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ABSTRACT

Over the past three decades, composite biomaterials comprising of hydroxyapatite (HA) as
the main phase and bioactive glasses (BG) as the second phase have gained increased
attention. This class of materials, glass reinforced hydroxyapatite composites (GR-HA),
exhibits superior mechanical and biological performance compared to pure HA. Since the
emergence of the topic in the mid-90s, mainly phosphate and silicate-based GR-HA systems
were investigated. Two common issues concerning the utilisation of these glass systems are
crystallisation and HA decomposition phenomena that can be deleterious both in terms of
bioactivity and mechanical performance. Considerably fewer studies utilising borate-based
glasses in GR-HA composites have been carried out besides their biocompatibility and

enhanced thermal stability.

This work focused on the development of a novel GR-HA feedstock, resistant to crystallisation
and HA dehydroxylation phenomena, utilising a borate-based glass system,
50B,03-20Si0,-20Na0-(10-x)Ca0-xLaz03 (0 < x < 2.5). A parametric study investigating the
optimal composition and processing parameters, such as glass content (0 — 10 wt.%) and
sintering temperature (1200 °C — 1300 °C) was carried out; in tandem the effect of lanthanum
oxide was studied, too. 10 wt.% was identified as the optimal glass loading since no thermal
degradation was observed via X-ray diffraction (XRD). Additionally, enhanced densification
and overall mechanical performance was recorded via microcomputed tomography (uCT),
density and microhardness measurements. Small glass additions (< 5 wt.%) acted as
heterogeneous nuclei sites or triggering points that induced limited HA dehydroxylation
products, accruing for less than 27% of the total composition. The main secondary phase
detected was beta tricalcium phosphate (B-TCP) that reverted to alpha tricalcium phosphate

(a-TCP) with increasing temperature. No antimicrobial efficacy was detected against



S. Epidermidis or P. Aeruginosa, regardless of the glass content. No cytotoxic behaviour was
recorded during SaoS-2 human osteosarcoma cell attachment studies. GR-HA specimens
containing 10 wt.% of glass content exhibited enhanced cell viability compared to pure HA
specimens, while similar or slightly worse biological performance was recorded for composites
containing smaller additions of glass. Lastly, there are strong indications that lanthanum oxide
potentially enhances the overall mechanical and biological performance of GR-HA samples.
The samples containing the highest amount of lanthanum oxide content, exhibited the best

performance in terms of densification, microhardness and cell culture studies.

In parallel, the utilisation of the most promising GR-HA composition was investigated as a
powder feedstock during a selective laser sintering (SLS) feasibility study. The novel GR-HA
feedstock containing 10 wt.% of 50B,03-20Si02-20Na,0-7.5Ca0-2.5La,03 exhibited better
processability and thermal stability compared to pure HA during SLS processing. Two different
geometries were successfully printed with the glass containing powder feedstock compared
to one geometry with its pure HA counterpart. Moreover, miniscule traces of secondary
phases were recorded in the as-printed GR-HA specimens (< 2%), whereas significant thermal
degradation was observed in the pure HA samples (~ 40% of the total composition). A post-
processing heat treatment cycle was successful in partially reversing any hydroxyapatite

dehydroxylation products to HA and enhanced densification.

The developed GR-HA system containing 10 wt.% of the novel borate-based glass composition,
50B,03-20Si02-20Na,0-(10-x)Ca0-xLa,03 (0 < x < 2.5), is a promising biomaterial for tissue
engineering applications. No crystallisation or HA thermal degradation were observed during
heat treatment (conventional sintering or SLS processing), while the GR-HA composites

exhibited enhanced biological performance compared to pure HA samples.
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CHAPTER 1 — Introduction

Worldwide demand for biomedical implants nowadays is high and constantly increasing; this
trend can be associated with various factors ranging from damaging sports activities to
increased life expectancy and pathological issues such as osteoporosis [2]—[4]. Traditional
techniques for bone reconstructive surgery often utilise bone material that is harvested either
from the patients themselves (autografts) or from other donors (allografts); in both cases,
there are various risks involved including implant rejection, viral or bacterial infection and
inflammation. An alternative to the aforementioned methods is the use of tissue engineering
scaffolds; these three-dimensional structures are designed to provide a suitable environment
for bone reconstruction and share suitable characteristics both in terms of biological and
mechanical properties.

