate ions, or conditional network formers can behave as both
network formers and modifiers, depending on the composition of the glass. The
network connectivity in glasses can be used to predict the reactivity, solubility,

expansion coefficients and the likelihood of phase separation [153], [154].

Table 6: Behaviour of various cations in glass networks [155].

Valence | M-O single
bond strength

Network Formers Si 4 106

P 5 88-111

B 3 119
Network Modifiers | Na 1 20

Ca 2 32
Intermediates Al 3 53-67

Zr 4 61
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Zachariasen’s random network theory [156] details the required conditions for
RO2, R203 and R20s oxides to form a glass with a 3-dimensional network: Oxygen ions
are not linked to more than 2 cations; coordination number of oxygen atoms around
the cations is small; the corners of polyhedra are shared but not edges or faces and

three or more polyhedral corners must be shared.

In pure SiO2 all tetrahedra are connected in a 3D network with neighbouring
tetrahedra via Si-O-Si bonds. The addition of network modifiers and intermediates to
network formers alters the melt characteristic and physical properties; SiO2 is
chemically durable but requires high melting temperatures. Alkali oxide fluxes reduce

melt viscosity and transition temperatures.

NMR spectroscopy can be used to characterize the structure of glasses,
determining the local environment of constituents due to the presence of bridging
oxygens. The speciation of the silicon within the glass can described by Si", where n is

the number of bridging oxygens in the silica tetrahedra, as shown in Figure 36.
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Figure 36: Q species of silica tetrahedra

Although Si** is the most common glass network former, other cations such as
P>* and B3* can also form glasses. A similar notation can be used to describe phosphate

tetrahedra as shown in Figure 37.
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Figure 37: Q species of phosphate tetrahedra
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2.6.2 Dissolution of Glasses and Its Potential Applications in Cold Sintering

Cold sintering of ceramics has been widely demonstrated and reported,
although the technique could be applied to other material classes. The dissolution
behaviour of glasses in a variety of conditions has been extensively investigated,
especially for vitrified nuclear waste forms and bonding of optics required in extreme

environments such as space.

The dissolution behaviour of glass is dependent on the composition of both the
glass and solvent [157], [158]. As dissolution advances, the composition of the glass
and solvent can change and alter dissolution behaviour; the leaching of alkali ions from
multicomponent glasses into the solvent raises the pH and increases silica solubility
[157]. Hench and Clark describe 5 classifications of glass dissolution behaviour, based

on changes in surface and bulk composition and the development of films [158]:

Type I - Inert glasses which form limited hydration layers,
Type 11 - Durable glasses with a protective film,

Type III - Durable glasses with dual protective films,

Type IV - Glasses with a silica-rich film but poor durability,
Type V - Glasses that undergo total congruent dissolution.

The dissolution rate of quartz was investigated as a function of pH at 70°C by Knauss
and Worley [159]. Up to ~pH 6, the dissolution rate was found to be independent of
pH but above this value, dissolution rates increase with increasing pH due to increased
influence of OH" in the dissolution mechanism. The independence of dissolution rate is
attributed to the breaking of Si-O bonds by water only [159].
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Figure 38: Dissolution rate of Quartz versus time at 70°C in aqueous, data plotted from Knauss and Worley [159]

There have been numerous studies on the dissolution of glasses with a variety
of compositions for a wide range of applications. Whilst for most applications, highly
durable glasses are required, glasses can be tailored to have specific dissolution
characteristics. The controlled dissolution of glasses forms the basis for their use in
biomedical applications and several glass processing techniques have been reported
which utilise the partial solubility to achieve adhesion of bulk components or
densification of powders. One of the key requirements for successfully cold sintering is
the solubility of the material to be sintered in the transient solvent, or the
decomposition of the transient phases during sintering.

Hydroxide catalysis bonding is a process first reported in 1998 (subsequently
awarded a patent in 2001) that can be applied to the bonding oxide/oxidizable
materials that are able to form silicate-like networks [160], [161]. In silica-based
materials a three-step process of hydration, polymerisation and dehydration is

observed [160]-[164]. During hydration, the hydroxide solution etches the surface
and releases silicate ions:

Si0, + OH™ + 2H,0 - Si(OH); (9)
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The release of silicate ions reduces the number of active OH™ ions in the bonding

solution, decreasing the pH, and causing the disassociation of the silicate ions:

Si(OH); - SiOH, + OH™ (10)

Molecules of SiOH4 then polymerize, forming siloxane chains and water:

2Si(0H), —» (HO0)5Si0Si(OH)5 + H,0 (11)

The siloxane chains form the bond a rigid across the interface and during dehydration,
the water evaporates or migrates away from the interface region. As dehydration
progresses, siloxane forms a rigid 3D network and the strength of the bond increases.

Heat treatments have also been shown to further increase the bond strength [164]

Producing amorphous silica usually requires significant temperatures, however
a number of plants and marine organisms are able to form silica at very low
temperatures through a series of polymerisation reactions [165]. A biologically inspired
mechanism for the consolidation of silica at room temperature was outlined by Taveri
et al. [166]. Slurries of silica were produced by adding distilled water or 0.5 mol NaOH
to amorphous silica nanoparticles. The slurry was then placed into a leakproof,
evacuating die, and subjected to pressure (450-600 MPa) for 5 minutes at room
temperature. FTIR spectra of produced samples indicated the presence of a partially
hydrated second phase after sintering. The mechanical properties achieved were

reported to be comparable to sintered silica ceramics [166].

Ke et al. have developed a "“Cold Isostatic Joining” process, inspired by
hydroxide-catalysis bonding and the cold sintering process for the low-energy joining
of bulk glass samples [167]. Solutions of NaOH (3-10 mol/l) were applied to the
cleaned surfaces of fused silica disks and then the disks overlapped and placed into a
cold isostatic press to control movement of the caustic solution. Samples were
subjected to an isostatic pressure of 300MPa for 20 minutes at room temperature and
dried at 60 °C for 24 hours and compared to a sample produced without pressure at
room temperature (5mol/l) and a bulk fused silica sample. The shear strength of the
joins initially improved with increased concentrations of NaOH, but decreases above
5mol/I. In line transmittance of a bulk sample (#8), samples produced using 5mol/I
NaOH (#3 300MPa, 60°C and #7 pressure less, 25°C) are shown in Figure 39. The
improved optical properties of #3 compared to #7 gives evidence for the importance

of pressure in the removal of porosity and the extent of bonding between surfaces.
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Figure 39: In line transmittance plots of 3#) a ClJ sample (300 MPa, 5 mol/l, 60°C), 7#) a pressure less cold joined
sample 5 mol/l and 8#) a joint free bulk sample. All samples 8mm in thickness [167].

Hydrothermal sintering has also been shown to be applicable to silica [168],
[169]. The role of water in hydrothermal sintering of silica was analysed by
Ndayishimiye et al., comparing the sintering properties of silica nanoparticles which
are naturally hydrated due to absorbed water and after the addition of water.
Increasing water content increases the relative densities achieved and contributes to
changes in the sintered microstructure, the application of pressure causes mechanical-
chemical effects such as increased dissolution, mass transport and precipitation which
contributes to filling or porosity [168].

2.7 Bioglass

Bioactive glasses (bioglasses) were first developed by Hench and have seen
significant study and development. Bioglass® 45S5 is the best known commercial
biocompatible glass which is used to mimic normal bone and stimulate regrowth.
Bioglasses are used extensively in a variety of clinical applications due to their high
biocompatibility, bioactivity and easily tailored properties [170]. Bioglasses have
silicate networks modified with sodium, phosphorous and calcium - the key
compositional features of bioglasses are [171], [172]: lower than 60% SiOz2; higher
Na20 and CaO content, and high ratio of CaO:P20s
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Figure 40 shows the ternary compositional diagram of a glasses produced in
the SiO2-Na20-CaO system, with 6 wt.% P20s with corresponding reactivity/bone
bonding levels. The viable compositions for a bioactive glass in this system are limited.
Region I of Figure 40 show the range of compositions which achieve bone bonding. The
reactivity in region II and III are too low and high respectively to bond to bone, whilst

in region IV the SiO2 content is too low to form a glass.

SiO,

.  Class B Bone Bonding
[l.  Non-Bonding (reactivity too low)
.  Non-Bonding (reactivity too high
V. Non Glass forming

V. Class A Bioactiveregion

Na,O

6%} p205

Figure 40: Ternary compositional diagram of the SiO,-Na,0-CaO system, with 6 wt.% P,Os including bioactivity
information.

Bioactivity is defined as conditions which elicit specific biological responses at
materials interfaces. Bioactive materials are designed to be capable of forming
interfacial bonds with surrounding tissues, and as such they can be used to improve
implant fixation which in turn improves the expected lifetime of an implant [173],
[174]. The surface active region in these bioactive materials has a composition similar
to the mineral composition of bone tissues including calcium and phosphorus [172],
[175]. The level of bioactivity of a material is measured by I» the bioactivity index,
which relates to the time taken (in days) for more than half of the interface to bond

(to.sb) according to equation 12:

I, = 100/tosp (12)

An Ib value between 0 and 8 indicates Class B bioactivity, when only osteo-
conduction occurs and leads to bonding with bone but not soft tissues [176], [177].

Class A bioactivity is characterized by an Iv value over 8, inducing both osteo-induction
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and osteo-stimulation leading to accelerated bone repair; Class A bioactive materials
bond to both hard and soft tissues [176]-[178].

The composition of bio-active glasses must be tightly controlled; small
deviations can prevent a glass from forming or completely alter the bioactivity.
Additives act to change the network connectivity, reactivity, and the nature of
dissolution products. The addition of less than 3 wt.% AIl2O3 to Bioglass® 45S5
prevents bone bonding, a similar effect is also seen with the addition of Tax0s, TiO2,
Sb20s and ZrO2 [171], [172], [175]. Substantially increasing the proportion of P20s
from 6 wt.% also prevents bone bonding [179]. Substituting 5-15 % B20s for SiO2
increases the reactivity and using CaF: in place of CaO alters the surface activity and

resistance to demineralization [175].

In vitro bioactivity is thought to be strongly influenced by network connectivity.
Network connectivity is defined as the average number of bridging oxygens (BO) bound
to network-forming cations and connect two network polyhedra [180]. Brauer et al.
reported improved cell proliferation is seen in glasses with lower connectivity [153].
Most highly bioactive glasses have connectivity less than 2, with 45S5 having a network
connectivity of 1.9, Eden et al. suggested the optimum network connectivity for
bioactivity ranges between 2 and 2.6 [153], [154], [181]. More highly connected
networks exhibit bioactivity due to the hydrolysis of the phosphorous-oxygen bonds
[154]. Whilst network connectivity can give a good indication of bioactivity, the nature
of network modifiers is not considered, and bioactivity is directly equated to
dissolution. Glass dissolution is required for apatite formation, but the ions released

such as Na* may not directly contribute to its formations.

Bioglasses can be created using a variety of methods including melt quenching,
sol-gel and flame-spray pyrolysis, each method has its own advantages and
disadvantages and can affect the network connectivity of the resulting glass [182]-
[184]. Glasses have traditionally produced by melting at high temperatures in order to
melt and react the reagents followed by shaping and cooling, the rate of which should
be produced in order to limit the nucleation and growth of crystalline phases. Some

bioactive glass compositions phase separate and crystallize.

Glass-ceramics are crystalline materials created via the devitrification of an
amorphous glass. Whilst the mechanical properties of glass-ceramics are often superior
to those of the parent glass, other properties such as solubility and bioactivity can be

negatively affected. The dissolution of glasses is more uniform than glass-ceramics or
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partially crystalline counterparts of the same composition [185]. Crystallization is
known to reduce surface reactivity and therefore bioactivity of glass-ceramics
compared to the parent glasses due to the decrease in Si-OH groups and the
entrapment of Ca?* ions by crystalline phases [186], [187]. In 45S5 based glass-
ceramics, the rate of dissolution is significantly reduced and leads to the presence of
remnant glass in the newly formed bone, a reduction in dissolution rate is also seen in
A-W glass ceramics composed of an amorphous calcium-silicate phase with embedded

apatite and wollastonite crystals [187], [188].

Whilst not suitable for forming larger components, sol-gel and flame spray
pyrolysis methods of glass manufacture can be used to produce the desired
compositions at lower temperatures. Organic precursors are reacted to create the
desired composition, although attention must be paid to the removal of organics which
could have a negative impact on the biological properties. The nano porous nature of
sol-gel derived glasses created a far higher specific surface area, which due to the
accelerated rate of ion release and increases in surface Si-OH groups display greater
bioactivity [187]

The composition of Bioglass® 45S5 comprises a humber of minerals found
naturally in the body, Table 7 [176]. This modified composition creates a highly

reactive surface when in contact with an aqueous medium [171], [172].

Table 7: Composition of Bioglass® 4555 in wt.% [176]

Wt.%
SiO2 45.0
CaO 24.5
Na20 24.5
P20s5 6.0

When bioactive glasses are exposed to an aqueous solution, ion exchange of
Ca?* and Na* with H* and H3O* occurs rapidly, increasing the pH of the solution. A
silica-CaOQ/P20s-rich layer is formed, which within a few hours, mineralizes to form a
layer of hydroxycarbonate. Hydroxyapatite is known to be both osteo-conductive and
osteo-inductive, and the thickness of the layer increases with time and creates a
“bonding zone” of up to 100um [187]. In vitro, this hydroxycarbonate layer
subsequently encourages the growth of bone after approximately 100 hours [175]-
[177], [179], [189]-[192].
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The surface reaction sequence shown in Table 8 is independent of the solution’s
composition. The rate of Si polymerization and formation of calcium phosphate is
increased in the presence of Ca and P containing solutions such as simulated body fluid
(SBF) [193].

Table 8: Stages of interfacial reactions occurring during the formation of bioactive glass bonding with bone [172],
[174], [177], [179], [191]

Stage Interfacial Reaction Time (h)
1 Alkali ions exchange with hydrogen ions from body fluids

2 Network dissolution and formation of SiOH bonds

3 Silica-gel polymerization: SiOH + SiOH - Si-O-Si )

4 Adsorption of amorphous Ca + PO4 + COs3

5 Crystallization of the HCA layer

6 Biochemical adsorption of growth factors on HCA layer io
7 Action of Macrophages 50
8 Attachment of stem cells

9 Differentiation of stem cells

10 Generation of matrix 100
11 Crystallisation of matrix

12 Proliferation and growth of bone

2.8 Materials for biomedical implants

All materials implanted into living tissues elicit some form of response and there
are four categories of response: tissue death if the material is toxic; replacement of
implanted tissue if the material is both non-toxic and soluble; formation of a fibrous
tissue capsule if the materials is non-toxic and biologically inactive and formation of

an interfacial bond if the material is non-toxic and biologically active [175], [179]

The human body is complex and creates a variety of environments, with pH of
bodily fluids ranging from 1 to 9 and cyclic stresses applied to bones, joints and soft
tissues [194]. Materials used therefore in biomedical implants should cause no adverse
response in the tissues once implanted and have good wear and fatigue resistance and
compatible mechanical properties with the surrounding tissues [195]. A variety of
materials are used in biomedical application including metals, ceramics, polymers;

coatings and composites thereof can be utilised to achieve optimal properties [194].
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2.8.1 Bioactive glass and glass ceramic coatings

Titanium is used in biomedical implants due to its corrosion strength resistance,
light weight and biocompatibility [196]-[199]. Without the application of a bioactive
layer however, the bioinert implant does not bond to the surrounding bone, which can
be detrimental to the fixation of the implant and the patient outcomes [198].
Hydroxyapatite ceramics and Bioactive glasses are often coated onto the surface of

titanium implants in order to encourage bone bonding.

There are several challenges in creating bioactive coatings, such as the
mismatch between the thermal expansion coefficient of substrate and coating
materials. Commonly used materials are titanium and Bioglass® 45S5 with thermal
expansions coefficient of 8.5-9 x10°K! and 12.7-15.1 x10°K! respectively
[200][201]. Therefore, high degrees of control of the heating and cooling rates in

implant manufacture to produce good quality coatings are required.

The dissolution rates and long-term stability of coatings is a key factor in design
of both the composition and structure of the coating layers [200]. Plasma spray
deposition is often employed to create hydroxyapatite coatings on titanium and this
can lead to a number of issues, such as poor adherence, non-uniformity and control of
the morphology and crystallinity [198], [202], [203].

The bonding of bioactive glasses and glass-ceramics involves a combination of
physiochemistry and cell structure. Mechanical bonding arises from the interlocking of
the materials at the interface due to surface roughness and is the basis of most
traditional fixation methods. Subsequent ingrowth of bone to these crevices then
provides permanent fixation between the implant and host bone [204]. The bond
strength between bioactive materials and bone has been found to be greater than or
equal to that of bone after 3-6 months and is attributed to the growth of nano-metric
hydroxyapatite crystals which bond to collagen fibrils [173], [175]. The thickness of
the bond has been found to be >100 um after a few weeks and stabilizes after

approximately 200-300 pm at six months [177].

2.8.2 Composites of Bioactive Ceramics, Glasses and Polymers

Bioactive ceramics and glasses exhibit good biocompatibility, compression and
corrosion behaviours but suffer from brittleness and low fracture strength [182]. In

contrast, polymeric materials have a wide range of physical characteristics are readily
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processed into useful forms but are often too weak and flexible for some applications
[170], [194]. Polymers used in biomedical applications should be either biodegradable
with  non-harmful products or non-biodegradable and durable such as
polymethylmethacrylate (PMMA) used to fix implants [200]. The properties of synthetic
biodegradable polymers (such as polylactic acid (PLA) and polyglycolic acid (PGA)) can
be tailored and ideally the rate of resorption would allow a component to maintain

function until the natural host material has completely healed [200].

Incorporating Bioglass into biodegradable polymers, such as polylactic acid can
improve bioactivity and allow bone bonding of the material, Tsigkou et al. showed
evidence for the formation of bone nodules after 14 days in culture for PDLLA/Bioglass
composites [205], [206]. Composites of bioactive ceramic materials and biocompatible
polymers are also produced to tailor mechanical properties [200]. These composites
are produced by embedding bioactive materials into the polymer substrate, or by

creating the desired structure and coating it, as shown in Figure 41.

... ......:. .. :.. a) Bioactive glass particles
o ...‘ .. .... .... in a polymeric matrix

b) Bioactive glass scaffold
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Figure 41: Schematic diagram showing several structural methods of combining polymers and bioactive glass particles
[170].