Biocompatibility, bone growth promotion and cell viability are of utmost importance in such
applications hence the employment of suitable biomaterials is necessary. Hydroxyapatite
[Ca10(PO4)s(OH)2] (HA) is a ceramic material widely used in the biomedical sector as a bone-
substitute compound due to its affinity to human bone and its ability to facilitate and promote
osteogenesis. It is the main inorganic constituent (mineral phase) in the human bone and
teeth, accounting for 70% of the total mass; collagen (organic phase) and water complete the
composition of human hard tissue. Due to its bioactive character, hydroxyapatite has been
vastly utilised in various biomedical applications regarding bone repair or tissue engineering.
However, the poor mechanical properties of pure hydroxyapatite make this material

incompatible for load-bearing applications. That is the main reason behind its frequent use in

Parts of this section are published as first-author and may contain replication from [1]
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conjunction with different materials that enhance its mechanical properties such as alumina
or zirconia [4]—[10].

Over the past three decades, composite materials comprising of HA as the main phase and
bioactive glasses (BG) as the second phase have gained increased attention. This class of
materials, glass reinforced hydroxyapatite composites (GR-HA), exhibits superior mechanical
and biological performance compared to pure HA. BG primarily acts as a sintering aid [11]—
[14], a strengthening agent within the HA matrix [12]-[14] and it also enhances the biological
character of the composite [14]-[16]. It has been reported that an addition of not more than
10 wt.% of BG leads to less porosity, increased microhardness and enhanced bioactivity in the
prepared samples [12], [14]-[17]. In recent years, the focus on GR-HA has shifted towards the
usage of biomedical glasses containing compounds such as lanthanide oxides due to their
enhanced biological and antimicrobial activity [15], [16]. Lanthanide ions (Ln*3) share a close
affinity with calcium ions (Ca*?) in terms of ionic radii and it has been shown in previous studies
that they are integrated within the HA crystal structure by replacing the latter [15], [16]. This
integration is a result of the charge difference between the two ions and it has been shown to
have beneficial effects in terms of biological response. Additionally, lanthanide ions display
antimicrobial activity in a wide variety of bacteria, making such GR-HA systems attractive for
hard tissue engineering applications since bacterial infections are quite common in bone
surgery.

Besides chemical affinity, bioactivity or possible antimicrobial activity, another factor that is
instrumental in the successful integration of a scaffold on the implant site is its geometrical
characteristics. Pore size, architecture and interconnectivity highly affect the rate and quality
of healing, vascularization among the plethora of biological processes involved in bone

reconstruction [18]. Achieving the intricate geometrical features necessary for tissue



engineering scaffolds requires the utilisation of high accuracy processing techniques. In
general, macropores ranging from 100 — 500 um, high porosity greater than 50% and
interconnected pore network are required for optimal results [19], [20]. Traditional
manufacturing techniques fail to provide such level of detail in a reproducible and effective
manner. On the contrary, additive manufacturing (AM) methods are better suited for
fabricating parts of that complexity due to the high level of control on the process parameters
and consistency of the printed parts [21].

The combination of AM methods with novel bioceramic feedstocks is undoubtedly a promising
framework towards personalised medicine. Custom tissue engineering services, tailor-made
to patient’s physiology and needs, have the potential to be the paradigm shift that will
revolutionise the biomedical sector. Various studies have focused on such applications
utilising AM methods and HA [22], however limited work has been carried out with GR-HA
feedstocks. A highly promising AM technique that fits this profile is selective laser sintering
(SLS). Nevertheless, only a few investigations explored the printability of GR-HA with SLS in
the past [23]-[25]. This study focused on the development of GR-HA composite powder,
containing various concentrations (wt.%) of a La,0O3-doped borosilicate glass. Additionally, the
biological and antimicrobial response were assessed, in order to identify the effect of BG
addition. Finally, an SLS feasibility study investigated the effect of La,0O3-doped BG addition to

the printability and physicochemical properties of the printed parts.



CHAPTER 2 — Literature review

2.1 Biomaterials

Any compound that “is designed to replace a part or a function of the human body in a safe,
reliable, economic, and physiologically and aesthetically acceptable manner” can be
considered a biomaterial [3]. In the case of hard tissue engineering applications
(e.g., orthopaedic, dental, etc.) various types of biomaterials have been utilised in medicine:
polymers, metals and ceramics [10], [26]-[29]. By definition any type of biomaterial must be
able to mimic the original properties of the damaged tissue that is replacing and be at least
inert in terms of physiological response [2], [10], [29]-[35]. Pure polymeric and metallic
implants can efficiently perform both tasks when implanted in an affected area but are unable
to actively contribute to the bone healing process [10], [27]-[29]. On the other hand, ceramic
biomaterials — bioceramics — are able to facilitate and promote bone growth since they
possess the highest degree of chemical affinity with natural bone [4], [28], [29]. Human hard
tissue is mainly comprised of hydroxyapatite (a calcium phosphate ceramic compound),
collagen and water [26]. A detailed overview of the human hard tissue composition can be

found in Table 2.1.

Table 2.1: Chemical composition of bone (wt. %), reproduced from [8]

Inorganic constituents Organic constituents
Hydroxyapatite 60 wt.%  Collagen 20 wt.%
Water 9 wt.% Non-collagenous proteins 3wt.%
Carbonate 4 wt.% Polysaccharides, lipids, cytokines  Traces
Citrate 0.9wt.% Primary bone cells Traces
Na* 0.7 wt.%

Mg?* 0.5 wt.%
ClIr 0.13 wt.%

K*, F, Zn?*, Fe?*, Cu?*, Sr?*, Pb2* Traces

Parts of this section are published as first-author and may contain replication from [1]
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An important characteristic of any biomaterial is biocompatibility; it is related to the
interaction between living tissue and the biomaterial itself. The different types for
classification of biocompatibility can be found in Table 2.2. The successful integration of any
biomaterial to a damaged area is dependent not only on biocompatibility but on other traits,
too. A selection of the most important properties that biomaterials should exhibit can be

found in Table 2.3.

Table 2.2: Biocompatibility classification, adapted from [3], [36]

Incompatible | Incompatible materials can release toxic substances in the body and/or
materials initiate antigenes formation that may lead to reactions of the immune
system such as allergies, inflammation or even septic rejection.
Biocompatible | Biocompatible materials can release substances to the body but not in
materials toxic concentrations and trigger analogous body responses that range
from benign tissue reactions (e.g. formation of a fibrous connective tissue
capsule) to weak immune reactions (formation of giant cells or phagocyts).
This class of materials is also known as biotolerant.

Bioinert Bioinert materials do not release any toxic substances to the human body
materials but do not exhibit any positive interaction with living tissues, as well.
Usually, a connective tissue covers the surface of these materials (contact
osteogenesis).

Bioactive Bioactive materials interact in a positive way with living tissue and
materials immature cells are transformed to bone cells, a process known as
differentiation. The aforementioned process leads to bone growth
(bonding osteogenesis). Bioactivity is classified in two types depending on
the rate of bone growth and the ability of soft tissue bonding. In the case
of Class A bioactive materials, osteogenesis occurs in a rapid manner and
soft tissue bonds with the implanted object. Whereas Class B bioactive
materials exhibit slower rates of bone bonding/growth and are unable to

bond with soft tissue. [37], [38]




Table 2.3: Properties required by biomaterials for medical applications, reproduced from [8]

Property

Function

Biocompatibility

Bioactivity

Bioactive fixation

Biostability

Crystallinity

Osseointegration

Osteoconduction

Osteoinduction

Resorption

Wettability

The ability of a material to perform with an appropriate host response in a
specific application.