Several methods for creating Bioglass/polymer composites have been reported
in the literature. These include processes which produce samples with Bioglass
embedded in a polymer matrix and coatings on solid and foam samples of polymer.
When bioactive glass particles are used as a filler phase within a polymer matrix, they
increase the stiffness of the polymer; at high volume fractions of HA particles in PE a
number of researchers have shown brittle behaviour [207]. The application of the
polymers onto a bioactive glass scaffold can improve toughness and compliance. The
bioactive potential is sometimes reduced in composites, as the bioactive glass phase
is not in direct contact with the surrounding media [207]. If the polymer and bioactive
glass interfacial bond is weak, this will compromise the improvements in mechanical

strength [208]. Some methods to produce composites are relatively simple and utilise
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distilled/deionised water or the mixing of a polymer melt with powdered Bioglass. Other

methods use a variety of organic solvents or require a complex experimental set up.

Work to create surgical sutures coated in bioactive glass by Stamboulis et al.
encased Vicryl® sutures in powdered Bioglass and pressed at 100 and 160 MPa for 5
minutes [209]. Figure 42 shows the sutures before and after this process, while this
method has creating a coating on the suture materials, the authors acknowledge that
the structure and thickness of the coating is not uniform. Coated sutures were found
to have a lower tensile strength than uncoated sutures, but to maintain a slightly higher
proportion of tensile strength over time than uncoated samples. A slurry coating
technique was also developed by the same group, where 47 wt.% Bioglass powder was
placed in distilled water and magnetically stirred to prevent settling. Sutures were then
placed into the “slurry” for three minutes before being carefully removed [210]. This
method improved uniformity of the coating’s structure and thickness, producing a
stable coating. Figure 42 shows SEM micrographs of the suture materials before and

after coating by the methods mentioned above.

Figure 42: SEM micrograph of bioresorbable sutures as received (left) and after coating with Bioglass via dry-pressing
(middle) and slurry dipping (right). From Stamboulis et al. and Boccaccini et al [209], [210]

A similar slurry-based technique was used by Roether et al. and compared to
an electrophoretic deposition method. Distilled and deionised water was mixed with 42
wt.% Bioglass and placed in a EPD cell with the foam to be coated placed between
stainless steel electrodes as shown in Figure 43 [211] The foam sample contained large
tubular pores, which were oriented perpendicular to the surface of the electrode during
EPD. The authors found that greater control of thickness and uniformity was achieved

via the slurry dipping method and the polymer pore structure was maintained.
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Figure 43: EPD cell used by Roether et. al to create Bioglass coated PDLLA foam composites [212].

Thermally induced phase separation (TIPS) is a commonly used method to
produce polymers [213]-[219]. TIPS makes use of binary polymer-solvent or ternary
polymer-solvent, non-solvent mixtures and their immiscibilty at low temperatures to
produce polymeric foam structures. At high termperatures, a homogeneous polymer
solution exists, as the temperatures is a lowered, a multiphase material is created,
with regions of high and low polymer concentration. The rate of cooling between
temperatures on the binodal and spinodal curves (Figure 44) can be used to control
the structure and volume of pores in the material. A metastable region exists between
the binodal and spinodal curves where the nucleation and growth mechanisms are slow
and produce large pores. Below the spinodal curve seperation is quick and forms a

network of small interconnected pores [217], [219].
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Figure 44: Phase diagram of a ternary system consisting of a polymer, solvent and non-solvent [217].

The use of TIPS to create highly porous PLGA foams with Bioglass embedded
in the polymer matrix has been reported a number of times [213]-[218]. The polymer
was dissolved in DMC (Dimethyl carbonate) and mixed with 5-50 wt.% Bioglass via
sonication. The mixture is then cooled to -196 °C in liquid nitrogen and held at -10 °C
to sublime the solvent and placed in a room temperature vacuum oven to completely
dry [215], [216].

The advantages of for manufacturing composite porous scaffolds via TIPS
reported by Boccaccini et al. are: the control over the volume, shape, size and
orientation of porosity in the final component; the applicability of the technique to a
wide variety of polymers; reproducibility and the ability to incorporate materials into
the polymeric matrix [216].

PDLLA composites containing 5 and 40 wt.% 45S5 Bioglass were produced by
Tsigkou et al., using chloroform to dissolve the PDLLA, before stirring for 2-3 hours
and adding the Bioglass powder [206]. The solution was then pipetted onto a glass

disc and dried at room temperature.
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2.8.3 Biocompatibility, Bioactivity and Cytotoxicity

The biocompatibility of a material is its ability to perform with an “appropriate
response in a specific application” [220]. Biocompatible materials do not elicit a toxic
or immune response and are often examined using cell-cultures and dead/alive assays
or assessing metabolic activity [220]. Prior to the clinical use of biomaterials within the
human body, a series of in vitro and in vivo tests are performed to ensure components

exhibit sufficient biocompatibility and bioactivity.

The in vivo bioactivity of materials is commonly related to the formation of
apatite in simulated body fluid (SBF). A review by Zadpoor analysed the results of 33
studies which compared the in vitro to in vivo behaviour of a range of biomaterials
(including glasses, ceramics and composites) [221]. In 8 of the 33 studies the in vivo
performance was not correctly predicted by the in vitro results, with 5 of the 8
displaying better than expected bioactivity in vitro and 3 studies demonstrated
hydroxyapatite formation in vitro but not in vivo [221]. The difference in in vivo
behaviour has been attributed to chemical, biological and topographical mechanisms
which cannot be easily replicated in vitro [221], [222]. Therefore, whilst monitoring
the in vitro formation of hydroxyapatite is a simple way to assess the bioactivity of
materials pre-clinical and clinical trials are required to ensure a beneficial response is

elicited by implanted materials.

Material toxicity manifests itself in a number of ways including the presence of
dead and dying tissues [223]. Cell cultures are especially sensitive to cytotoxicity
caused by this change in pH and often overestimate the potential response seen in a
complex organism such as the human body, where such effects would be buffered
effectively by fluid movement [223], [224]. When bioglasses are subjected to aqueous
media, there is significant exchange of alkali ions, which is found to increase the pH of
the interfacial regions creating highly alkali regions. This can have a significant impact
on in vitro cell viability tests for Bioglass, which when tested in vivo shows no evidence
of toxicity [177], [178], [223], [224]. In vitro studies of the effect of bioactive glasses
on cell behaviour therefore utilise a ‘pre-conditioning’ step. Pre-conditioning allows for
the dissolutions of alkali ions which reduces the pH change observed during cell
cultures, reducing cyto-toxicity [224]. Pryce et al. demonstrated the reduced change
in pH of simulated body fluid caused by the addition of Bioglass powders (45S5 and
58S) subjected to pre-conditioning (Figure 45) [224]. There are several pre-
conditioning methods which are used depending on the chemistries and morphologies
of the materials [224].
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Figure 45: pH variation of SBF containing bioactive glasses (4555 and 585 composition)

Tsigkou et al. created composites of PDLLA and 45S5 Bioglass (0, 5 and 40
wt.%) and pre-conditioned them in DMEM-F12 medium before biocompatibility testing.
The composite containing 40 wt.% Bioglass significantly increased the pH in the first
24 hours (Figure 46). After the first 24 hours, none of the composites was found to

further increase the pH of the surrounding media [206].
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Figure 46 pH of DMEM-F12 medium with addition of PDLLA, and PDLLA/Bioglass composites after incubation at 37°C.
DMEM-F12 medium used as control. [206]

The response of human foetal osteoblasts to PDLLA and 45S5 Bioglass
composites produced using chloroform (0, 5 and 40 wt.%) was investigated by Tsigkou
et al.. Live/Dead assays carried out on cell cultures after 6 days showed over 90% cell
viability, indicating that the composite films are not cytotoxic. The metabolic activity

of the composites was initially reduced compare to the control sample, but after 14
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days the metabolic activity on all control and composite surface was found to be similar

[206].

| Control
I =
1.2 OPDLLA
OP/BGS
I 1 mP/BG40
508
a
=
b 0.6 1
51
=
@
=
= 0.4
@
L
<
0.2
0 4
1 + 7 14
Days

Figure 47: Cultured cell metabolic activity on cell culture plastic (control), PDLLA and PDLLA/Bioglass composites
measured by MTS assay [206].

Testing of polyethylene-Bioglass composites by Huang et al. found no evidence
of leaching of toxic materials during 24hr emersion. Samples were 1cm? and 1um thick

and had been polished and cleaned in an ultrasonic ethanol bath before testing [205]..

The cytotoxicity of polyethylene-Bioglass composites with up to 40 vol.% via in
vitro cell cultures at 37°C for 24hr was also tested. No cytotoxic effect was observed
and high viability in primary human osteoblast-like cells in Bioglass containing
composites was observed compared to polyethylene polymer samples. The formation
of hydroxyapatite was observed in thin films of the same composites when immersed
in SBF, the XRD spectra in Figure 48 shows the development of crystalline apatite over

4 weeks [205].
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Figure 48: Thin film XRD of HDPE-40%Bioglass composites after immersion in SBF

The reactivity of bioactive glasses can be controlled particle size. Nano-are more
reactive than micro-particles due to a higher surface area able to interact with body
fluid [170]. The cytotoxicity of nano- and micron-sized Bioglass powder in solution at
different concentrations was investigated by Rismanchian et al.. They indicate that the
cytotoxicity of nano- and micro-powder is similar at low concentrations during the 48-
hour test, whilst at =5 mg/ml nano powder is more cytotoxic. However, the Si-Ca-P
compositions of the glass powders used in their experiments were not consistent, with
the nano powder containing significantly more silicon and phosphorous and less

calcium which was not addressed in the study, but could reduce cytotoxicity [225].
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3 Experimental methods

3.1 Materials

3.1.1 Johnson Matthey Silicate Frit - IM5430F

JM5430F powder was produced at Johnson Matthey by grinding a melt-derived

frit. The weighed raw materials in the correct ratios, mixed, heated in a ceramic

crucible to 1400 °C, and maintained at 1400 °C for 1 hour before being quenched in

water. The resultant coarse glass frit was collected and milled in water and then dried

to achieve a d50 particle size around 5-10 pym. The composition is commercially

confidential but approximate proportions of the constituent oxides is given in Table 9.

Table 9: Composition of JIM5430F in weight percent

Oxide
SiO,
Zn0
B,03
TiO,
Li,O
Al,03

3.1.2 Bioglass® 4555

Wt. %
30-60
5-25
5-15
0-10
0-5
0-5

Bioglass powders were produced by Johnson Matthey via Flame Spray Pyrolysis.

The reagents initially used in the precursor solution (1 molar) for FSP synthesis were:

Na 2 -ethylehexanoate

Hexamethylsdisiloxane (HDMSO)

Ca 2-ethylhexanoate
Tributyl Phosphate

Xylene

2-Ethylhexanoic acid (2-eha)

Subsequent powder batches replaced xylene with methanol/ethanol and Ca 2-

ethylhexanoate with Ca acetate hydrate. The replacement of xylene reduced the
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residual carbon in the FSP powder and Ca acetate hydrate is a significantly cheaper
reagent. The final composition was not significantly affected, and materials behaved in

a similar fashion during cold sintering.

3.2 Cold and Conventional Sintering of Pellets

3.2.1 Conventional Sintering

Pellets for conventional sintering were pressed using a Specac Uniaxial press,
using a 10mm @ die. Samples were placed in an alumina crucible and heated to the
sintering temperatures given in Table 10 at 5 °C/min and held for 4 hours before cooling

to room temperature at a maximum rate of 5 °C/min.

Table 10: Conventional Sintering Temperatures

Material Temperature / °C
Li2M0O4 540
JM5430F 500-600

3.2.2 Cold Sintering

Material to be cold sintered was first weighed and mixed with the appropriate
amount of transient solvent in a pestle and mortar. The moistened powder was then
placed into a steel die and placed into a Specac Uniaxial press, fitted with heating

platens.

The parameters of cold sintering vary depending on the chemistry of the
materials to be sintered. The cold sintering of lithium molybdate has been reported in
the literature and therefore 10 wt.% distilled water was used in the sintering of pellets
[58], [67], [68]. IM5430F and Bioglass have not previously been cold sintered and
therefore a considerable number of trials were performed with varying solvent amounts
in order to find the optimum conditions for cold sintering. Acetic acid was chosen for
cold sintering of JM5430F as the materials is known to be susceptible to dissolution in

acidic environments.

Table 11: Cold sintering parameters for pellets.
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Powder Solvent Solvent Temperature Pressure Time /

Material Amount / °C / MPa mins
/ wt.%
Li2MoOa4 Distilled water 10 120 250 60
JM5430F Acetic acid 36-57 100-180 250 10-30
(1mol) then 250 then 60
Bioglass Distilled water 80 100 250 30-60

3.3 Cold and conventional sintering of lithium molybdate onto glass substrates

An organic slurry of lithium molybdate was initially produced based on the
composition reported by Baker et al. in Table 12 and mixed using a speed mixer at
1800 rpm for 5 minutes [2]. The resulting slurry was too viscous to be screen printed
so the formula was altered by the addition of EGD.

Table 12: Lithium molybdate slurry formulation

Wt.%

From [2] This work

Lithium molybdate (LMO) 66 52.28
Ethylene glycol diacetate

1 <1/ 11 29.61
(EGD)
Benzyl Butyl Phthalate (BBP) 0.9 0.71
Printing QPAC40 3.3 2.61
Vehicle EGD 18.7 14.79

The ceramic slurry was deposited on the substrate via screen printing (DEK247
Screen Printer) with a squeegee pressure of 3 tonnes, each layer consisted of two
passes of the squeegee followed by drying at 120°C for 15 minutes before subsequent

layers are applied to create a sample of desired thickness.

The organic binder was burnt out at 300 °C with a dwell time of 6 hours, leaving
a green layer of lithium molybdate. The LMO layer was then densified via two methods,
conventional sintering (540°C for 2 hours) or cold sintering with the addition of distilled

water.

Wetting of screen-printed samples for cold sintering was initially performed by
producing water vapour in a sealed beaker at 40°C in a similar fashion to the paper by

Baker et al. [57]. However, this method caused water droplets to form at the edges of
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the printed area and produced an uneven water distribution. Therefore, to achieve
better distribution, distilled water was sprayed over the samples using an atomizer.
Due to the layer of LMO being very thin and to prevent the transfer of the wetted layer
to the die during pressing, a sheet of non-stick silicone coated paper was placed

between the printed layer and the die.

EPMA of the glass substrates after pressing at room and elevated temperatures
were performed and Johnsons Matthey and information on the exact equipment and

variables used is not available.

3.4 Cold sintering of JM5430F onto steel

Cold sintering of JM5430F onto steel substrates was performed by placing the
putty-like mixture of JM5430F and acetic acid directly onto the substrate within a steel
die. A sheet or disk of PTFE was then placed on top of the coating material before the
upper die plunger. The sample was then sintered as for standard pellets, with applied
pressures 55-250 MPa.

3.5 Pellet Dimension and Density

The Archimedes principle could not be used to calculate density due to the
potential solubility of materials. Therefore, the pellet was weighed using a laboratory
balance and a pair of digital callipers (accuracy £0.005 mm) was used to measure
thickness and diameter of each pellet. In order to reduce potential measurement error.
measurements were taken at 3 points in each dimension and averaged. Density was

calculated using the mass and volume of the samples according to Equation (13.

Density (p) = _mass(g) _ (13)

Volume (cm3)

3.6 Particle Size analysis

Particle size of JM5430F and PLA was determined using a Mastersizer 3000 with
a Hydro EV liquid dispersion unit, which uses laser diffraction to calculate particle size.
Powder was placed into a 600ml beaker of distilled water and the dip-in sampling head

lowered into the liquid. The liquid-powder mixture was then stirred at 3000 rpm before
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sampling to reduce agglomeration and fully disperse the powder. Ten sampling cycles

were then performed to achieve an average particle size.

Due to the solubility of Bioglass in water, a dry dispersion unit (Mastersizer
3000 Aero) was utilised to obtain particle size. Ten sampling cycles were then

performed to achieve an average particle size.

3.7 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was performed on both raw materials and
sintered products to investigate particle size, grain structure, general microstructure,

and differences in composition where appropriate.

Powdered materials were prepared for SEM by placing a small amount of powder
onto a double-sided carbon sticky pad mounted on an aluminium stub, excess was

removed using pressurised air.

Sintered pellet samples were prepared such that the face and fracture surface
could be analysed under SEM. Sample faces were polished with SiC paper of
increasingly fine grit size (P800, P1200, P2500, P4000). Samples were ground without
liquid due to the potential for interactions between cold sintered samples and water.

After grinding, samples were split in half to provide a fracture surface.

Bioglass-PLA composites imaged after cytotoxicity testing were not ground in
order to preserve any surface phases that may have developed during testing. These
samples were dried overnight in an oven (50°C) before mounting both face and

fracture surface samples onto an SEM stub using double-sided carbon sticky tabs.

Mounted samples were coated with a conductive gold layer to avoid charging of
the sample and allow Energy Dispersive Spectroscopy (EDS) to be performed. Samples
were examined using an Inspect F (FEI, Hillsboro, Oregon, USA) SEM operating with

spot sizes of 3.0-5.0 and 5-20 kV, depending on the sample.

3.8 Electrical Characterisation
3.8.1 LCR Measurements
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LCR measurements were taken using an Agilent Precision LCR Meter. Readings
were taken at 1kHz, 10kHz, 100kHz, 250kHz and 1MHz, every minute over a

temperature sweep at 1°C/min from room temperature to 400°C.

Samples were prepared by polishing the flat surfaces of the pellet, before
applying a gold coating via sputtering. Sputter coating was performed in an Agar
Manual Sputter Coater AGB7340, for 5 minutes at 30 mA on each side. Prior to sputter
coating, tape was applied to the sides of samples to prevent them from being coating
and a short circuit being created. Prepared samples were then placed into an in-house
manufactured jig and attached to the LCR meter via platinum wires. The jig is placed

within a small conventional tube furnace to perform the temperature sweep.

3.8.2 Impedance Measurements

An Agilent Precision LCR Meter was used to take impedance measurements of
all samples. Readings were taken at set temperatures over a frequency sweep between
20 Hz and 1 MHz. The temperature range for all readings were between room
temperature and ~400°C, with measurement taken at smaller temperature intervals
between 200 and 400°C.