The inherent ability of a material to participate in specific biological
reactions or have an effect on living tissues.

Reactive surfaces form chemical bonding with bone, thus minimizing the
fibrous capsule formation.

The ability of a material to maintain its properties in vivo.

Higher level of crystallinity prevents fast resorption (dissolution) of the
bioceramic in body fluid.

Direct anchorage of an implant by the formation of bony tissue around it
without growth of fibrous tissue at the bone/implant interface.

Ability to provide a scaffold for the formation of new bone.

The process by which osteogenesis is induced. This term means that
primitive, undifferentiated and pluripotent cells are somehow stimulated
to develop into the bone-forming cell lineage.

Gradual degradation over time to replace the biomaterial with the natural
host tissue.

The property that indicates a material’s ability to attract/repel water

molecules.

2.2 Hydroxyapatite

Hydroxyapatite [Ca10(POa)s(OH);] is a ceramic material widely used in the biomedical sector

as a bone-substitute material. It is the most prominent member within the calcium phosphate

group, due to its close affinity to natural bone. After all it is the main inorganic constituent

(mineral phase) found in human bone and teeth along with collagen and traces of other

organic substances.



Stoichiometric hydroxyapatite has a calcium to phosphorus atomic ratio of 1.67 and exhibits
a monoclinic crystallographic structure (P21/b, a=9.421 A, b=2a,c=6.881A). However, the
hexagonal phase (P63/m, a = b = 9.432 A, c = 6.881 A) is mostly observed in medicine and
biology for two main reasons: a phase transition from monoclinic to hexagonal occurs at
temperatures above 250 °C and the latter phase is more stable at room temperature than the

monoclinic [8], [39].

Because of its bioactive character, hydroxyapatite has been vastly utilised in various
biomedical applications regarding bone repair or tissue engineering. HA exhibits suitable
chemical/corrosion resistance for such applications and it is extremely stable in terms of
resorbability. In most cases it remains stable when in contact with bodily fluids or is minimally
resorbed if low crystallinity HA is used. However, the poor mechanical properties of pure
hydroxyapatite, attributed to high strength ionic bonds, make this material incompatible for
load-bearing applications. That is the main reason behind its frequent use in conjunction with
different materials that enhance its mechanical properties such as alumina, zirconia,

biocompatible glasses, polymers or other calcium phosphates [4]-[9].

Tricalcium phosphate (TCP) polymorphs are frequently utilised in biomedical engineering, too.
They are more resorbable than HA and exhibit a Ca/P ratio around 1.5; the most prominent
phases within their group are a and B-TCP. The former can be considered a high temperature
phase of B-TCP, due to a phase transformation that occurs above 1125 °C. Its resorbability is
much faster than the threshold for new bone formation, hence its use in biomedical
applications is limited. On the other hand, B-TCP is used much more extensively as a bone
substitute material due to its suitable resorption rates in the implanted area. The resorption

rate can be further optimised with the use of a biphasic calcium phosphate (BCP) compound



comprising of HA and B-TCP; it has been shown that a ratio of 20 wt.% HA — 80 wt.% B-TCP,

exhibits optimal results in terms of bioactivity [8], [39].

A selection of physicochemical and mechanical properties for natural bone and calcium

phosphates can be found in Table 2.4.

Table 2.4: Physicochemical and mechanical properties for natural bone and calcium phosphates (8], [27], [30]

Young's . Compressive Fracture .
Tensile strength Density
modulus (MPa) strength toughness (Kg/m?)
a m
(GPa) (MPa) (MPa-m?/2) &
) 120 —-900 (dense)
Hydroxyapatite | 35-120 350 -450 0.7-1.2 3.155
2 —100 (porous)
460 - 687
B-TCP 33-90 - - 3.067
(dense)
a-TCP - - - - 2.814
Cortical bone 7-30 50-150 167 —193 2-12 1.6-21
Trabecular bone | 0.05-0.5 1.2-20 1.9-10 0.1 -

2.3 Glass

Glass is a versatile family of materials that has been utilised by mankind for millennia;
archaeological findings suggest that glass objects were used since 12000 BC in Egypt [40], [41].
The etymology of the word glass can be traced back to the late-Latin term glaseum, which was
synonymous to a shiny, durable and transparent material; vitreous, originating from vitrum in

Latin, is another term referring to such objects, too.