The samples were prepared in precisely the same manner used for LCR

measurements, above.
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3.9 Structural Characterisation
3.9.1 X-Ray Diffraction

X-Ray diffraction (XRD) was used to analyse powder and bulk samples after
cold and conventional sintering. In amorphous materials, diffractogram show diffuse
scattering and leading a characteristic “amorphous hump” in the spectra, XRD was
used in cold-sintered glass samples to evaluate any crystallisation occurring during
processing. For Bioglass composite samples that had been left in a moist environment,

XRD was used to identify the nature of thin crystallites which developed on the surface.

Diffraction data were obtained using a Bruker D2 Phaser (Karlsruhe, Germany)
in Bragg-Brentano geometry with a Cu Kq radiation source (A = 1.5408 A), with 2.5 °
Soller slits and a 1 mm divergence slit at 30 kV and 10 mA. Data were collected across
the 26 range of 20 to 60°.

Pellet samples were mounted in Bruker PMMA holders using Apiezon putty and
to avoid height displacement errors, the surface flattened in line with the top of the
holder with a glass slide. Powder samples were placed into a zero background holder

and pressed using a glass slide to ensure the specimen height was level with the holder.

3.9.2 Raman Spectroscopy

Raman spectroscopy was performed using a Renishaw inVia Raman Microscope.

Spectra were acquired with a range 50-4000 cmt, laser power 100%.

3.9.3 NMR

Nuclear Magentic Resonance (NMR) spectroscopy is a technique which provides
information of the chemical environment of nuclei from their electromagnetic
properties. Nuclei have associated intrinsic spin, I, which produces a nuclear magnetic
moment, ur [226]:

KU grenl
I__
2mp

Where g is a constant, the Landé splitting factor, e is the charge of an electron in
coulombs, A is the reduced Planck’s constant and mp is the mass of a proton. The
quantum states in which a magnetic moment exists is dependent on the orientation of
a static applied magnetic field, Bo. The component of the spin vector parallel to the
applied field in each quantum state is equal to mh where m is a value between -I and
+1[226].
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NMR Spectroscopy was performed at Warwick University, studying 2°Si and 3!P
species within on Bioglass samples at various stages of the cold sintering process, to
understand how the connectivity of silicon and phosphorus species changes within the
material. Material was tested in the as received condition, after mixing with distilled

water and after cold sintering.

The 2°Si MAS (Magic Angle Spinning) NMR data used in this study were acquired
at 7.05 T using a using a Varian-Chemagnetics Infinity Plus-300 spectrometer
operating at a 2°Si and 'H Larmor frequencies (vo) of 59.6 and 300.13 MHz,
respectively. Both single pulse (Bloch decay) 29Si MAS NMR and 1H-29Si CPMAS NMR
experiments were performed using a Bruker 7 mm HX (dual channel) probe which
enabled a MAS frequency of 5 kHz to be implemented. The 29Si pulse length calibration
was performed on solid kaolinite (Al203-2Si02:2H20) from which a n/2 pulse time of
4.5 ys was measured. All single pulse 2°Si MAS NMR data were measured with a n/4
pulse time of 2.25 pus, a recycle delay of 240 s and a 'H decoupling field of 80 kHz
during data acquisition. The corresponding 29Si CPMAS NMR measurements were
undertaken using an initial 'H n/3 pulse time of 3 us, a 'H-2°Si contact duration of 5
ms, a recycle delay of 20 s and a 'H decoupling field of 80 kHz during data acquisition.
All reported 2°Si chemical shifts were externally referenced against the IUPAC
recommended primary reference of MesSi (1% in CDCl3, &iso = 0.0 ppm) via the

secondary solid kaolinite reference (diso = -92 ppm).[227]

The accompanying single pulse 3'P MAS NMR and 'H-3'P CPMAS NMR data were
acquired at 11.7 T using a Bruker Avance III-500 spectrometer operating at the 3!P
and 'H Larmor frequencies (v0) of 202.4 MHz and 500.13 MHz, respectively. These
experiments were undertaken using a Bruker 3.2 mm HX (dual channel) probe which
enabled a MAS frequency of 20 kHz to be implemented. The 3!P pulse length calibration
was performed on solid ammonium dihydrogen phosphate ((NH4)H2PO4) from which a
n/2 pulse time of 3 ys was measured. All single pulse 3P MAS NMR measurements
were undertaken using a n/3 pulse time of 2 us, a recycle delay of 45 s and a 1H
decoupling field of 100 kHz during data acquisition, while the corresponding 'H-3'P
CPMAS NMR data were measured using an initial *H n/2 pulse length of 3 us, a 'H-3!P
contact duration of 5 ms (consisting of a CP ramp from 50 - 100 %), a recycle delay
of 10 s and a 'H decoupling field of 100 kHz during data acquisition. The reported 3P
chemical shifts were externally referenced against the IUPAC recommended primary
reference of 85% H3POa4 (6*° = 0.0 ppm) via the secondary solid (NH4)H2PO4 reference
(8iso = 0.99 ppm). [227]
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Errors in the calculation of the intensity of each species from the MAS in NMR

is usually 5-10 % and has been taken to be 10% in this work.

3.10 Cytotoxicity

All cell culture work was performed in Class II laminar flow hoods (Esco), which
were sterilised prior to use with 70 % industrial methylated spirit (IMS) (Thermo Fisher
Scientific). Incubation took place at 37 °Cin 5 % CO..

Human osteosarcoma cells (MG-63) from passages 15 to 20 were used and
cultured in Minimum Essential Medium Eagle - Alpha Modification (aMEM) with
supplements as described in Table 13. Cells cultured in an incubator in T75 flasks
(VWR), with passages occurring at least once weekly. When cells were over 80 %
confluent, media was removed and cells were washed with phosphate buffered saline
(PBS) (Oxoid), and then Trypsin-EDTA (Sigma-Aldrich) at a concentration of 5 mg/ml
trypsin and 2 mg/ml EDTA was added. Cells were then incubated in Trypsin-EDTA until
detachment, supplemented aMEM was subsequently added to deactivate the trypsin.
Cells were centrifuged for 5 minutes at 1000 rpm, the media discarded, and the pellet
resuspended in fresh medium. Cell counts took place using a haemocytometer

(Hawksley) and cells divided into flasks as required.

Table 13: The composition of medium used for the cytotoxicity testing.

Solution Concentration

Minimum Essential Medium Eagle - Alpha Modification (Sigma-Aldrich) 88 %

Foetal calf serum (Biosera) 10%
L-glutamine (Sigma-Aldrich) 0.01 mg/ml
Penicillin/streptomycin 100 pg/ml
Non-essential amino acids 1%

Bioglass samples were sterilised by placing in 70 % ethanol for 1 hour and
rinsing in sterile PBS three times. Samples were then incubated for 7 days in fully
supplemented aMEM, with a change of media on day 3. Samples were incubated on a
Bibby Scientific rocking plate set at 45 rpm for 4 hours to ensure mixing of the new

medium.
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MG-63s cells were seeded into a 6 well plate at 5.2 x 10 cells per cm2. A
transwell insert with a 0.4 um membrane was inserted into the well. The Bioglass was
removed from the medium, washed thrice with sterile PBS, and placed into the inserts.
Medium was then added to cover the Bioglass. Transwells without Bioglass were used
as tissue culture plastic (TCP) controls. Transwells and Bioglass were also added to

wells with no cells for normalisation.

Resazurin reduction assays were used to measure metabolic activity, resazurin
sodium salt was dissolved in distilled water at a concentration of 251 pg/ml and
sterilised with a 0.2 ym filter. This was stored at 4 °C, protected from light, for up to

two weeks. Before each experiment, the stock solution was diluted 1 in 10 in media.

After incubation for 24, 72 and 168 hours, the transwells containing the Bioglass
were moved and washed with PBS. The MG-63s were imaged using a phase contrast
microscope (Motic AE2000), then the media was removed, wells washed with PBS twice
and resazurin added to the wells followed by incubating for 4 hours. Samples of the

resazurin media were then read in a fluorescence plate reader.

Values from wells containing no cells were subtracted from the other values to
leave a no cell value of 0 and values were then normalised to the control wells on day
1. Prism 7 (GraphPad) was used to perform all statistical analysis, unless otherwise
stated. Statistical significance was defined as P<0.05. Standard deviation (SD) was
used for all error bars. Statistical significance was determined using two-way analysis
of variance (ANOVA) tests, with Dunnett’s multiple comparison tests used to determine

the significance between each Bioglass group and the control.
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4 Lithium Molybdate

4.1 Introduction

Lithium molybdate (Li2M0oO4, LMO) was one of the first materials to be used to
demonstrate the densification of ceramics via the cold sintering method [18], [29],
[66]-[68]. As a material which congruently dissolves in water, it is readily densified
with the addition of a small amount of liquid (2-10 wt.%) and the application of
pressure, as demonstrated by Kahari et al. [67], [68], [228]. Their research indicated
that the application of pressure was the key driver for densification, with post
processing heat treatments having minimal effect on density but nonetheless

improving Qf values [68].

This chapter aims to cold sinter lithium molybdate and compare and contrast
the resultant properties with post cold sintering, heat treated and conventionally
sintered samples. As discussed in sections 2.3.6 and 2.3.7, cold sintering can be
utilised to create a wide range of composites that allow for compositional design not
easily achieved by conventional methods, thereby facilitating tailoring of properties
[83]-[85], [100], [101]. This will be further illustrated through the fabrication of
lithium molybdate - bismuth molybdate composites. In addition, low processing
temperatures in cold sintering allow integration with dissimilar materials such as
metals, glass, and polymers. Screen printing and cold sintering are therefore, used to
demonstrate the ability to deposit dense layers of lithium molybdate on glass

substrates.
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4.2 Cold and Conventional sintering of LMO

Figure 49 shows SEM of as-bought lithium molybdate. The particles are of an
irregular morphology and there is a broad size range, 25-100um.

Figure 49: SEM of as bought lithium molybdate (Alfa Aesar)

Table 14 gives some representative values of sample densities produced via
conventional and cold sintering. Lithium molybdate readily cold sinters to consistently
produce pellets with a density of >90 % of the theoretical density (3.03 g/cm?3),
whereas conventionally sintered pellets achieve various relative densities from 70 to
90 % [68], [78], [228]. Using attrition milled powder with a smaller particle size (<15
Mm) shown in Figure 59, improved density of both conventional and cold sintered

samples.

Table 14: Comparison of densities achieved by conventional and sintering with a) as bought powder and b) milled
powder with <100 um.

Mass/g  Density / gem®  Relative Density / %

1*  Conventionally Sintered 4.88 2.40 79.2
540°C4h 1.94 2.40 79.0

2?2 | Cold Sintered 4.53 2.83 93.2
120°C1h 1.78 2.78 91.6

32  Cold Sintered with 4.53 2.76 91.0
540°C, 4 h Heat Treatment 1.80 2.76 91.1

4°  Conventionally Sintered 0.63 2.75 90.7
540°C4h 0.33 2.76 91.1

5P  Cold Sintered 0.52 2.94 96.9
120°C1h

SEM of internal fracture surfaces of cold and conventionally sintered pellets are
shown in Figure 50. A difference in porosity between conventional (a) and cold sintered
(c) samples is evident. During cold sintering, some of the lithium molybdate dissolves
into the distilled water, filling voids between larger particles and is then precipitated at

the sintering temperature, leading to improved densification. In the conventionally
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sintered samples, the temperatures are sufficient for significant grain growth and a
final microstructure consisting of large grains is seen (Figure 50b). In contrast, the
microstructure of the cold sintering sample consists predominantly of grains, similar in

size and morphology to the starting powder surrounded by finer grains (Figure 50d).

Figure 50: SEM of conventional (a, b) and cold (c, d) sintered lithium molybdate

X-Ray diffractogram of conventional and cold-sintered lithium molybdate are
shown in Figure 51. All peaks in the diffraction profile may be indexed as lithium
molybdate and have been normalised to the (220) peak at ~24.8°. No peaks from
secondary phases are observed. The ratio of the (211) peak at ~ 21.1° to the (220)
peak, however, is inconsistent between the cold and conventional samples. In cold
sintered samples, there is very limited grain growth due to the low temperature,
leading to samples having a high number of small, randomly oriented particles. In
conventionally sintered samples, the (211) is overexpressed, indicating a significant

grain growth and preferred orientation within the pellets.
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Figure 51: XRD of conventionally and cold-sintered lithium molybdate

Room temperature Raman spectra for lithium molybdate samples produced by
cold sintering and cold sintering followed by a 4-hour heat treatment at 540 °C are
shown in Figure 52 and Figure 53. Figure 52 shows the spectral regions 50-500 and
750-1000 cm™?, which are the main regions of interest for lithim molybdate. The Raman
shifts are in agreement with each other, and those reported in the literature for
conventially and cold sintered LMO, indicating that the structure of lithium molybdate

remains unaltered during the cold sintering process [229], [230].
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Figure 52: Raman spectra of Li2MoO4 after cold sintering and cold sintering with a post processing heat treatement at
540 °C, showing modes in the ranges 0-500 and 700-1000 cm -1

Kahari et al. attributed an improvement in Qr values of samples produced via
room temperature pressing of moist LMO powders followed by heat treatment to the
removal of residual water [68], [228]. The Raman spectra of water shows a large,
broad peak between approximately 2800 and 3800 cm™ [231], [232]. No such peak is
observed in Figure 53, which reveals the Raman spectra of cold sintered and cold
sintered heat-treated samples from 50-4000 cm™?, indicating that no detectable water
is retained in lithium molybdate after cold sintering at 120 °C, nor after heat treatment.
It is therefore likely that other factors are responsible for the change in Qf reported by
Kahari et al., such as increased grain size with increasing temperature of heat
treatment, or the formation of a small volume fraction of smaller, possibly amorphous,
grains in as-cold sintered ceramics at grain boundaries which are subsequently

removed or crystallised during heat treatment.

Maria et al. suggested that using higher water content may lead to the
formation of hydrated lithium oxide phases when cold sintering at 100 °C [58]. Gorelik
et al. report that LiOH and LiOH:-H20 display a number of Raman shifts at lower
frequencies, with significant peaks at ~193, 328 and 1090 cm™ [233]. These peaks are

not observed in the Raman spectra presented in Figure 52 and Figure 53, indicating
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that hydrated lithium phases are not present or occur in such low volumes as to be

undetectable.

O-H Band Region
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Figure 53: Raman spectra of Li2MoO4 after cold sintering and cold sintering with a post processing heat treatement at
540 °C in the range 0-4000 cm ™!

TEM and SAD of cold sintered lithium molybdate are shown Figure 56. The ring
patterns observed in the SAD of the region shown in Figure 56c indicate the presence
of highly disordered/amorphous material in the grain boundary regions between
particles. X-Ray diffraction of the same cold sintered samples do not show the
characteristic diffuse scattering hump expected within an amorphous material,
indicating that the volume fraction of amorphous material is very low and not likely to
occur at all interfaces. Work by Guo et al. on the cold sintering of sodium molybdate
(Naz2Mo207) also observed the presence of a highly disordered intergranular phase at
some interfaces, with most grain boundaries appearing abrupt without an intergranular
phase [234]. These intergranular phases are likely to be the result of the short sintering
time and low sintering temperatures utilised in cold sintering, which do not allow for
full recrystallisation of the material that is dissolved and precipitated onto the particle

surfaces.
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Figure 54: SAD-DF of cold sintered lithium molybdate

Secondary grain boundary phases have also been observed in the cold sintering
of materials such as BaTiOs and SrTiOs which dissolve incongruently in water and are
therefore, mixed with a hydrothermal processing inspired solvent [65], [92], [95]. TEM
of “hydrothermally assisted” cold sintered barium titanate showed a significant amount
of amorphous grain boundary material, which is then crystallised during a heat
treatment at 700-900 °c (approximately 300-500 °C below conventional processing
temperatures).

The ability to create dense ceramics at low temperatures during cold sintering
is significant for several industries. Whilst the presence of secondary/amorphous
phases at grain boundaries may be deleterious to electrical properties, in both lithium
and sodium molybdate they are present at few grain boundaries and are unlikely to
cause a significant effect. In materials where secondary phases are more common,
annealing heat treatments can reduce their prevalence and therefore improve
properties.

A combination of cold sintering followed by heat treatment could also be used

to tailor material properties. Combining a low temperature sintering technique which
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retains a grain size similar to that of the starting materials, with heat treatments to
encourage controlled grain growth (and recrystallization where required) could enable

the production of microstructures which are unfeasible via conventional methods.

4.3 Cold Sintered Ceramic-Ceramic Composites

Bismuth molybdate (Bi2M020¢) is a dielectric ceramic with a conventional
sintering temperature of 620-650 °C and a theoretical density of approximately 6.5
g/cm?3 [235]-[237]. Ceramic composites of lithium molybdate and bismuth molybdate
(0, 20, 40, 50 and 100 wt.%) were produced via cold sintering using 10 wt.% distilled
water added to the powder, 250 MPa and 150 °C for 30 mins. Pellets were then placed
in a drying oven at 120 °C overnight to ensure all moisture had been removed. The
measured, calculated theoretical density and relative densities as a function of

composition are shown in Table 15.

Table 15: LMO-BMO composite compositions, including measured, theoretical and relative denstiy.

Composition Measured Density Theoretical Density Relative
g/cm? g/cm? %

LMO 2.82 3.03 93.1

0.8LMO0-0.2BMO 2.68 3.39 79.0

0.6LMO0-0.4BMO 2.52 3.85 65.4

0.5LMO0-0.5BMO 2.44 414 59.0

BMO 1.99 6.51 30.6

As the bismuth molybdate concentration increases, the pellet density
decreases, despite the higher theoretical density of BMO. The low relative density of
“cold-sintered” bismuth molybdate implies that very little densification occurs within
this end member of the composite. Compared to lithium molybdate, bismuth
molybdate is much less soluble in water and is therefore likely to contribute less to the

cold sintering process.

XRD spectra of LMO-BMO composites are shown in Figure 55. The cold-sintered
bismuth molybdate displays the diffuse scattering expected of an amorphous material,
this was also seen in the raw powder prior to cold sintering. It is likely that prolonged
storage of the powder prior to use has led to the formation of an oxygen deficient
phase, which has been reported as amorphous [238]. Spectra for cold sintered

composites with 0-50 wt.% BMO are as expected for lithium molybdate and the
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amorphous bismuth molybdate spectra contributes to slightly higher “background”

scattering in composites with higher BMO concentration.