The description of glass from a scientific point of view is not revolving around the lustre or
transparency but focuses mainly on the intrinsic and structural properties of such materials.
More specifically, the definition of glass according to standard C162 — 05 of the American
Society for Testing and Materials (ASTM) is: “an inorganic product of fusion that has cooled to

a rigid condition without crystallizing” [42]. The definition refers to the traditional route of



glass production, where inorganic oxide components, usually silicon oxide, are melted and

then rapidly quenched, to create an amorphous material.

However, there are other routes of glass making that do not require either inorganic
precursors or melting of any sort, such as sol-gel or vapour deposition for instance [40], [41],
[43]. Hence, a broader term for defining glass can be identified utilising universal glass
characteristics, indifferent to the glass formulation or synthesis technique. The absence of
long-range periodicity in their atomic structure is one such trait that every known glass
exhibits. Additionally, another characteristic behaviour observed in such systems is the
existence of a time-dependent glass transformation behaviour. Glasses can reversibly revert
from solid to liquid state and vice versa without compromising their amorphous state, if
specific heating and cooling rates are observed. Thus, a more inclusive definition could be that
glass is “an amorphous solid completely lacking in long range, periodic atomic structure, and

exhibiting a region of glass transformation” [40].

2.3.1 Glass structure

Since glasses are amorphous with no long-range periodicity, adding the word structure next
to the term glass can be considered even contradictory. However, glasses do indeed exhibit
some level of “orderly” behaviour, since their atomic structure could be described as
crystalline with random defects in their “lattice” in terms of atom positions, bond lengths,
angles, rotations, etc. A 2D representation of the glass and crystalline atomic structure of a
hypothetical compound sharing the same composition of R,03, 2 cations (R) and three oxygens

(O) atoms, can be seen in Figure 2.1 [41].



Figure 2.1: Atomic structural representation of (A) R,0s crystal and (B) R;03 glass, reproduced from [41].

Many scientists have tried to conceptualise the theory behind the formation of glasses.
Goldschmidt in 1926 was one of the first theorists behind this, identifying a correlation
between the ionic radius ratio of the cation and the oxygen ion. He suggested that glasses that
could be described by the general formula of RO, with a cation — oxygen ion ratio between
0.2to0 0.4, formed easier. Usually, within the proposed ionic ratio range, a cation is surrounded
by four oxygen atoms forming tetrahedral building blocks. Essentially, he believed that glasses
could only be formed if such tetrahedral components were present within the atomic
structure. However, this was empirical and true in cases of glasses comprising of SiO; or GeO;
(thus falling under the proposed ionic radius ratio rule) but not true in general. It was

Zachariasen [44] in 1932 that took Goldschmidt’s idea and further developed it. He suggested
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that this criterium cannot be absolute for glass making since it is too limiting. A higher
coordination number (i.e., additional neighboring ions within the glass structure, different
angle bonds and geometry, etc.) could increase the disorder within the glass system, thus
leading to glass forming. He came up with a set of rules regarding formation of glasses with a

generic formula of RmOn that can be found in Table 2.5:

Table 2.5: Zachariasen's rules for glass formation, reproduced from [40]

Zachariasen’s rules for glass formation

Each oxygen atom is linked to no more than two cations
The oxygen coordination number of the network cation is small
Oxygen polyhedra share only corners and not edges or faces

P wnNPR

At least 3 corners of each oxygen polyhedron must be shared in order to form a 3-
dimensional network

The aforementioned nomenclature, known as the Random Network Theory, is the most
commonly used in describing glass structures nowadays [40]. Other theories regarding glass
formation emerged soon after Zachariasen. Smekal suggested that glass forming is only
attainable when the glass components bond both covalently and ionically. Pure ionic bonds
cannot facilitate the formation of network structures and just covalent bonding tend to form
periodic structures. Stanworth utilised Smekal’ s bond theory and divided cations in three
different categories, based on their electronegativity. Cations with high electronegativity were
classified as network formers; such elements bond poorly ionically with oxygen anions, thus
securing the formation of a network structure. Glass components that bond strongly in an
ionic manner with oxygen, do not have the ability to form glasses by themselves. They are
known as glass modifiers since they can only modify the network structure. Finally, elements
which exhibit intermediate electronegativity and bond ionically with oxygen in a higher degree

than glass formers and less than glass modifiers, are called intermediates. Those cations
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cannot form glasses by themselves but can replace a network former or glass modifier if
required. Similar classifications have been proposed by other scientists taking into account
different criteria, such as: field strength by Dietzel, bond strength by Sun or temperature and

bonding energy by Rawson [40], [41], [43].

A list of selected physical properties of glass formers, intermediates and modifiers can be

found in Table 2.6.
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Table 2.6: Physicochemical properties of glass formers, intermediates and modifiers [41], [43], [45]

lonic o . . Single bond
o ) Coordination Field strength -  Single bond )
Electronegativity = bonding of strength/melting
lon number 2z/a? strength

Stanworth oxide (% oint (kcal/K
( ) (%) (Zachariasen) (Dietzel) (kcal) (Sun) P (keal/k)
(Smekal) (Rawson)
p>+ 2.1 39 4 4.3 88 -111 0.104 -0.131
Gl ; B3+ 2.0 42 3 3.22 119 0.164 or 0.122
ass formers
Si%t 1.8 50 4 3.15 106 0.053
Ge* 1.8 55 4 2.65 108 0.078
. AlR* 1.5 60 4 1.69 53-67 -
Intermediates
Bet 1.5 60 4 1.51 63 -
Mg 1.2 70 6 0.95 37 0.013
Zn% - - 4 0.91 36
Ca?* 1.0 75 8 0.69 32 0.011
Sr2* 1.0 75 8 0.58 32 -
Glass Pb%* - - 6 0.53 39 -
modifiers BaZ* 0.9 80 8 0.51 33 0.015
Li* 1.0 75 4 0.45 36 -
Na* 0.9 80 6 0.35 20 -
K* 0.8 81 9 0.27 13
Cst 0.7 82 12 0.22 10
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2.3.2 Glass making

Glasses can be fabricated via numerous methods with the most frequent one being the melt-
quenching approach [46]-[48]. The glass components, usually in powder form, are weighed
according to the desired stoichiometry, are mixed thoroughly and then placed within crucibles
made from heatproof materials able to withstand temperatures > 1000°C, such as porcelain
or platinum. Afterwards they undergo a heat treatment within a furnace until all the
components are fully melted and then a rapid quenching step takes place. The glass melt is
guenched either on objects with high heat dissipation capacity (e.g., stainless steel slabs) or
poured in tanks filled with de-ionised water [37], [43], [46]. Such quenching techniques,
usually employed during the development of simple glass systems, are able to achieve cooling
rates of ~103 K/s [49]-[51]. However, more complex glass systems in terms of glass formation,
such as metallic glasses, require higher cooling rates (~ 10> — 108 K/s) [41], [49], [50]. In such
cases, more advanced techniques are utilised, such as melt spinning or laser-assisted
processes [41], [49], [50]; the latter can achieve cool rates greater than 1012 K/s [41]. A method
that has been gaining a lot of attention in recent years is the sol-gel approach. It is a wet
chemistry method where glass precursors are mixed and treated in a variety of ways that leads
to the creation of a 3-dimensional structure via gelation [37], [43], [46]-[48]. Main advantages
of sol-gel derived glasses include enhanced homogeneity, lower processing temperatures and
higher specific area compared to traditionally prepared glasses. Moreover, they exhibit higher
reactivity rates, a trait linked with specific area, which could be problematic if not properly
controlled. The latter along with limitations in preparing complex glass systems with this
method (e.g., ternary systems including Na,0), are the main bottlenecks hindering the wider

adaptation of sol-gel glasses compared to melt-derived ones [47].