XRD of Li2Mo004-Bi2Mo0209 cold-sintered ceramic composites

BMO

50LMO 50BMO

4]
'c
s ]
z
@
= 60LMO 40BMO
<
<
S~
oy
g) —80LMO 20BMO
3
[=
- A -~ A A 11 1 1; A A A A A Aot -~
—LMO
‘ A AA A J- A AA A A PSS
10 20 30 40 50 60
20/°

Figure 55: XRD spectra of lithium molybdate, bismuth molybdate and their composites.

Figure 56 and Figure 57 show SEM of ceramic-ceramic composite pellet surfaces
and reveals that the two phases remain discrete in all samples. Larger lithium
molybdate grains are surrounded by smaller bismuth molybdate particles which are
well distributed throughout the composite pellets. Lithium molybdate grains appear
lighter in Figure 56 and Figure 57, with darker grains of bismuth molybdate. The
surface of cold sintered pellets depends on the surface finish of the dies which may
contribute to the porosity observed on the surface of all samples. Due to the moisture
sensitive nature of lithium molybdate, all polishing is performed without water and

therefore, several surface scratches are still present.
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Figure 57: Surface SEM of LMO-BMO ceramic composites, with a) 100, b) 80, c) 60 and d) 50 wt.% lithium molybdate.
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The relative permittivities of Bi2M0209 and Li2M0oO4 have been reported to be
approximately 38 and 5.5, respectively [67], [68], [235], [237]. Therefore, by creating
composite samples of the two ceramics, it is, in principle, possible to achieve a broad
range of permittivity. Figure 58 shows the relative permittivity of LMO-BMO composite
samples. The permittivity of cold sintered lithium molybdate is similar to that reported
in the literature and remains approximately constant with frequency. With the addition
of 20 w.t% BMO, the permittivity increases but becomes frequency dependent,
suggesting a strong contribution from space charge which typically has a large low
frequency response. As discussed in 2.5.1, permittivity is caused by four mechanisms
of polarization within the material, which contribute at different frequency ranges. The
measured permittivity of the composites is highest at 1 kHz, indicating a strong

contribution of space charge to the total permittivity in samples containing BMO.

As the BMO concentration is further increased, the permittivity decreases and
remains frequency dependent. The reduction rather than the predicted increase in
permittivity (BMO has a higher reported permittivity than LMO) is commensurate with
the decrease in density as BMO concentration increases. [11], [130], [133]. The room
temperature permittivity of cold sintered BMO is <1 at all frequencies, significantly
lower than the reported values for conventionally produced samples. This likely due to
the sample being highly conducting as a result of the low density with the low

permittivity an artefact of the measuring process.

Room Temperature Permittivity of Cold Sintered LMO-BMO
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Figure 58: Room temperature relative permittivity of cold sintered LMO-BMO composites at 1, 10, 100, 250 kHz and 1
MHz.
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4.4 Coatings of Lithium Molybdate

Lithium molybdate was attrition milled before slurry preparation to reduce
particle size and passed through a 67 um sieve. After attrition milling (Figure 59), the

average particle size is significantly reduced and although some larger particles (10-

15um) are still present, most particles are <10 pm.

Figure 59: SEM of lithium molybdate (Sigma Aldrich) after attrition milling

The ceramic slurry was deposited onto a chemically toughened glass substrate
via screen printing with a squeegee pressure of 3 tonnes, each layer consisted of two
passes of the squeegee followed by drying at 120°C for 15 minutes before subsequent
layers are applied to create a sample of desired thickness. The organic binder was
burnt out at 300 °C with a dwell time of 6 hours, leaving a green layer of lithium
molybdate. The LMO layer was then densified via two methods, conventional sintering

(540°C for 2 hours) or cold sintering with the addition of distilled water.

Initial attempts at wetting printed samples for cold sintering was performed by
producing water vapour in a sealed beaker at 40°C in a similar fashion to the paper by
Baker et al [2]. However, this method caused water droplets to form at the edges of
the printed area and produced an uneven water distribution. Therefore, to allow for
better distribution on the LMO layer, distilled water was sprayed over the samples prior
to cold sintering using an atomizer. To prevent the transfer of the wetted LMO layer to
the die during pressing, a sheet of non-stick silicone coated paper was placed between

the printed layer and the die.

Figure 60 shows screen printed layers of lithium molybdate on glass substrates
before and after sintering. After binder burnout at 300 °C and prior to sintering (Figure

60a), the coating layer appears to have a consistent thickness and is opaque. There is
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poor adhesion between the substrate and coating layer, which can be easily removed
by light scraping. After conventional and cold sintering, the coating layer of ceramic
became well adhered layers to the substrate. Layers produced by cold and
conventionally sintering do not appear to have a consistent thickness, with thicker

areas appearing opaque white and thinner areas greyer and partially translucent.

Figure 60: Screen printed samples after (a) binder burnout, (b) cold sintering at 120°C 10 MPa, (c) cold sintering at

120°C 5 MPa and (d) conventional sintering at 540°C.

The quality of the cold-sintered layers (Figure 60 b & ¢) appears to have been
affected by the sintering pressure. Both samples have regions of brighter contrast near
the edges/corners of the substrate which are likely to be thicker and created by
imperfections in the die and the movement of material to the bevelled edges of the
substrate from where it would be possible to escape through any gaps in the dies.
There is also evidence of material on the edge of the substrates, which would not be
subjected to the same sintering processes due to lower pressures and therefore,

unlikely to have been densified.

The layer shown in Figure 60c, pressed at 5 MPa appears to be more consistent
than the sample pressed at 10MPa (Figure 60b), fissure-like defects are also less
significant in the coating layer of Figure 60c than b. The use of a lower sintering
pressure allows the lithium molybdate to be densified, without being compressed in
such a way that causes the coating to be forced out towards the die edges. The
conventionally sintered sample shown in Figure 60d has a coating of inconsistent
thickness, which attributed to screen-printing defects. In contrast to the cold sintered
samples there are no thicker regions at the edges of the material or on the bevelled

edges of the substrate.

Figure 61 shows the XRD patterns of the screen-printed layers after binder
burnout and sintering. There is a small peak shift to the right in the cold sintered

samples due to an error in sample height. Changes in intensity of a number of peaks
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are also observed, most notably at 25°, where the conventionally sintered sample show
a much greater intensity peak. This difference in intensity is due to the very large grain
size, compared to the coating thickness and therefore the limited number of grains of
different orientations in the sample detected during XRD.
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Figure 61: XRD of screen-printed layers after Binder burnout at 300°C, after cold sintering at 120°C and 5 MPa and

conventional sintering at 540°C

Figure 62 shows SEM images of the cross-sectional fracture surface of a
conventionally sintered screen-printed sample. The conventionally sintered layer is
approximately 60 pym thick, has very low levels of porosity and consists of grains
approximately 40 pm diameter. Significant grain growth is achieved during the
sintering process; final grain sizes are larger than the starting powder used in the
screen-printing slurry. The interface between the coating and the substrate is well
defined, with very little porosity.

Figure 62: SEM of screen-printed lithium molybdate layer cross section after conventional sintering at 540°C
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In Figure 62 (a & b) a defect can be seen in the glass lying approximately
parallel to the glass-ceramic interface. The glass substrate is chemically toughened, as
discussed below, with an ion-exchanged layer approximately 10-15 um. Subsurface
lateral cracks seen in chemically toughened samples are often larger than those seen
in thermally toughened samples [239]. It is possible that the cracking observed in the
substrate of the conventionally sintered sample occurs as a result of:

e Pre-existing defects in the near surface region which are larger or deeper
than the toughened regions.

e The presence of a boundary between the compressive and tensile
stresses within the material.

e Mobility of toughening ions at the conventional sintering temperature
(540 °C) which is higher than temperatures used in chemical
toughening, leading to stress relaxation [240]-[242]

e Heating/cooling rate during sintering creating thermal gradients within
the substrate or differences in thermal expansion coefficient between

the substrate and lithium molybdate.

Figure 63 shows a cold sintered screen-printed lithium molybdate layer. The
cold sintered layer in Figure 63 is approximately 30 pm thick with grains ~5um
diameter. The final grain size depends on the initial powder size used to manufacture
the printing slurry since, grain growth is restricted due to the low temperatures

involved in cold sintering.

Figure 63: SEM of screen-printed lithium molybdate layer cross section after cold sintering at 120C, 10MPa

A crack parallel to the surface on the substrate is not seen in the cold sintered
samples, indicating that the reduced sintering temperature avoids creating any of the
conditions discussed above as potential causes of the crack in the conventionally
sintered substrate. There are, however, several small (10-20 pm) cracks in the glass

substrate running perpendicularly to the glass-ceramic interface. These cracks are
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likely to be induced by the applied pressure of cold sintering, larger particles within the

coating may act to indent the substrate and create regions of higher pressure.

During cold sintering, cracking of the chemically toughened glass substrate into
several large pieces occurs. This is likely due to several different factors. No cracking
occurred when ~50MPa uniaxial pressure was applied to a clean, uncoated glass
substrate at room temperature in the same die used for cold sintering. This suggests
that the toughened glass should be capable of withstanding the pressures applied
during the cold sintering trials (5-10 MPa) and other factors contribute to the observed

cracking.

The chemical toughening of glass is achieved through ion exchange, where ions
such as sodium within the glass are replaced with larger potassium ions. This creates
compression at the surface and tension in the bulk and toughens the glass [240],
[241]. EPMA of silicon and potassium in the near surface region of the glass substrates
after cold uniaxial pressing and cold sintering (120 °C) are shown in Figure 64. In both
cases the chemical toughening of the substrates is evident, with comparatively high
weight percentages of K at the near surface compared to bulk. This implies that the
introduction of heat in the cold sintering process does not lead to de-toughening of the

glass surface.
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Figure 64: EPMA of silicon and potassium in the near surface region of the toughened glass substrates after cold and
high temperature (120 °C) pressing

The EPMA spectral images in Figure 65 show the distribution of magnesium and
aluminium in the substrates. The weight percentage of aluminium in the “bulk” region
appears to be reduced in the hot-pressed sample compared to the sample pressed at
room temperature. There are also indications that the near-surface distribution of
magnesium is affected by hot pressing. A layer with lower magnesium content is

present in both samples, which appears to be thicker in the hot-pressed samples.
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Figure 65: EPMA of magnesium and aluminium in the near surface region of the toughened glass substrates after cold
and high temperature (120 °C) pressing.

Aside from the chemical distributions, the EPMA spectral images also indicate
the presence of sub-surface defects in the glass, running approximately parallel to the
surface and which are on the order of 0.01 mm. These are unlikely to be noticed on
brief visual inspection of the substrate but could contribute to cracking observed in the
samples during sintering. The application of heat is likely to exacerbate any stresses

within the substrate caused by imperfections in the subsurface of the substrate.

Other possible causes of the substrate cracking have not been fully
investigated. The edges of the substrate were bevelled and ground, any notches or
scratches caused by this process could act an initiation point for cracks. The substrates
were chemically toughened prior to cutting to the desired size and therefore, the effect
of the toughening process would have been significantly reduced. Larger particles
within the coating layer could have also acted to indent the surface and create initiation
sites for cracking. As the samples are heated in the steel during cold sintering, there

may be issues caused by the thermal expansion of the die pieces and substrate.

Applications for functional (electrical, chemical or mechanical) and decorative

coatings on glass substrates are found in a broad range of industries [243]. There are
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several barriers to using conventional processing methods to create ceramic coatings
on glass substrates. Firstly, compatible materials are limited as the sintering
temperature of the ceramic coatings and processing temperatures should not be above
the softening or glass transition temperatures. When applying coatings to glass
substrates which have been thermally toughened, there is a risk of de-tempering and

losing the desired mechanical properties [240].

Numerous technologies, such as laser sintering and sol-gel spin coating, have
been explored which allow for the densification of a glass-enamel coating whilst
preventing damage the substrate beneath. Selective laser sintering uses a laser to
induce localised heating to soften the frit and achieve densification, the application of
this method is constrained to material combinations where the coating absorbs most
of the energy provided by the laser, while the substrate absorbs very little of the
remaining energy. Alongside the coating, the near-surface region of the substrate is
still likely to be heated to temperatures which would prevent incorporation of heat
sensitive components in either layer. Spin coating processes used for automotive
windows require a sintering step after deposition, which can be incorporated into the
shaping and thermal tempering regime of the substrate glass during manufacture
[244]. This technique allows for the production of well adhered, durable glass coatings
but must be performed prior to glass shaping and requires highly controlled heating
regimes. This work has demonstrated the ability to create a functional ceramic coating
layer on glass substrates at 120 °C via the cold sintering process. After cold sintering,

the ceramic layers were found to be well adhered to the substrate and well densified.
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5 Johnson Matthey Silicate Frit —JM5430F

5.1 Introduction

The cold sintering method has been applied to a variety of predominantly
electroceramic materials. For a material to be a candidate for densification via cold
sintering however, it need only be partially soluble in a liquid. The corrosion behaviour
of glasses as they interact with the environment has been studied for several
applications and is usually considered an undesirable process [245]-[247]. However,
this corrosion behaviour could allow glass powders to be cold sintered and

subsequently unlock a wide spectrum of potential applications.

Hydrothermal hot pressing and room temperature densification techniques
have been applied to a number of glasses and a study by Ke et al. achieved the
adhesion of two bulk silicate components utilising a “Cold Isostatic Joining” technique
[167], [248]. This further indicates the potential for bulk glass components to be

produced from powders via a cold sintering technique.

This chapter aims to densify a glass provided by Johnson Matthey, JM5430F,
via the cold sintering method. A comparison of cold and conventionally sintered
materials is presented and potential of this material to be used in the creation of

coatings and adhesive layers on steel and PTFE are then demonstrated.
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5.2 Cold Sintering of JM5430F

JM5430F is a borosilicate-based glass material and was supplied as a fine
powder by Johnson Matthey. The precise composition is confidential, but the

approximate range of weight percentages are given in Table 16.

Table 16: Composition of IM5430F in weight percent

Oxide Wt. %
SiO, 30-60
Zn0 5-25
B,0s 5-15
TiO, 0-10
Li,O 0-5
A|203 0-5

JM5430F powder was produced via a conventional process, with a melt
temperature of 1400 °C for 1 hour, followed by quenching in water to form a frit. The
resulting frit was then milled in water and dried to achieve a fine powder. Particle size
analysis performed using a Mastersizer 3000, with powder suspended in distilled water,

indicated a broad size distribution (0.5-200 pm), with an approximate dso of 8 pm.

Particle Size Distribution of JIM5430F

Do = 1.69 um

Volume Density / %

0.01 0.1 1 10 100 1000
Size / um

Figure 66: Particle Size analysis of JM5430F Powder
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SEM of the powder (Figure 67) showed a non-uniform particle morphology and
a broad range of particle sizes. A large number of very fine particles are seen on the
surfaces of larger particles. Some large agglomerates, up to 40-50 um, consisting of

very fine (<1-5 ym) particles appear quite densely packed.

Figure 67: SEM of JIM5430F powder

Powder of IM5430F was pressed in 10 and 2 0mm @ dies to create green pellets.
The pellets were then conventionally sintered at various temperatures for 4 hours to
determine optimum conditions. Samples sintered at 600 °C and 575 °C became lightly
bonded to the crucible during sintering. At a sintering temperature of 500 °C the
sample did not bond to the crucible but also had very low density (1.79 g/cm?3).
Sintering at 550 °C created a well densified pellet (2.76 g/cm?3) which did not adhere

to the crucible.

The composition of JIM5430F is known to interact and be partially soluble in
acids. Due to this and the relatively high content of ZnO in JM5430F, it was decided to

follow a process of cold sintering developed from a method for pure ZnO by Funahashi
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et al. [56]. Glacial acetic acid was therefore, diluted with distilled water to create a 1
M solution.

0.36-0.57 ml of 1 M acetic acid was added to 1 g of JM5430F glass powder and
mixed in a pestle and mortar to ensure a homogeneous distribution of liquid over the
surface of the solid samples. At higher levels of liquid, the mixture formed a ‘putty’.
The powder-acid mixture was placed in a 10 mm diameter steel die and pressed at 250
MPa for 5 minutes to allow particle redistribution. The temperature was then raised to
100 °C and held for 10 minutes before being raised again to 250 °C and held for 30-
45 minutes. During densification, the pellet bonded to the steel die and was destroyed
during removal. Therefore, a layer of silicone coated non-stick paper or PEEK was

placed in the die ahead of the powder during subsequent sintering trials.

Figure 68 shows pellets created via cold and conventional sintering and
indicates the significant difference in radial shrinkage from both conventional and cold
sintering methods. In both cases, dies of 10 mm diameter were used during the
pressing of samples. After sintering, the diameter of conventionally processed samples
is 8.2 mm, whereas the cold sintered samples have a final diameter equal to the
internal diameter of the die (10 mm). This is a very clear example of one of the major
advantages cold sintering has over conventional processes. During cold sintering,
shrinkage caused by densification only occurs in the direction of the applied pressure
and final dimensions can be more easily controlled.

Conventionally Sintered Cold Sintered
“10mm” pellets, 8.2mm after sinter 250MPa,
Smins RT

Smins 100°C

30mins 250 °C

Figure 68: Difference in lateral dimensions of conventional and cold sintered samples after sintering.

Conventional sintering of the glass at 500 °C and 550 °C produced samples

with density, 1.79 and 2.76 g/cm3, respectively. The difference in microstructure
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between different processing parameters is shown in Figure 69. At the lower sintering
temperature (500 °C, Figure 69a) very little densification has occurred. Particles of a
similar size and morphology to the starting powder are still visible and appear to be
only lightly bonded. In Figure 69b, after sintering the glass at 550 °C, the powder is
well-densified and there is no discernible grain structure. However, there are a small
number of pores present which are likely to have originated as voids within the green
body.