14



2.3.3 Bioactive glasses

Larry B. Hench, the father of bioactive glasses, was the person responsible for opening the
path to what is nowadays called regenerative medicine. Before his discovery of the first
bioactive glass — Bioglass — in 1969 at the University of Florida, all the biomaterials used in
medicine at that point were bioinert at best. The biomaterials introduced within the body at
that era were either metallic or polymeric and were either rejected or unable to bond with

the injured tissue. [37], [52]

With the invention of Bioglass (or 45S5), a silicate-based glass, this changed tremendously.
This type of new material had the ability of bonding with hard tissue and additionally
promoting bone growth. The mechanism behind the enhanced bioactivity is attributed to the
partial transformation that occurs on the surface of the Bioglass implant to hydroxycarbonate
apatite (HCA) — and later to hydroxyapatite — along with the dissolution of certain ions in the
affected area. More specifically, HCA has a high affinity with natural bone and interacts
strongly with collagen fibrils binding the implant to the hard tissue. Additionally, dissolved
calcium, silicon, phosphorus and sodium ions have the ability to stimulate osteogenic cells and

kickstart the healing process. [37], [46], [52], [53]

Since the discovery of Bioglass, multiple bioactive glasses have been synthesised either
comprising of similar building blocks (i.e., silicate-based) or different ones such as borate or
phosphate-based glasses. Each glass family has unique characteristics in terms of

biocompatibility, healing rate and applications.
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2.3.3.1 Silicate glasses

Silicate-based glasses are mainly composed of SiO; tetrahedrons that form a 3D glass network.
The most well-known member of this glass family is 4555 which has been in use since 1969. It
is based on the Na,0-Ca0-Si02-P,0s5 system containing mainly SiO; (46 mol%), almost equal
portions of Na>O (24.4 mol%) and CaO (26.9 mol%) and a small amount of P05 (2.6 mol%)
[46], [53]. This formulation has been used extensively over the past 50 years for orthopaedic
reconstructive surgeries in over 1 million patients [53]. Additionally, 45S5 has been used in
oral care products designed for treating hypersensitivity or as bioactive coatings in dental
implants [37], [46], [48], [53], [54]. A compositional diagram of bone bonding regarding 4555

can be found in Figure 2.2.

SiO,

A: bone bonding (Class B material)
B: non-bonding (low reactivity)

C: non-bonding (high reactivity)

D: non-bonding (non glass forming)

E: Class A bioactivity (Bioglass®
composition exists within this region)

CaO Na,O

Figure 2.2: Compositional diagram for bone bonding, reproduced from [37].
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Other significant members of the silicate family are the S53P4 and 13-93 compositions.

Commonly tested silicate-based bioactive glasses compositions are presented in Table 2.7.

Table 2.7: Commonly tested silicate-based bioactive glasses compositions

SiO2 Cao Na,0 P20s K20 MgO
(mol%) (mol%) (mol%) (mol%) (mol%) (mol%)
45S5 46 26.9 24.4 2.6 - -
S53P4 53.8 21.8 22.7 1.7 - -
13-93 54.6 22.1 6 1.7 7.9 7.7
Biosilicate 48.5 23.75 23.75 4 - -
CEL2 43.8 23.6 15.0 6.9 6.1 4.6

2.3.3.2 Phosphate glasses

Phosphate glasses are P;0s5 rich compositions and have been systematically researched since
the 1980s. PO4 tetrahedral units are the main building blocks of this family of glasses and
usually do not form three-dimensional networks. The chemical durability of phosphate glasses
is fairly low, due to the inherent asymmetry in the PO4 tetrahedrons, and they tend to dissolve
when in contact with body fluids; the rate of dissolution is usually controlled via doping with
metal oxides. They are usually utilised either as controlled drug releasing carriers or as
bioresorbable scaffolds with tailored dissolution rates promoting a more natural bone healing
procedure. Lastly, phosphate glass fibers have been investigated in the fields of nerve and

skeletal muscle regeneration [46], [53], [54].