Samples of cold sintered glass using 0.36 and 0.57 ml/g acetic acid achieved
densities of 2.32 and 2.67 g/cm?3. In both cold sintered samples, the microstructure is
made up of larger 10 um particles bonded together by a boundary phase with a finer
grain structure, comparable to that of the original powder morphology. Both cold
sintered samples appear to have a higher density than the sample conventionally
sintered at 500 °C, despite the significantly lower temperatures. Comparing the
fracture surfaces of cold sintered samples shown in Figure 69 c and d, the intergranular
material appears to create a better bond with the addition of higher concentrations of
transient liquid. The increased liquid proportion is likely to have aided further
densification by encouraging the rearrangement of particles during the appilication of
pressure, accompanied by an increase in dissolution of smaller particles. This
demonstrates how the concentration of transient liquid during cold sintering can be

utilised to tailor the final density and grain structure.
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Figure 69: Fracture surface SEM of sintered glass samples with different processing parameters a) Conventional Sinter
500°C for 4 hours; b) Conventional Sinter 550°C for 4 hours; c) Cold Sintered using 0.36 ml/g acetic acid; d) Cold
Sintered using 0.57 ml/g acetic acid (250 C)

From XRD analysis, Figure 70, the spectra of the initial powder and
conventionally densified samples both show diffuse scattering patterns typical of an
amorphous material. The XRD of cold sintered samples (0.57 ml/g) indicate that during
cold sintering some crystallisation occurs. This crystalline phase is likely to have formed
at particle boundaries. During heating, the liquid phase evaporates and the dissolved
material precipitates to form a crystalline phase. Despite further XRD analysis, shown
in Figure 71, the crystalline phase(s) could not be determined, and it is likely that

several are present, possibly as acetates of dissolved cations.
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Figure 70: XRD of conventional and cold sintered glass.
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Figure 71: XRD of cold sintered JM5430F glass

EDX analysis of JM5430F, shown in Figure 72 and Figure 73, further confirms
that there is compositional variation between the grains and intergranular phase after

cold sintering. This indicates that dissolution of the glass powder is incongruent with
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the acetic acid (most likely the acetate group) contributing to the creation of

intergranular phase(s).

In Figure 72, analysis of the compositional distribution is hindered by the
resolution of the maps compared to feature size. Zn appears slightly more prevalent
in the intergranular phase but Ti and Al are evenly distributed. A few Al rich regions of
an unidentified phase of very high brightness are observed. Na appears more
concentrated within the large grains compared to the intergranular phase. During the
cold sintering process, it is likely that the Zn2* ions, which act as an intermediate within
the glass are attacked preferentially, through the formation of Zn acetate. The
mechanism has not been investigated for glass compositions but is likely to be
analogous to the cold sintering of ZnO using acetic acid [62], [86], [249], [250].

Amap 1
MAG: 2000x HV. 20kV WD: 7.4mm

Figure 72: BSE image of cold sintered JM5430F and corresponding EDX maps of Zn, Ti, Al and Na.

The higher magnification EDX map in Figure 73 confirms that Na is more
concentrated within the grains. Si is present throughout the grain and boundary
phases, although the concentration is slightly higher within the grains. As in Figure 72,
both Ti and Al are evenly distributed between the grain and boundary phases, with

some regions of high Al concentration in the boundary phase.
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Figure 73: BSE image of cold sintered JM5430F and corresponding EDX maps of Si, Ti, Al and Na.

Impedance spectroscopy was utilised to further understand the effects of
sintering methods and parameters on JM5430F. Samples were measured between 200
and 400 °C; however, a significant amount of noise is seen in data for conventional
samples below 300 °C. The temperature dependence of bulk conductivity of cold and
conventionally sintered samples are shown as Arrhenius plots in Figure 74. The
activation energy of conduction is related to the gradient of the Arrhenius plots of
conductivity in Figure 74 and are approximately 0.9-1 eV for both conventional and
cold sintering samples. This indicates the addition of acetic acid, and the creation of a
partially crystalline grain boundary phase during cold sintering does not affect the

activation energy.
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Figure 74: Arrhenius plot of conductivity versus temperature for samples produced via convention and cold sintering.

Figure 75 shows the Nyquist plots (Z”, Z') of samples sintered conventionally
(500 and 550 C) and cold sintered with 1M acetic acid, measured at ~ 315 °C. Low
frequency data, below 500 Hz have been omitted from the plots, due to noise. The
densities of the higher temperature (550 °C) conventionally sintered sample and the
cold sintered sample are very similar (2.76 and 2.67 g/cm3 respectively), whilst the
lower temperature conventionally sintered sample was only 1.79 g/cm?3. The magnitude
of the total impedance response is strongly influenced by the level of porosity
[251][252]. The Nyquist plot of the low temperature conventionally sintered sample
indicates a significantly higher total impedance, which can partly be attributed to the
higher level of porosity in comparison with the higher temperature conventional and

cold sintered samples.

Contributions to impedance of the grains (bulk) and grain boundaries occur at
high and low frequencies, respectively. In the 550 °C conventionally sintered sample,
which did not have a discernible grain structure (Figure 69), the impedance response
is predominantly from the bulk. In both the cold sintered samples and the 500 °C
conventionally sintered samples, there are contributions to the impedance response
from grain and grain boundary regions. The bulk response of the cold sintered sample
is of a similar magnitude to that of the higher temperature conventionally sintered

sample, with a small grain boundary contribution. In the lower temperature
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conventionally sintered sample, there is both a large grain and grain boundary
contribution. SEM of the internal fracture surfaces of the cold and conventionally
sintered samples shown in Figure 69 demonstrate that the densification of the small,
‘intergranular’ particles is limited in the 500 °C conventional sample compared to the
cold sintered samples. The difference in ratio of the grain boundary responses
compared to the bulk is due to the level of consolidation and necking in the smaller,

inter-granular particles [253].
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Figure 75: Nyquist plots of conventional and cold sintered JM5430F

The behaviour of the cold sintered pellet begins to change as the temperature
is increased between 275 and 400 °C, as shown in Figure 76. The impedance measured
between 215 and 332 °C decreases with increasing temperature and there is a
significant contribution from the grain boundary phase(s). Above 332 °C, the
impedance begins to increase, and the grain boundary contribution is significantly
reduced. At higher temperatures (372 and 393 °C), the impedance increased, and a

significant amount of noise is seen in the data.
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The impedance of conventionally sintered samples is shown in Figure 77. The

total impedance of the sample sintered are 550 °C decreases with increasing

temperature. The sample sintered at a lower temperature shows a decrease in

impedance as the measurement temperature is increased between 316 and 375 °C. At

385 °C, the total impedance increases and is similar to that at °345 C, although the

relative contribution from the grain boundary

is significantly higher.

As the

temperature is further increased, the total impedance value reduces, with the grain

boundary response remaining the dominant contribution.
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Figure 77: Impedance of conventionally sintered samples between 310 and 420 °C
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In both cold and 500 °C conventional samples, the impedance initially decreases
and then increases at higher temperature, implying that similar changes may occur in
the two materials. The smaller intergranular particles seen in the microstructures may
have begun to grow or further densify. In the 500 °C, however conventionally sintered
samples, the impedance decreases as the sample is heated further, whereas in the
cold sintered samples impedance continues to increase. During the cold sintering
process, the maximum temperature applied to the material is 250 °C, the sample is
taken above the cold sintering temperature and closer to conventional sintering
temperatures. Secondary phases produced during cold sintering could contribute to
this behaviour by beginning to react or decompose. It is likely that zinc acetates are
formed as part of the cold sintering process, which has a reported thermal
decomposition range 240-312 °C, with a significant dependence on heating rate [254]-
[256]. This indicates that microstructural and electrical properties of a cold sintered
material may change during service above their required sintering temperatures. This
could prove detrimental during long term usage and therefore, any material to be used
above its sintering temperatures should first be heat treated to at least the service

temperature to ensure stability in properties.

5.3 Densification of IM5430F glass-ceramic on steel substrates

During cold sintering of pellets, there was significant adhesion to the steel dies
which was prevented using layers of PTFE and/or silicone coated paper. The ability to
sinter a glass onto a metallic substrate at low temperatures could be useful in several
applications and was explored further. Steel samples were first ground to remove
surface debris and to create a more uniformly roughened surface to encourage

adhesion.

JM5430F powder was mixed with 1mol acetic acid at 0.57 ml/g and placed onto
the steel substrate inside a die, with a PTFE layer to prevent adhesion to the die. The
sample was then heated to 100°C for 60 minutes with an applied pressure of 55 MPa.
The coating layer is partially densified; however, the white colour of the sample
indicates that the relative density is not high and similar to samples sintered at 500 °C.
These parameters did not achieve adhesion of the glass to the steel substrate but did
achieve partial densification of the glass. The layer of JIM5430F was easily removed
from the steel and polymer and both the steel facing (a) and plastic facing (b) sides
can be seen in Figure 78. There is significant discolouration on the metal side, which

is likely due to the oxidation of the steel substrate caused by contact with acetic acid
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at elevated temperature. The plastic facing side suffers indentation, where the plastic
layer had creased, creating thin areas of the ceramic prone to cracking.

Figure 78: IM5430F layer cold sintered at 100 °C on a steel substrate.

A two-step heating regime with a 30-minute hold at 100 °C followed by 60
minutes at 250 °C (0.57 ml/g 55MPa), as used during the cold sintering of pellets, was
also utilised. This was shown to improve the adhesion of the glass onto the steel
substrate. The coating layer also adhered to the polymer layer used to prevent
adhesion to the steel die, which caused damage to the coating during removal of the
polymer (Figure 79).
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Figure 79: IM5430F layers cold sintered using a two stage process

As in Figure 78, the cold sintered ceramic layers in Figure 79 do not appear to
be fully densified. The most significant reason is likely to be that the applied pressure
(55 MPa) used in the coating sintering process is much smaller compared to standard

pellets (250 MPa) due to the increased surface area.

The ability of JIM5430F to intentionally adhere metallic and polymeric materials
was further explored, using thicker pieces of PTFE (~3mm), which can be placed into
the die without warping of the surfaces. Figure 80 shows a layer of JM5430F with
approximately 3 mm thickness and 20 mm diameter, created using 1.5 g of powder,
0.85 ml 0.1 mol acetic acid. A higher pressure (250MPa) was used in order to
understand the effect of the reduced pressure on the density in samples shown in

Figure 78 and Figure 79. The layer was well adhered to both the metallic substrate and
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the PTFE puck, the layer of JM5430F preferentially cracked with the attempted removal
of the PTFE.

Figure 80: Layer of IM5430F between steel substrate and PTFE puck.

The layer of JM5430F which remained adhered to PTFE (Figure 80c) was
sectioned to investigate the internal structure and interface between the two materials.
From Figure 81, the layer appears to have been partially densified, with some regions
of very low porosity. The microstructure of the JM5430F layers consists of large
particles surrounded by a finer grain structure which appears to be well bonded. This
is comparable with the cold sintered microstructures shown in Figure 69.

Figure 81: SEM of cold sintered JM5430F layer
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Figure 82: SEM of the interface between cold sintered JM5430F glass-ceramic and PTFE

When cold sintered JM5430F achieves a very high density, it appears similar to
the higher temperature conventionally sintered samples. In all coatings produced
above, the glass layer remains white indicating a low density more comparable to that
seen in the 500 °C sintered samples. A number of factors are likely to contribute to the
reduced densification, as there are a significant number of possible parameters during
cold sintering. It was possible to densify a pellet with diameter 20 mm via cold sintering
in a standard die and therefore, the dimensions of the coatings are not likely to
contribute to reduced density. Increasing the pressure used to produce that sample in
Figure 80 compared to the samples in Figure 78 and Figure 79 does not significantly
improve densification but how the substrate fits within the die is likely to have a major
effect on the rate that the transient liquid escapes. A poorly fitting substrate may allow
the liquid to escape more quickly during the process, thereby inhibiting dissolution at
higher temperature. There may also be some compliance in the steel substrate, which
will affect the pressure applied to the JM5430F during the process which may be
reduced by adopting the use of a higher quality steel (such as the tool steel used in

the cold sintering dies).

The composition of JM5430F is related to a range of automotive enamels
produced by Johnson Matthey, many of which are known to interact with acidic
environments, causing degradation of the coating layer [257]-[259]. Decorative and
functional enamels are traditionally applied to a substrate as a paste or liquid using
processes such as screen-printing or spray coating. The frit layer is then heat treated
to create a continuous glass coating by causing the particles to soften, flow and
coalesce as a dense layer which is well adhered to the substrate. This process
commonly requires firing temperatures above 550 °C, which can be undesirable in
applications where this is close to the upper operating range of the substrate. Several
issues are also observed when creating glass coatings on metallic substrates, such as
coating cracking due to mismatching thermal expansion coefficients and the potential

for increased oxidation of metals at heightened temperatures. During high temperature
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processing, substrates may become damaged or misshapen, and mismatches in
thermal expansions may contribute to warping, delamination or cracking. The
densification of JM5430F at 250 °C demonstrated here represents a significant
reduction in processing temperature - approximately half that of conventional
processes. The low temperatures required may enable the creation of layered
structures with materials of very dissimilar properties with little/no damage to either
substrate. Achieving adhesion of two dissimilar materials in this way, with materials
tailored to achieve the desired functional properties, could allow for greater integration

of novel components during manufacture.
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6 Bioglass® 4555

6.1 Introduction

Since the cold sintering technique was first reported in 2016, research has
predominantly focused on developing processing parameters for electroceramic
materials. Results presented in chapter 5 and work on "“Cold Isostatic Joining”
published by Ke et al. demonstrate the possibility to use a cold sintering process on
amorphous, silicate materials [167]. These developments indicate that the cold
sintering process can be utilised in a broader range of materials, and therefore enable
applications which have traditionally been hampered by the high processing

temperature of materials.

This chapter aims to demonstrate the application of cold sintering to the
densification of Bioglass® 45S5, which is commonly used in biomedical applications
due to its solubility and subsequent bioactivity. In most cases, Bioglass is used as a
coating material or as part of a composite system to achieve desired properties. This

creates numerous compatibility issues such as those discussed in section 2.8.

A recently published review of Bioglass coatings by Oliver et al. cites significant
barriers to further development in clinical applications; the most pressing of which are
the differences in thermal expansion coefficient (Titanium 8.5-9 x10°K-! and Bioglass®
45S5 12.7-15.1 x10°K1) and the variety of different environments present within the
human body [200][201]. Achieving densification of Bioglass at temperatures
significantly lower than T4 through cold sintering could overcome the challenge of
mismatching thermal expansion coefficients. Whilst the ability to produce composites
of Bioglass with a range of other materials could enable the creation of implants which

are specifically tailored to the application.

This chapter initially describes the use of cold sintering to densify Bioglass®
45S5. The potential for the cold sintering process to create Bioglass coatings on
Titanium (a commonly used orthopaedic implant material) and Bioglass-polymer
composites at low temperatures is then explored and the biocompatibility of the

composite samples assessed.
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6.2 Starting Materials

A 5 wt.% Bioglass in ethanol suspension was prepared and passed through a
microfluidizer 5 times. Particle size analysis was conducted after each pass with the
results are shown in Figure 83.

Particle size distribution of AH2415AR in ethanol after mixing
and microfluidising
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Figure 83: Particle size distribution of flame-spray bioactive glass (Batch: AH2415AR)

After being passed through a microfluidizer, most particles were between 0.1
and 1 ym (Average Dso of microfluidised samples 0.32 pym). Prior to microfluidising,
the particle size analysis indicated the presence of a significant volume density of larger
particles, which can be partly attributed to lightly agglomerated powder (Figure 84A),
which are subsequently dispersed in the ethanol during microfluidisation. After 5
passes a small number of large particles are still observed, which are attributed to

more compacted agglomerates (Figure 84B) and spherical particles (Figure 84).
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Figure 84: Examples of lightly (A) and densely (B) agglomerated material and spherical particles (C) observed under SEM
of powder AH2415AR.

Cold sintering of the Bioglass (AH2415AR batch) with 80 wt.% water achieved
mechanically stable pellets. SEM of the pellet surface and internal fracture surface of
a cold-sintered pellet (Figure 85) show that the samples are well densified. The scratch-
like surface features on the sample in Figure 85a, are caused by imperfections in the
surface of the die. Some regions of the fracture surface appear to be more tightly
bonded (Figure 85b), which is likely to be remnants of the agglomerates seen within
the starting powder. The spherical particles seen in the as-received powder are still
present in the sintered sample; these particles range from ~1-15 pm and are

distributed randomly throughout as shown in Figure 85d.
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Figure 85: SEM of pellet surface (A, B) and internal fracture surface (C, D) of cold sintered Bioglass pellets

The spherical particles range in size and their morphology inconsistent with
examples shown in Figure 86. The spheres can consist of hollow shells, which are either
smooth and dense or lightly joined whilst some spheres have complex, partly filled
structures. These particles are produced during flame spray pyrolysis (FSP) where the

conditions emulate those in the related technology, flame-spheroidization.

Flame-spheroidization is commonly used to transform the morphology of a
powdered material of a desired composition using a thermal spray gun. The addition
of a porogenic material in the feedstock (such as calcium carbonate) can be used to
tailor the internal structure of the spheres as it decomposes and encourages the
formation of pores within the molten glass. It has been used by several researchers to
transform calcium phosphate glass powders into microspheres with various
morphologies using changes in feedstock size, ratio of porogen to glass and the nature
of the oxy-acetylene flame [260]-[262]. The spherical particles seen within the
AH2415AR batch of Bioglass indicates the presence of conditions within the flame spray
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where gas or a thermally decomposing material becomes entrapped by molten glass.
Gupta et al. also showed compositional variations between feedstock powders and
microspheres caused by differences in boiling points of component materials and
particle sizes [262].

Figure 86: SEM of a number of different morphologies of the spherical particles observed in powder from the AH2415AR
batch.

Although spherical particle morphologies are commonly produced via flame-
spray pyrolysis and flame spheroidization, they were not the desired particle
morphology in this case. The presence of these spherical particles at or near cracks
(Figure 85 and Figure 86, above) in the cold sintered sample may indicate that they
act as sites for crack formation and/or propagation. They could therefore potentially
be deleterious to the structural integrity of the components produced. The starting
reagents and processing parameters for flame spray pyrolysis were therefore altered
for subsequent batches. Utilizing Methanol/Ethanol as an alternative to Xylene reduced

residual carbon within the material, which is also likely to contribute to the reduction
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in the prevalence of spherical particles as this indicates a minimization of CO2 gas

evolution which would act as a porogen.

SEM of the second batch of FSP Bioglass powder (17AH2416L) is shown in
Figure 87. In this batch, no spherical particles were observed in the as-received
powder, due to the change in processing parameters. A significant proportion of the
powder appears to be agglomerated, as with the materials in Batch 1. However, the
agglomerates are smaller than those observed in the initial batch, up to 200um,
compared to ~500 pm agglomerates, as shown in Figure 84b. Particles with a long,

thin morphology are also observed within the agglomerated particles (Figure 87c).

Figure 87: Particles within Bioglass® 4555 batch 17AH2416L

The particle size distribution shown in Figure 88 of the second batch of Bioglass
was performed on dry powder using a Mastersizer 3000 Aero. The average particle size
within this batch is much larger (Dso = 14.9 ym), although the prevalence of very large

particles and agglomerates is lower.

Particle Size Distibtution of 17AH2416L
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Figure 88: Particle Size Distribution of 17 17AH2416L
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The cold sintered pellets using batch 17AH2416L were mechanically stable with
good handling characteristics. The pellet surface structure is again highly influenced
by the contact surface with the die faces, with any scratches or indentation being
transferred (Figure 89a). Some surface regions appeared to have multi-scale porosity
(Figure 89b). There is also evidence of the long, thin particles observed in the powder
being retained through the cold sintering process, although their size has been reduced
(Figure 89c). This reduction in size is due to particles of large aspect ratio being broken

during the grinding stage required for the powder to become fully mixed with the

distilled water.

Figure 89: Pellet surface of cold sintered 17AH2416L

The fracture surface of cold sintered Bioglass, shown in Figure 90 indicates that
the microstructure is not homogenous, with more compacted regions of diameter 5-
10pm surrounded by finer grains. The regions which appear to be denser are of the
same order of magnitude as agglomerate particles in Figure 87b and are therefore

likely to be retained from the powder.

Figure 90: Internal fracture surface of cold sintered 17AH2416L pellet

Silicon and phosphorous NMR was performed on the two batches of Bioglass to
better understand the effect of the changing processing parameters on the structures

and network connectivity within the material. Comparing the 2°Si NMR of the as
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received powders, shown in Figure 91, the network connectivity is significantly altered

by the change in starting reagents and processing temperatures.

The number of Q4 species is reduced by over half in the 2"d batch (17AH2416L),
whilst all other Q species are increased. This higher proportion of Q4 silica and the
associated higher overall connectivity of the silica network indicates that the speherical

particles observed within the AH powder are likely to be Si-rich regions.

Percentage of Qn Si species determined from
the 29Si MAS NMR AH2415AR Bioglass 4SS5

70
60
50
40

30

Intensity (%)

20

. J
. -
Q1 Q2
|

AH2415AR 2.9 5.2 44.8 47.1

W 17AH2416L 7.1 14.6 55.5 22.8

Figure 91: ?°Si NMR of as received materials

Similar to the Silicon NMR, the phosphorus species present in the material is
affected by the changes in processing parameters and starting reagents. In the
AH2415AR (Batch 1) material, the proportion of Qi and Q: is approximately equal
(~48 %), with a very low amount of Qs tetrahedra. In contrast, the Qi species is the

most prevalent within the 17AH2416L (Batch 2) material and Qs is increased, while Q2
is significantly lower.

It is commonly reported that in phosphate containing Bioglasses, isolated
orthophosphates are the predominant structural units. Tilocca et al. also report the
presence of significant amounts of Q1 and Q2 species with increasing phosphorus

content; the nature of the phosphorous bonding within the material being highly
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dependent upon composition [263]. The 3P NMR of FSP produced materials in this
study (Figure 92) shows that in both batches, no orthophosphate (Qo) is present in the
as received state. This could indicate that a phosphorus network exists in very small,
phase separated regions of the material. It is possible that the FSP method of
manufacturing powder has led to this deviation from the reported structures due to rapid

cooling from melt.
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the 31Si MAS NMR
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Figure 92: 3P NMR of as received materials
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6.3 Understanding the mechanism of Cold Sintering Bioglass

To understand the mechanism of the cold sintering process and how it affects
the structure within the Bioglass, 2°Si and 3P NMR was also performed on wetted and
sintered material of both AH2415AR and 17AH2416L batches. This has allowed a
greater understanding to be gained of how the intrinsic solubility of Bioglass relates to
its suitability for cold sintering.

The evolution of Qn silica species within AH2415AR during the cold sintering
process is shown in Figure 93. “"Wetted” samples are weighed, and mixed with the
appropriate volume of distilled water and mixed in a pestle and mortar. As distilled
water is added to the powder, the Si network connectivity is reduced. This change in
network connectivity is characterised by the significant reduction in Q4 species and an
increase in the proportion of Qi, Q2 and Qs species. After sintering, the Qi species
percentage is reduced to below that of the as received powder, whilst there is a small
reduction in the proportion of Q2 and Qs remaining above the levels seen in the as
received powder. There is an increase in the Q4 after sintering, although it does not
recover to levels seen in the as received powder, this indicates that the overall Si

network connectivity is reduced by cold sintering of the powder.

Percentage of Qn Si species determined from
the 29Si MAS NMR AH2415AR Bioglass 4SS5
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Figure 93:2°Si NMR data of as received, wetted and sintered AH2415AR powder.
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The effect of the stages of cold sintering on the 3'P species observes in the
AH2415AR batch are shown in Figure 94. There was no orthophosphate (Qo) observed
in the as received and sintered powder, the addition of distilled water releases a small
amount of Qo phosphate ions. The proportion of Q2 and Qs phosphate increases with
the addition of distilled water, whilst the amount of Q: reduces. After sintering, the
percentage of orthophosphate ions returns to zero. The Q1 increases to above the levels
observed in the as received powder in the cold sintered samples and the percentages
of Q2 and Qs are seen to decrease.

Percentage of 31P species determined from
the 31P MAS NMR AH2415AR Bioglass 4SS5
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Figure 94: 3P NMR data of as received, wetted, and sintered AH2415AR powder.

Figure 95 shows how the proportion of the Qn silica species changes during the
stages of the cold sintering process in the 17AH2416L batch. The powder wetted with
80 wt.% distilled water shows a significant decrease in Q3 species, whilst all other
species increase. After cold sintering, the proportion of Q2 species continues to
increase. Q1 and Q4 species decrease after sintering to levels below those seen in the
as received powder. The amount of Q3 species increases but does recover to the level
of the as received powder. The overall Si network connectivity is again shown to reduce

when the powder is wetted and then increase again after the materials is sintered.
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Percentage of Qn Si species determined from
the 29Si MAS NMR 17AH2416L Bioglass 4SS5
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Figure 95: 2°Si NMR data of as received, wetted and sintered 17AH2416L powder.

The proportions of 3!P Q species at the stages of cold sintering are shown in
Figure 96. There was no orthophosphate (Qo) observed in the as received and sintered
powder, the addition of distilled water releases a small amount of Qo phosphate ions.
The proportion of Q2 and Qs phosphate increases with the addition of distilled water,
whilst the amount of Q: reduces. After sintering, the percentage of orthophosphate
ions returns to zero. The Q: increases to above the levels observed in the as received

powder in the cold sintered samples and the percentages of Q2 and Qs are seen to
decrease.
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Percentage of 31P species determined from
the 31P MAS NMR 17AH2416L Bioglass 4SS5
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Figure 96: 3P NMR data of as received, wetted and sintered 17AH2416L powder.

Bioglass® 45S5 is designed to interact with fluids within the body and has a
well reported order of interfacial reactions, as discussed in section 2.7. These reactions
are relevant to the mechanisms in cold sintering by the NMR due to the added water
and the first five stages of interfacial reactions in Bioglass are presented again in Table
17 for ease of reference in the following discussion.

Table 17: First five stages of interfacial reactions of bioactive glass within the body leading to the formation of bonding
with bone [172], [174], [177], [179], [191]

Stage Interfacial Reaction Time (h)
1 Alkali ions exchange with H* or H3;O* from body fluids

2 Network dissolution and formation of SiOH bonds

3 Silica-gel polymerization: SiOH + SiOH = Si—O-Si

4 Adsorption of amorphous Ca + PO4 + CO3 '

5 Crystallization of the HCA layer 2

The NMR of wetted AH2415AR powder showed an increase in Qi1, Q2 and Q3 Si
species compared to as received powder. A similar increase is observed in the Q: and
Q2 species of the 17AH2416L wetted powder. This increase in lower order Q species

corresponds with an increase in non-bonding oxygens (NBOs), which in turn indicates

124



reduced connectivity in the network. This reduction in network connectivity can be
attributed to network dissolution in the form of breaking Si-O-Si bonds and the
formation of Si-O-H bonds. These changes are analogous to the mechanism proposed
in the 2" stage of the interfacial reactions of Bioglass during implantation and bonding.
As soluble alkali ions are dissolved into the water from the powder they no longer act
as network modifiers within the glass structure. The presence of dissolved alkali ions
in the distilled water creates a solution with a higher pH, which in turn contributes to

enhanced dissolution of the silica network.

The behaviour of Q3 and Q4 species of material is varied between the two
batches and this is largely due to the difference in the structure of the as received
powder. The speed of reactions in stages 2 and 3 is rapid and have been reported to
overlap, which could also contribute to the differences between the Q species evolution
in the materials; dissolution and repolymerisation reactions could be occurring
simultaneously in different regions of the material [264]. The Q4 increase in the wetted
17 batch material is indicative of the formation of a silica-rich regions due to the loss
of alkali ions from the powder surfaces and condensation reactions leading to the

formation of Si-O-Si bonds.

It is often reported that phosphorus in Bioglass® 45S5 is predominantly present
as orthophosphate, however in this case the presence of orthophosphate was only
detected within wetted powder and appeared to be reabsorbed into the main structure

after sintering.

As with the silicon NMR, changes in the phosphorus species in both batches of
Bioglass® 45S5 material also agree with the stages of interfacial reactions observed
during the formation of bonding between bioactive glasses and bone. In stage 4 of
these interfacial reactions, PO43- and Ca?* ions are adsorbed from the Bioglass and
surrounding media, creating an amorphous layer of CaO-P20s on the silica-rich surface.
This amorphous calcium phosphate layer subsequently crystallises in the 5™ reaction

stage to form HCA.

The general behaviour of the phosphorus within both batches of material is very
similar although the magnitude of the changes in species varies. The evolution of Q2
species differs with the addition of water between the two batches, with AH2415AR
seeing a reduction and 17AH2416L seeing an increase. Levels of each of the species
present in the as received powder is likely to affect this behaviour. In both batches,

the “wetted” powder has very similar proportions of each species (Figure 97), despite
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the differences in the as received powder. This could indicate that in the wetted
powder, the species reach an energetically favourable distribution. The subsequent
differences in the distribution of species within the materials after sintering is likely to

have been influenced by the surrounding chemistry and the silica network structures.
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Figure 97: Phosphorus species within the wetted powder

The two batches of Bioglass produced by flame-spray pyrolysis demonstrate
some variation in the structural changes occurring during the sintering process. This is
due in part to the differences in the chemicals used in manufacturing and possibly the
small sample sizes used for NMR. The five interfacial reactions presented in Table 17
occur rapidly in contact with aqueous solution and within the body, with a significant
degree of overlap. It is therefore possible that the materials are measured at slightly
different stages of the various reactions. However, in both batches of material, the
structural changes can broadly be characterised by an initial reduction in the silica
network connectivity with the addition of distilled water and a partial recovery of the
network connectivity after the cold sintering stage. A reduction in silica network
connectivity is expected in the wetted powder due to the creation of Si-OH bonds
alongside the dissolution of alkali ions.
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6.4 Cold sintered Bioglass

Cold sintering has been shown to produce mechanically stable, dense pellets of
Bioglass using distilled water as the transient solvent. Figure 98 shows the XRD spectra

of the as received powder and cold sintered pellets.

XRD Spectra of as received Bioglass and cold sintered Pellet
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Figure 98: XRD of Powder and cold sintered pellet

The XRD spectra of cold sintered Bioglass are indicative of an amorphous
material due to the diffuse scattering. From SEM however, there is some evidence of
hydroxyapatite like phase beginning to form during the cold sintering process. Whisker-
like structures with a morphology very similar to that of hydroxyapatite were seen
across the samples, examples of which are shown in Figure 99, EDX indicated elevated
levels of Calcium and Phosphorus in these structures compared to the surrounding
material. Reflections associated with HCA are not present in the XRD spectra, this could
be due to the low volume fraction within the material being below the detection limit
of XRD (~5 vol.%) or the low time and temperatures not allowing for full crystallisation

of the material.
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Figure 99: HCA-like structure on fracture surface of cold sintered pellets

Formation of HCA is often used as an indicator of bioactivity and numerous
studies have been performed to investigate the effect of crystallinity on HCA formation
[221]. The creation of Bioglass-based scaffolds and coatings is often dependent on
high temperature deposition and sintering processes [265], [266]. These temperatures
allow for the nucleation and growth required for the formation of a glass-ceramic, which
can subsequently alter the bioactivity [191], [267]-[269]. Li et al. investigated how
the proportion of residual glass in a heat treated bioactive glass (composition in wt.%:
SiO2 48, P20s 9.5, Na20 20 and CaO 22.5) affected the formation of apatite in a
synthetic physiological solution and reported decreases in apatite formation with
reduction in weight percent of the amorphous phase [270]. Filho et al. observed the
formation of crystalline HCA in the 45S5 system with up to 100 vol.% crystallinity,
although the onset times are significantly increased as the amorphous content is
lowered due to difference in ion exchange and silanol formation rates [267]. A similar
delay in the onset of apatite formation has been reported in other bioactive glass
compositions [271]. Dissolution has also been shown to be more uniform in amorphous

glasses [185].

The low temperatures utilised in the cold sintering of Bioglass avoids the
creation of conditions which would encourage high rates of crystallisation. Alongside
the ability to densify the material without crystallisation, the use of significantly lower
temperatures compared to conventional processing can enable a wide range of
technological applications, such as the creation of polymer composite components,
coatings and potentially components loaded with medicines to aid recovery [176].

Where appropriate, there is also scope to perform secondary heat treatments which
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could allow for the tailoring of the rate of material dissolution through controlled
crystallisation and subsequently the bioactivity of components.

Addition of Distilled water During Cold Sintering
lon exchange between bioglass and water Some repolymerisation of silica network
Reduction of Silica network connectivity Adsorption of P and Ca to particle surfaces

Figure 100: Schematic representation of the proposed mechanisms seen during the cold sintering of Bioglass® 4555
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6.5 PLA-Bioglass Composites

The mechanical properties of human bone vary considerably between trabecular
(spongy) and cortical bone, and can therefore differ significantly from those of
Bioglass® 45S5 ; a summary of reported values is given in Table 18. This mismatch
in properties means that on its own, Bioglass® cannot be used as a direct replacement
for bone in applications such as load bearing implant and polymer-Bioglass composites
are commonly used, allowing for both mechanical and bioactive properties to be

tailored.

Table 18: Comparison of the mechanical properties of trabecular bone, cortical bone, Bioglass after [191].

Material Property Trabecular Cortical bone Bioglass®
bone 45S5
Compressive Strength, MPa 0.1-16 130-200 500
Tensile Strength, MPa n/a 50-151 42
Compressive Modulus, GPa 0.12-1.1 11.5-17 n/a
Young’s Modulus GPa 0.05-0.5 7-30 35
Fracture Toughness MPa.m? n/a 2-12 0.7-1.1

A number of methods for producing Bioglass-polymer composites are discussed
in section 2.8.2 Often these methods require a high degree of process control,
specialised equipment and/or the use of solvents such as chloroform or DMC.
Composites of electroceramic materials with polymers have been successfully
produced using cold sintering and has been discussed in 2.3.7. Cold sintering of
Bioglass is performed at 100 °C, which makes it an ideal candidate for producing
composites with a wide range of polymers. PLA was chosen for this work due to it being
a relatively low-cost material which is biocompatible and related to a wide range of
commonly used polymeric biomaterials. The as received PLA powder has a broad
particle size distribution of with a small number of particles smaller than 5 pm and
most particles between 10 and 700 um, as shown in Figure 101. The particles of PLA

are therefore an order of magnitude greater than the Bioglass powder.
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Particle Size Distribution of PLA
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Figure 101: PSA of PLA powder

SEM of the PLA powder (Figure 102) shows that the particles have an irregular
size and morphology, with a rough surface texture. There is also indication of “ribbons”
of material extending from the surface of some particles [272]. Table 19 shows

composite compositions produced from PLA and Bioglass.

Figure 102: SEM of PLA Powder
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Table 19: PLA-Bioglass composite compositions in mass % with approximate volume fractions.

Polymer Bioglass Polymer Bioglass Cytotoxicity
Mass % Mass % Vol % Vol % Testing

A 100 0 100 0 v

B g0 20 90 10

¢C 75 25 87 13 v

D 60 40 77 23

E 50 50 69 31 v

F 30 70 49 51

G 5 75 42 58 v

H o 100 0 100 v

Optical images (Figure 103) show the surface of Bioglass/PLA composites after
cold sintering. The pellets were mechanically stable and component materials appear
to be well distributed within the samples. The homogeneity at smaller scales of the
composites could be further improved by reducing the PLA particle size to be more
comparable with the Bioglass powder. An attempt at cryomilling the powder did not

successfully reduce particle size.

5mm

Figure 103: Optical images of cold sintered composite surfaces

Figure 104 shows SEM of the composite sample surfaces, which display regions
of both the polymer and Bioglass phases. In the 100 wt.% PLA samples, the surface is
predominantly smooth with a very low prevalence of pores. At the sintering
temperature, the polymer particles have softened, and the applied pressure allows for

a well densified material to be produced. As the content of Bioglass is increased isolated
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Bioglass regions are seen on the surface which are similar in size to the agglomerates
in the as-received material. Smaller particles of Bioglass are also seen attached to the
surface of PLA particles. At 100 wt.% Bioglass, Figure 104h, the surface demonstrates

some very fine pores and the presence of large aspect ratio particles as seen in the

initial powder.

Figure 104: SEM of composite pellet surfaces. Inset figure labels are consistent with the sample designations in Table 19
and Figure 103.

Fracture surfaces of the composites shown in Figure 105 also aid the
understanding of the interaction between the two component materials. The internal
microstructure of the 100 wt.% PLA (Figure 105A) shows the particles have bonded
together well and there is very low porosity. With increasing Bioglass content, as with
the pellet surface, distinct regions of PLA and Bioglass can be seen on the fracture
surface (Figure 105C, E and G). The large relative size of the PLA particles compared
to the Bioglass is likely to contribute to the formation of these distinct regions, where
the moistened Bioglass powder forms a layer around the particles on mixing and are
then forced into the gaps between the PLA under applied pressure. In Figure 105G,
where the Bioglass account for 60 vol.% of the pellet, the interface between the two
materials is very distinct but the two particles of Bioglass appear to be well bonded
the PLA surface.
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Figure 105: SEM of internal fracture surface of composite pellet. Inset figure labels are consistent with those in Table 19
and Figure 103.

Composites of PLGA/PDLLA and Bioglass produced by via TIPS by Boccaccini et
al. and dissolution in chloroform by Tsigkou et al. the works have indicated the
apparent upper limit of 50 wt.% Bioglass (approximately 30 vol.%) [206], [213]-
[218]. This work has demonstrated the ability to produce a broader range of Bioglass-
polymer composites, with up to ~60 vol.%. The cold sintering process for Bioglass-PLA
composites is a relatively quick, simple process which would be capable of achieving
higher volume percentages of Bioglass loading if required as both materials can be
consolidated independently. A major advantage of the TIPS process to produce
scaffolds is the ability to control the level of porosity and the morphology of the
polymeric phase by altering processing parameters [217]. From SEM of the composites
(Figure 104), the final microstructure appears to be strongly influenced by the
morphology of the initial particles of the constituent materials. This suggests that if
more complex, tailored microstructures are desired, this could be achieved by utilising

alternative polymer particle morphologies.

Bone is a natural, hierarchical composite material which is exhibits anisotropic
mechanical behaviours which can be complex due to structural heterogeneity [273],
[274]. The cold sintering of multi-layered structures using electroceramics to create
components with graded properties has been demonstrated by a number of authors
[84], [105], [249]. Therefore, the ability to develop the cold sintering of Bioglass-

polymer composites further to create biomedical components with graded properties
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using a simple, adaptable process has great potential [275], [276]. By varying the
composition of the composites, mechanical properties could be matched to the
surrounding tissues whilst maintaining bioactivity which will encourage bone growth

and subsequently stronger, longer lasting implant fixation.

6.6 Spontaneous behaviour of Bioglass: Polymer composites during ambient
storage

When stored in a sample bag and stored in an ambiently humid environment
for 3 days after sintering, some cold-sintered composite samples (17AH2416L)
developed crystalline “whiskers” on the surface. The whiskers were long and thin,
having relatively high levels of porosity as shown in Figure 106. These were most

prevalent on the 50:50 weight fraction samples, where the polymer fraction may have

acted to encourage growth by acting as nucleation sites for these crystallites.

posite pellets.

Figure 106: SEM of the crystalline phase which developed of the surface of t

The morphology of these whiskers is very different to that seen in the 100 wt.%
Bioglass pellet fracture surface and indicates that the conditions with the cold sintering
process are favourable to HCA formation. The development of these structures on the
surface is a positive indication that the samples are highly reactive, even at low
temperatures which would be beneficial to the rapid creation of interfacial bonding in
vivo. Figure 107 presents XRD spectra of PLA, cold sintered Bioglass and Bioglass-PLA
composites samples which had been exposed to the humid environment and produced
the surface phase. Bioglass has previously been shown to maintain its amorphous
structure after cold sintering (Figure 98), however, the Bioglass spectra in Figure 107

indicates the presence of a significant crystalline phase.
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Due to the broadness of the peaks and comparatively low intensity, identifying
the crystalline phases with confidence was not achievable. However, many of the
reflections in the Bioglass spectrum correspond to a calcium carbonate (CaCOs) phase,
although this does not account for all the peaks. In the range of 28, PLA contains only
a broad peak at 22.5°, from literature, further peaks also occur below the range
measured here (approximately at 16 and 18°) with significant diffuse scattering [277].
In the 50:50 composite, as well as a significant amount of diffuse scattering, a large
number of crystalline reflections are present. Some of these peaks can be attributed
to the calcium carbonate phase seen in the Bioglass sample but determination of all

phases present has not been possible.

Bioglass

—50:50 Composite

Intensity (arb. units)

—PLA

20 25 30 35 40 45 50 55 60
20/°

Figure 107: XRD spectra of 100 wt.% cold sintered Bioglass, 50 wt.% Bioglass composites and PLA
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6.7 Cytotoxicity

Cytotoxicity testing was performed on cold-sintered PLA-Bioglass composite
samples (as indicated in Table 19), with several iterations of testing required to achieve
consistent results. To assess any potential cytotoxicity, sample are compared to tissue
culture plastic (TCP) which is specifically designed to provide optimal conditions for cell

culture work.

6.7.1 Testrunl

Cold sintered composite samples were initially sterilised in alcohol, which led to
the yellow colour shown below (Figure 108a). This is due to the leaching of ions such
as Ca?*, Na* and phosphate (PO43") from the samples, although the nature of the
solution formed by the leaching was not investigated. When sterilised samples were
added to the media, a colour change to pink/purple was observed (Figure 108b),
indicating an increase in the alkalinity of the media. This change in pH is attributed to
the continued leaching of Ca?* and Na* ions into the media. Such a significant deviation
of the pH from the optimum level was likely to have a negative impact on the activity
of the MG-63 cells.

Figure 108: Example of alcohol after use to sterilise compoites (a), composite samples in seeding well with media (b)

Figure 109 shows the metabolic activity after 1 day. Due to an infection in a
number of the wells, caused by contamination within the incubator, these results are
not necessarily representative, and the test was terminated at 1 day. Further tests
indicate that the infection in the wells was caused by an external factor and was not
attributed to the samples. In Test 1, cells were seeded directly onto the surface of the

composite samples.
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Figure 109: Metabolic activity after 1 day of incubation in test 1 n=3

6.7.2 Testrun?2

Pre-conditioning of the samples in media should reduce the amount of leachable
ions released during the cytotoxicity testing which should in turn lead to an
improvement in metabolic activity. The metabolic activity of samples pre-conditioned

overnight is shown in Figure 110.
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Figure 110: Metabolic activity at Day 1, 3 and 7 after an overnight pre-treatment in media n=3
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A significant reduction of metabolic activity was seen in cells seeded onto cold-
sintered samples when compared with TCP. The cells incubated with 100 wt.% PLA and
75:25 PLA-Bioglass composites show a small amount of activity. With increasing
Bioglass mass fraction the activity continues to decrease, and very little activity is

recorded, a number of factors may be contributing to the low levels of activity.

Pre-conditioning of Bioglass samples is commonly utilised in the assessment of
cytotoxicity as in vitro testing is often performed in stationary systems and can be lead
to unrepresentative results due to high concentrations of alkali ions. Ciraldo et al.
preformed an extensive review of pre-conditioning protocols used in 29 studies of
bioactive glasses and created a points system to recommend pre-treatment duration
based on morphology and composition of the sample and the culture type and medium
[224]. Based on this points system, it is recommended that the samples used for
cytotoxicity testing in this study are pre-treated for at least 72 hours due to their low
porosity, high sodium content and the use of a-MEM media in a static cell culture
system [224]. This indicates that the overnight pre-conditioning step used was not

sufficient to stabilise the pH of the media during incubation.

Table 20: Points system score sheet developed by Ciraldo et al. for the pre-treatment of Bioglass scaffolds for used in cell
cultures adapted from [224].

Morphology Points Medium/Buffer Points

Powder 1 TRIS 1

Monolithic, bulk 1 SBF 1

Low porous (<30%) 5 a-MEM 2

Highly porous (>31%) 10 DMEM 2

BG-Type Points Culture type Points

<20 wt.% Na,0 5 Highly dynamic 1

>21 wt.% Na,O 10 Low dynamic 2
Static 10

Total Points Recommended time of pre-incubation

<10 1h

11-20 24 h

21-24 48-72 h

>25 >72 h

This testing method also involved direct seeding of the cells onto the pellet
surface. The surfaces of the composite pellets, consisting of larger polymer particles
with regions of micron-sized Bioglass will have a significant level of roughness.

Andrukhov et al. studied how roughness (Ra) of titanium, which is biologically inert,
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affects the proliferation of MG-63 cells and showed significant reductions in cell growth
with increased roughness, Figure 111 [278]. Roughness can contribute to low

metabolic activity and/or cell growth as cells become entrapped [278], [279].
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Figure 111: Effect of titanium surfaces with micrometre-scale roughness (R;) on the number of MG-63 cells grown [278].

6.7.3 Testrun3

In the third test run, a 7-day pre-treatment was utilised to stabilise the release
of leachable ions into the media during testing to ensure the pH stayed within a
physiological range and remained suitable for the cell lines used. Indirect cell seeding
significantly improved the observed metabolic activity as the well plate surface is
smoother than the composite samples and allowed for the imaging of cells to assess
morphology and proliferation.

Figure 112 shows the metabolic activity in the presence of the composite
samples, after 3 sets (N = 3) of tests using 3 samples (n = 3) at each composition,
normalised to the TCP values at Day 1. The red, dotted line in Figure 112 indicates
70 % of the control metabolic activity measured in the TCP well, which is taken as the

level of at which the material is not cytotoxic [280].

After 1-day incubation, the metabolic activity of indirectly seeded cells in the
presence of PLA composite samples with 0-75 wt.% Bioglass is at a comparable level
to the TCP. The approximate range of metabolic activity for these samples is 90-110%
of that observed in the TCP and all above the activity level which indicates that the
sample are non-cytotoxic. Cold sintered samples made from 100 wt.% Bioglass show
a 70% reduction in the metabolic activity at day 1, although the reduction at this time

point is not significant.

Over the course of the study, the metabolic activity seen in the TCP control
samples increases, indicating the proliferation of cells as expected. The metabolic

activity recorded at Day 3 for samples made of PLA and composites with 25 and 50
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wt.% Bioglass have a slightly lower metabolic activity than the TCP but are within
10 %. A reduction of approximately 45 % in the metabolic activity is seen in the 75
wt.% composite at day 3, though this was not significant. In the 100 wt.% Bioglass
samples, the metabolic activity was found to be significantly reduced at this time point

to approximately 10 % of the TCP control values.

Similar trends are observed at Day 7, with cold sintered composites containing
0-75 wt.% Bioglass all displaying good levels of activity compared to the controls with
all the metabolic activity for all samples lying within 10 % of the TCP. Samples with 75
wt.% have approximately 80 % viability compared to the control. At day 7, the 100
wt.% cold sintered composite samples again show a significant reduction in the
metabolic activity to around 10 % of the control. Higher levels of leachable ions are
present within the samples before pre-treatment and are likely to remain at high levels
as samples are placed into the media. These ions will continue to be released during
the incubation period and could contribute to the reduction in metabolic activity due to
changes in the pH of the media.
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Figure 112: Metabolic activity at day 1, 3 and 7 for composite samples N=3 n=3.

Optical images (Figure 113) of indirectly seeded cells agree well with the
metabolic activity. The number of cells observed on all plates increases over time, the
presence of a bright ‘halo’” around a cell indicates that it has detached from the cell

plate and is therefore either dividing or dead.
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The morphologies of cells shown in Figure 19 are as expected for MG63 cells in
all samples [222], [281], [282]. Cells are becoming so confluent in the presence of
composite samples up to 75 wt.% Bioglass at Day 7 that the morphology is no longer
clear. In 100 wt.% Bioglass samples, very low proliferation of cells at Day 1 and Day
3 is seen in the optical micrograph which agrees with the low metabolic activity data.
At Day 7, the metabolic activity begins to increase, and the cell coverage also appears
to increase in the optical micrograph, with a reduction in the proportion of cells which
are surrounded by ‘halos’ indicating that rate of cell death may have reduced. This
could be related to a reduction in concentration of alkali ions in the transwells after

rinsing at each metabolic activity testing time point.
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Figure 113: Optical micrograph of cells after 1, 3 and 7 days incubation




6.8 Cold sintering of Bioglass® 45S5 coatings on titanium

Conventional technologies such as plasma spray deposition used to coat
orthopaedic implants with bioactive materials such as Bioglass often require high
temperatures [198], [202], [203]. In this work, cold sintering has been used to show
the potential to achieve coatings on titanium plate (Ti6Al-4V) at 100 °C, 55MPa. Figure
114 shows several developmental iterations of coatings produced to demonstrate the

viability of coatings to be created on the surface of titanium.

Figure 114: Optical images of Bioglass coating on Ti substrates — all samples are 3 x 3 cm

The pressure applied during cold sintering (55MPa) was not enough to ensure
even distribution of the Bioglass material, leaving areas uncoated as shown in Figure
114a. This also creates variations in thickness across the material. In order to improve
the uniformity, the wetted powder was subsequently placed on to the titanium and
rolled out using a PTFE roller. A PTFE spacer was again to prevent adhesion to the die
surface and therefore lift off during removal. Figure 114b and Figure 114c show layers
in which the powder had been rolled to create a more uniform layer prior to pressing
for cold sintering, a marked improvement in coverage is achieved. The edges of the
titanium plate are slightly rounded and therefore the coating is not complete in these
regions as the applied pressure will be lower in this region and the edges are
susceptible to damage during removal from the die.

As the samples are first released from the die and the PTFE spacer is removed,
the coating is a transparent brown colour, which quickly (<10 minutes) becomes
translucent grey on contact with air. This colour change is also accompanied by the
appearance of cracking within the coating. Examples of cracking in the Bioglass
coatings of the samples show in Figure 114 can be seen in Figure 115. The cracking in
Figure 115a is more prevalent in thicker regions of the sample indicating that reducing

the coating thickness will lead to improvements in coating quality. By creating a
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thinner, more consistent coating, as in Figure 115c, the severity of cracking is

significantly reduced.

Figure 115: Optical images of Bioglass coating on Ti substrates

Cracking is a common phenomenon seen in glass and glass-ceramic glazes and
coatings. It is caused when the coating material contracts (crazing) or expands
(shivering) at a different rate to the underlying material. These effects can be caused
by mismatched thermal expansion coefficient or expansion/contraction due to changes
in the moisture content of the coating [283], [284]. In this case, the cracking occurs
at room temperature after the exposure of the samples to the atmosphere. Therefore,
the cracking is likely related to a change in hydration of the Bioglass coating. Reducing
the thickness of the coating has been shown to reduce the extent of cracking, whilst
extending the cold sintering 100 °C hold time from 60 to 120 minutes also appeared
to slow the rate of crack formation and colour change within the material slightly;
longer hold times giving a longer time for the removal of the water phase during the
sintering process. These two factors show that the cracking of the coating is
predominantly caused by loss of water from the surface causing contraction of the
material, the effect of which can be mitigated by thinner coatings and removing more

moisture in the sintering hold step.

The levels of adhesion between the coating and titanium were initially very
variable and the cracking of the coating contributed to regions to become totally
detached from the substrate. Attempts to improve the adhesion included creating a
roughened surface using SiC grinding paper and heat treating to thicken the natural
oxide layer. Heat treatment is the cause of the slight discoloration of the substrate
surface seen in Figure 115a. The sample shown in Figure 116 had a roughened surface,
the coating underwent significant cracking upon contact with the atmosphere causing
loss of much of the coating material. There is cracking in the coating parallel to the

substrate surface at approximately 3-5 um from the interface, this again indicates that
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a thinner layer of material would be preferable in creating a consistent, well adhered

coating.

Figure 116: SEM of the coating-substrate interface — sample tilted at 45°

Figure 117 shows the surface (Figure 117a) and internal section (Figure 117b)
of the Bioglass coating. It is thought that the plate-like structures are produced after
the cold sintering process upon exposure to air. The change in appearance of the
coating from transparent brown to a translucent grey upon exposure to air can be
attributed to the development of these structures on the material surface. From the
cut-through image, the levels of porosity appear to increase slightly towards the
interface with the surface structures. The surface plate structures appear to emerge
from a dense layer of material and themselves appear dense (Figure 117c). The
increase in porosity below the surface is due to the formation of the surface structures,
where the sub-surface materials act as a source of calcium, phosphorus, and sodium.
It is not clear whether the carbon and oxygen in the surface structures comes from

sub-surface material or the atmosphere.

146



Figure 117: SEM of the surface (a), cut-through (b) and the interface between the surface strutures and sub-surface
material (c) of the cold-sintered Bioglass coatings.

EDS mapping of the near surface region shown in Figure 118 allows further
analysis of the surface structures seen in Figure 117. The area analysed contains two
distinct regions: the surface plate-like structure and the sub-surface “bulk” material,
each with a distinct chemical composition.

In the surface structures, the silicon content is significantly lower than in the
sub-surface material, whereas the sodium and phosphorous levels are consistent
between the two regions (Figure 118 G, D and E). The processes in Table 17 describe
the repolymerisation of Si-OH leading to the formation of a silica-CaO/P20s-rich layer
from which HCA is mineralised. There is indication of a slight increase in silicon near
the interface between the bulk and surface material (Figure 118 G), although the
resolution is not sufficient to unambiguously confirm this hypothesis [172], [174]-
[177], [179], [189], [191]-[193]. A gradual reduction in the oxygen content towards
the surface of the material is also seen (Figure 118 C). The surface structures are
shown to have high levels of both carbon and calcium compared to the sub-surface
material (Figure 118 B and F). This is indicative of a carbonated calcium-based phase
which also contains significant levels of phosphorus and sodium, which is encouraging
for bioactivity and the formation of coating-bone bonding in vivo.
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In the sub-surface region of the coating highlighted by a dashed white box in
Figure 118, the levels of silicon are significantly depleted compared to the surrounding
material. An increase in intensity indicates small increases in both sodium, calcium and
phosphorus concentration can also be seen in this region. This gives evidence of some
chemical inhomogeneity within the samples, which is likely to be heavily influenced by

the dissolution behaviour during cold sintering.

Phosphorous Calcium Silicon

Figure 118: EDS mapping of carbon, oxygen, sodium, phosphorous, calcium, and silicon (B-G) in the near surface region,
indicated by the red box in (A) of the cold sintered Bioglass coating. Scale in all sub-images is the same as (A)
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7 Conclusions

Since the cold sintering process for ceramics was first described in 2016, there
has been growing interesting in its potential, with over 160 papers on the topic to date
[285]. Figure 119 illustrates the rapid increase in the number of published articles on
the subject. The process is likely to enable the development of new technologies and
a number of proof-of-concept components for various applications have already been

reported.
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Figure 119: Number of publications on the topic of "Cold Sintering" of ceramics by year, using analytics data from Web
of Science Core collection [285].

Here, the capability of cold sintering to produce composites and coatings of a
number of ceramics and glasses on a range of substrates has been demonstrated. This
thesis reports for the first time the densification of silicate glass components from

powders at very low temperatures.

In this work, lithium molybdate was sintered to a high relative density (91-
97 %) through cold sintering and achieves properties commensurate with reported
values for conventionally sintered material (5.8-7.9). Through structural analysis, it
has been shown that after cold sintering, no significant residual hydroxide phase
remains, indicating that reductions in Qf reported in literature for cold sintered lithium
molybdate are likely due to other factors such as grain size and residual amorphous
phase. A cold sintered coating of lithium molybdate on a glass substrate has also been

achieved. The limited grain growth observed in cold sintered layers could allow for
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post-processing steps to tailor grain size. Although some issues with cracking are
observed, the capability to create a well adhered layer on a glass substrate at a low
temperature has been demonstrated, which could facilitate improvements in a number

of technologies including microwave communications.

Work described in this thesis and within the literature confirms it is possible to
densify ceramic-ceramic composites via cold sintering to tailor dielectric properties.
Composites of lithium and bismuth molybdate have been produced via cold sintering
at 150 °C utilising water as the transient solvent. With increasing bismuth molybdate
concentration within the composite, the relative density has been shown to reduce
significantly, which in turn hampers the improvement in permittivity which would be
expected with the addition of a higher permittivity material into the system. Other
molybdate materials, such as sodium molybdate and potassium molybdate are shown
to densify via cold sintering therefore, it was expected that bismuth molybdate would
also densify. There are however a number of phases of bismuth molybdate, with
different Bi:Mo ratios which could potentially cold sinter but have not been explored in

this work.

The potential for the cold sintering process to be applied to powdered glass
silicate materials has been demonstrated and expands the current applications of the
process into a new class of materials. The capability to produce dense glass
components from powders at low temperatures has many advantages, allowing for
“co-sintering” with a broad range of materials and the avoidance of volatilisation and
high levels of crystallization. This could enable the development of new technologies

or for new approaches to be taken to develop and improve existing technology.

By utilising the intrinsic solubility of IM5430F in acidic environments, it has been
possible to densify pellets by cold sintering. In most cold sintering methods, the
amount of liquid used is ~10 wt.%, to achieve densification of JM5430F a significantly
higher concentration of acetic acid was used. The dependence of final density on liquid
addition has been described and is caused by an increase in dissolution with higher
volumes of liquid. Whilst the majority of applications for ceramics and glass-ceramics
require very high density, the ability to tailor the density and therefore the nature of

porosity could be utilised to further achieve specific properties.

The capability to use the cold sintering process to produce glass coatings and
adhere dissimilar materials has been demonstrated. Significant levels of porosity

remained in the coating/adhesive layers, although necking and densification had begun
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during the applied cold sintering process. Improving the densification will require an
understanding of how the introduction of the substrate affects the sintering process
through changing the heat transfer, pressure distribution and evaporation of the

transient solvent.

For the first time, Bioglass® 45S5 has been densified at temperatures
significantly lower than T4 through cold sintering at 100 °C using distilled water. Using
NMR, the changes in chemical structure of Bioglass as received, “wetted” and after
cold sintering have been studied, allowing the potential mechanism to be revealed. The
changes in structure shown by NMR shows similarities between the mechanism of cold
sintering and the stages of interfacial reactions when Bioglass is implanted in the body.
Although the XRD spectra of cold sintered Bioglass confirm the materials remains
amorphous during sintering, Ca and P rich whiskers are seen in SEM images, indicating
that hydroxyapatite may be beginning to form during cold sintering which is often an

indicator of bioactivity.

Composites of Bioglass and PLA have been produced via cold sintering. The
ability to create composites with high volume loading of Bioglass, low processing
temperature and the ability to densify both phases represent significant improvements
over techniques discussed in Section 2.8.2. The spontaneous development of whisker
like phases, which are likely to be calcium rich in cold sintered samples when stored in
ambient conditions is a positive indication that the samples remain highly reactive after
cold sintering and would behave in a similar way to conventional Bioglass if used in an
implant. After pre-conditioning, the cytotoxicity behaviour of the composites in this
study indicated that the cold sintering method could be used to produce bioactive,
composite implant materials with physical properties specifically tailored to the

application.

Coatings of Bioglass on titanium plate has been demonstrated in this work.
Although some crazing is observed, developing the technique further could provide a
route to overcome the challenge of mismatching thermal expansion coefficients for
coatings on titanium implants. On contact with air, the initially translucent coating
becomes a light grey colour, which has been attributed to the formation of plate-like
structures of calcium and carbon rich material which also contains phosphorous. The
formation of these structure is an encouraging indicator that the bioactive behaviour

of Bioglass is maintained during the cold sintering process.
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Utilising cold sintering processes to densify coatings of ceramic/glass onto
substrates as described in this work may be one way of limiting the effects of mismatch
between thermal expansion coefficients (CTE). CTE’s are commonly quoted at 20 °C,
but in some materials have been shown to change with increasing temperatures,
therefore staying at relatively low temperatures ensures the effect of any mismatch is
minimised [286]. If significant mismatches were present within a particular material
combination a variety of potential avenues could be explored to reduce the potential
impact on the final components, including pre-heating the substrate and coating with

a composite material to tailor CTE.

Overall, the sintering of ceramics and glasses at low temperatures has been
successfully achieved through the process of cold sintering. There are numerous
advantages over conventional processing for functional ceramics and glasses leading
to a broad range of potential applications and developments including energy storage,

communications, and biomedical devices.
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8 Future Work

Following on from results presented in this thesis to develop cold sintering
methods for a number of materials, with a variety of applications, there is significant
scope for future work specific to Molybdate based ceramics, Glasses and Glass
Ceramics, and Bioglass® 45S5 . First reported in 2016, cold sintering remains a
reasonably novel technique and there is, therefore, a very broad range of potential
avenues for future work. Development in the understanding of the cold sintering
process and mechanisms will be important in continuing to develop the technique for
application to new material classes and technological areas. To date, most published
work on cold sintering applies the technique to small, simple components and therefore
work towards complex geometries and upscaling will be important for potential

commercial going forward.

8.1 Molybdate based ceramics

As a material which readily cold sinters, lithium molybdate has often been used
to demonstrate the potential of cold sintering, particularly as a constituent material in
ceramic-ceramic composites with materials which have not yet been independently
cold sintered. Where cold-sintered composites have been produced with a component
material which does not itself cold sinter, the soluble component material which
contributes most to densification has often been shown to have a significantly larger
grain size [83], [100], [101]. Understanding the effect of the size ratio between the
powders in the cold sintered matrix material and the “filler” material on the
densification behaviour of ceramic-ceramic composites and their subsequent properties
would be beneficial. This could allow for further tailoring of properties by achieving

specific final microstructures which could utilise varying levels of homogeneity.

Bismuth molybdate (BizM0209) achieved a very low relative density through cold
sintering. Other members of the molybdate family, such as lithium molybdate, sodium
molybdate and potassium molybdate are shown to densify readily via cold sintering
and it was thought the densification of bismuth molybdate would also be possible. A
number of bismuth molybdate phases exist, with different Bi: Mo ratios (such as
BizM03012 and Bi2MoOs), which could potentially cold sinter but have not been explored

in this work.
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A greater understanding of the causes of glass substrate fracture during the
cold sintering of lithium molybdate coatings could allow for the processing to be altered
to avoid fractures. This would enable the cold sintering of ceramics on glass to be
further investigated, with the possibly of working towards integrating electronic

components directly onto architectural or automotive glasses.

8.2 Glasses and Glass Ceramics

This work has demonstrated the ability to cold sinter glass powders into dense,
mechanically stable components and coatings. To understand further the effect of the
cold sintering process on the properties of JM5430F a humber of experiments could be
performed. Firstly, DSC/DTA could be used to determine if any reactions begin to take
place as the sample is taken above 250 °C (cold sintering temperature). The
secondary, crystalline phase produced during cold sintering is not fully identified in this
work. An understanding of the chemical composition of this material would allow for
more complete understanding of the mechanisms occurring during the cold sintering
of JM5430F. The effect on properties of raising the cold sintered material above 250 °C
could be further explored by holding the material at significant temperatures identified
by DSC/TGA and taking a humber of measurements over a prolonged period of time.
The aim of demonstrating the ability to use the cold sintering of JM5430F to create a
coating has been achieved. However, further understanding and refinement of the
process is required to optimise the densification process including using a different

steel substrate with better mechanical properties.

Technical glasses and glass ceramics are used in a variety of different
industries, where the ability to produce components at low temperatures would be
advantageous. The main benefits of using low temperatures for these areas are the
capability to incorporate a wider variety of materials during “co-sintering” and avoid

volatilisation of the material.

Glasses are commonly used and continue to be widely researched as a method
to immobilise nuclear waste created during the lifetime of nuclear reactors for power
generation [287], [288]. A number of studies have explored the capability of using a
cold sintering process using hydroxyapatite to create a durable matrix for nuclear
waste immobilisation [289]-[291]. These studies indicate that the low temperatures
allow for the volatilisation of potentially harmful radioactive isotopes to be avoided,
and the matrix created did not suffer high levels of leaching, indicating that the cold

sintering process can be used in the immobilisation of nuclear waste. Therefore, an
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interesting area of further work would be to assess the potential for the base glasses

used in waste immobilisation to be cold sintered and assess their subsequent durability.

Energy storage and battery technology is going to play a large role in the
decarbonisation of the world’s economies [292][293]. A number of ceramic materials
for use in solid-state batteries have been cold sintered [294]-[297], and a number of
glass or glass-ceramic materials have been investigated for use as electrolyte materials
[298]-[300]. The ability to cold sinter all-solid-state batteries could not only reduce
processing temperatures and therefore cost, but also enable the use of a broader range

of materials which cannot be co-sintered conventionally.

8.3 Bioglass® 45S5

The Bioglass® 45S5 starting powders used within this work were produced via
flame spray pyrolysis, which allows for tailoring of particle size and morphology. The
ability to cold sinter bioactive glasses is likely to be at least partially intrinsic, based
on their chemistry and known reactions with aqueous solutions. However, the
contributions of the powder manufacturing process, and the resulting particle
morphologies to the reactivity has not been investigated. A study investigating
commercially available bioactive glass powders of various compositions with a variety
of particle size distributions would aid in understanding the contributions of chemistry

and morphology to the successful densification of bioactive glasses via cold sintering.

It is well-reported that creating composites of polymers with Bioglass can
enable the tailoring of mechanical properties to fulfil the specification of various
biomedical applications. To date, no mechanical testing has been performed on cold
sintered Bioglass or composites thereof; any potential effect on mechanical properties
of samples made via the cold sintering method have therefore not been investigated.
In order to study the mechanical properties in a meaningful way, the creation of
composites with smaller polymer particles (of the same order as the Bioglass particles)
would also be advantageous to ensure more complete and homogenous mixing of the
two phases. The creation of further Bioglass composites to include other polymer
materials or indeed a phase with therapeutic properties could unlock a potential avenue

for the utilisation of this technique in a broader biomedical context.

Numerous studies have investigated foams and scaffolds with porous
microstructures for biomedical applications [211], [212], [214], [218], [301]-[304].

Porosity levels can be utilised to tailor the rate of dissolution and subsequent bioactivity
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of implant materials. A study to investigate to what extent the porosity of final
components could be tailored by altering applied pressure and hold time could be used

to further demonstrate the adaptability of the process.

Refinement of the process for producing Bioglass coatings on titanium and
adhesion testing should be explored. It is possible that the larger dimensions of the
dies used to cold sinter the Bioglass coating onto the titanium plate is hindering the
escape of water at the sintering temperature, contributing to cracking upon removal.
Increasing the sintering hold time or altering the shape and size of the titanium
substrate and surrounding die could be investigated as a method to ensure total
evaporation of the distilled water from the system. The ability to precisely and
consistently control the thickness of the coating layer applied could also contribute to
a reduction in the cracking phenomenon observed on exposure to the atmosphere.
Once consistent coating layers can be achieved, the adhesion to the substrate should
be assessed to understand the viability of using this process to create coatings for

biomedical implants.

To accompany the metabolic cell activity results, SBF (simulated body fluid)
testing of cold sintered Bioglass and its composites could also be pursued and the
formation of HCA compared to the existing literature for [212], [218], [305]. The
formation of Ca-rich and HCA-like structures has already been observed within the
current work and SBF testing would give further understanding of the bioactivity of the
cold-sintered sample compared to conventionally produced material. An investigation
of the conditions required for formation of the internal HCA-like phases in bulk pellets
and Ca-rich surface phase in the coating could enable greater understanding of the

mechanisms in the cold sintering process and allow for tailoring of bioactivity.

8.4 Improving understanding of the cold sintering process and mechanisms

Fundamentally, the exact parameters required to cold sinter materials are
currently uncovered by a combination of prior knowledge and a significant amount of
trial and error. Developing a deeper understanding of the mechanisms responsible for
densification in cold sintering could enable the creation of a set of key rules and
processing parameters to provide a stronger theoretical foundation for cold sintering.
Greater understanding could be achieved by extending the range of techniques
typically used to study cold sintering. The wider use of (HR)TEM to study particle-

particle interfaces would improve our understanding of grain growth and local
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crystallisation, although we note that sample preparation is challenging. In addition,
looking at the detailed density distribution throughout the sample and at the interfaces
between bilayers using X-Ray Micro-CT would give a greater spatial understanding of

the sintering process.

Structural studies of materials before, “"wetted” and after cold sintering such as
those described in chapter 0 would also enable a broader understanding of the
mechanisms in cold sintering. This would allow the behaviour of the different families
of cold sinterable materials to be better understood, by confirming dissolution
products, formation of secondary phases during the wetting stage and how the final

chemical structure is developed.

The solubility of a material is a significant factor in the success of cold sintering.
There are a number of solubility scales and parameters which could be explored to
identify appropriate matches more quickly between materials and potential transient
liquid phases. Other key parameters in cold sintering are the applied temperature and
pressure. When using the Specac Uniaxial press with heated platens to cold sinter,
there is limited control over heating and cooling rates - the heating rate is fixed, and
the natural cooling rate of the system is quite slow although fans can be used to
increase the cooling rate. The heating rate likely to have a significant impact on the
behaviour of the transient liquid and the dissolution behaviour of the material. During
cold sintering, the pressure on the sample can fluctuate due to changes in the
dimensions of the sintered pellet as liquid escapes or the dies expand with heat. The
ability to maintain a constant applied pressure throughout the process could further
increase the density of some materials, ensure a more homogeneous microstructure,

and control the evaporation of the transient solvent.

8.5 Complex geometries and upscaling

Components produced via cold sintering currently have limited geometries and
consist mainly of pellets, coatings, and structures with layers perpendicular to the
applied pressure. During this work, some attempts to “robocast” the lithium molybdate
slurry used during screen printing were also made. Further refinement could enable
the technique to be used to create graded, composite components or coatings, with
more complex structures than it is possible to produce by standard cold sintering or
screen printing such as those required for graded index (GRIN) lenses [83], [306],
[307]. The ability to create more complex structures by utilising dies with more

intricate geometries, 3D printing, or other processes would allow a significant step to
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be made towards enabling applications that require more complex net shapes. This
would constitute a significant investment of time and resources and would require input

from industry and effectively be a prelude to commercialisation.

Before commercialisation can occur, a number of significant challenges need to
be met. Currently, the cold sintering is used to produce small scale components (a few
grams of material, with dimensions less than 30 mm) and is a batch process normally
producing just one sample at a time. Using taller dies with heating jackets such as
those in MTI hot press does allow for the manufacture of a number of samples
simultaneously by stacking alternating layers of materials to be sintered with die
pieces, although this is still a very small batch process it does ensure that all samples
are subjected to the same heating and pressure regimes. To increase the rate of
sample production a more continuous cold sintering process could be developed
utilising the capabilities of tape casting and calendaring processes to apply pressure to

larger components.

As discussed in section 2.2.3, a number of processing routes have been
explored to reduce sintering temperatures for ceramics such as FAST and SPS.
Development of combined CSP-FAST or CSP-SPS techniques could create possibilities
for further reductions in processing time and temperatures and enable further tailoring

of properties and final microstructure.

8.6 Current Limitations of Cold Sintering

Cold sintering is currently very low TRL technique and there are a significant
number of limitations and challenges to overcome as the technique is developed. The
application of significant pressures (650MPa) is often required to encourage
densification of the materials. Whilst this is readily achievable in the laboratory for
small samples with dimensions less than a few centimetres, at larger scales this may
prove unfeasible. Therefore, work is required to understand the interactions of the
transient liquid (in terms of chemistry and volume), temperature, pressure and time
is achieving densification to allow for the potential reduction in the required pressure.
Inspiration for this could come from geological or biological process, which occur under
a wider range of pressures and temperatures [166], [308], [309]. Temperature
distributions are not often considered in the literature relating to cold sintering, as
components are small and therefore temperature gradients are likely to be minimal.
In larger components, however it is likely that this would become a major issue with

regions densifying at different rates.
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Creating more complex and large shapes will be a major step in the
development of the cold sintering technique. The shape of final components is
determined by the die shape, and therefore more complex tooling could allow for
complex components to be made. This would need a significant amount of
consideration and knowledge transfer from industries such as metal forging to
understand what pressure and distributions may occur during processing. For a small
component of complex geometry, it would also be necessary to understand the
temperature distribution in the component to ensure the sintering parameters are met
throughout the component. Components with complex geometries could suffer from
inhomogeneity in density and microstructure where pressure and/or temperature
gradients exist. This would need to be taken into consideration when designing
components and the cold sintering process itself, where utilising different starting
powder morphologies in different areas of the component or post sintering annealing

steps may be necessary to achieve homogeneity after sintering.

8.7 Conclusions

In conclusion, cold sintering is still a very new technique and there are many
potential avenues for future developments which could have significant impact on a
broad range of industries. It is, however, highly disruptive, requiring completely
different manufacturing equipment to conventional sintering, currently used for the
commercial fabrication of ceramics and glass bodies from frit. Initial penetration of cold
sintering into the commercial world, therefore, will most likely not be driven by the
reduction in energy but because if offers a unique solution to an industrial/technical
problem. The cold sintered Bioglass research presented in this thesis could provide
such impetus since it demonstrates the potential to fabrication a unique group of high

value products, difficult to manufacture using conventional techniques.
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