2.3.3.3 Borate glasses

Borate-based bioactive glasses have been investigated widely since the early 2000s. They
exhibit high levels of bioactivity and hard tissue repairing capacity, in some cases
outperforming even silicate-based glasses [48], [54]. They tend to form a vastly planar “3D”
glass network, due to weak binding forces in the third dimension, comprising of trigonal planar
and tetrahedral units, BO3 and BO4 respectively. Borate glasses tend to have specific traits that
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makes them suitable for wound healing applications [48], [54], [55]. More specifically, they
convert faster and fully to hydroxyapatite compared to silicate glasses [46], [48], [56].
Moreover, they tolerate heat treatments without crystallising, providing a broader process
windows and higher bioactivity rates [57]. Additionally, dissolved boron ions in body fluids
streams promote cell proliferation and osteogenesis and prevent oxidation and inflammation.
However, studies have shown that there is a threshold upon which boron concentration can
become cytotoxic. This threshold has a broad range among different studies (e.g., 0.65mM
[58] —2.96 mM [59]) and is dependent upon the testing environment (i.e., in-vitro or dynamic

conditions) [48].

Lastly, borate-based glasses with additions of SiO; (i.e., borosilicate), bridge both worlds in
terms of bioactivity and crystallisation behaviour. They are more stable than both pure borate
and silicate glasses and can withstand heat treatments without crystallising and/or losing their
bioactive behaviour [57]. Commonly tested borate-based bioactive glasses compositions are

presented in Table 2.8.

Table 2.8: Commonly tested borate-based bioactive glasses compositions

B20O3 CaO Na,0 P20s K20 MgO
(mol%) (mol%) (mol%) (mol%) (mol%) (mol%)
45B5 46.1 26.9 24.4 2.6 - -
B53P4 53.85 21.77 22.66 1.72 - -
13-93B 54.6 22.1 6 1.7 7.9 7.7
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2.3.3.4 Doped bioactive glasses

Besides the standard building blocks of each bioactive glass that provides a function within
each glass system, researchers have investigated the utilisation of additional elements within
the glass structure. Upon dissolution within physiological fluids, the ionic product of those
elements is able to enhance bioactivity and/or add favourable properties in terms of
mechanical reinforcement and antibacterial activity, among others [30], [56], [60], [61]. A

schematic representation of this process is shown in Figure 2.3.

Radiation shielding
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Figure 2.3: Bioactive glass doping, reproduced from [60].

“Traditional” elements utilised in this regard are gold, lithium, cobalt, calcium, copper, zing,
strontium, iron, magnesium and gallium, inter alia [56], [62]—[64]. In recent years, the addition
of less common ions in bioactive glasses, and mainly rare earth elements has gained increased
attention [30], [56], [60]. Utilising such elements can facilitate the addition or enhancement
of physical and biological properties, such as angiogenesis, cell attachment and proliferation,
antimicrobial behaviour and mechanical strengthening. Selected bioactive glasses
compositions utilising rare earth elements, focusing on the doping effect and applications, are

presented in Table 2.9.
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Table 2.9: Selected bioactive glasses compositions utilising rare earth elements, reproduced (inc. references) from [60]

lon Glass composition Application Effect Reference
Dysprosium  61.2 B,03—8.8 Li,0—-61.2 Dy,03 (wt.%) Drug delivery and Controlling drug release [65]
(Dy) radiation therapy
50 Si0,—30 Ca0-10 Fe;03—10 Dy,03 (mol%) Radiotherapy and Radiothermal activity [66]
hyperthermia
Europium 70 Si02—20 Ca0-5 P,05 with 5 Eu03 (or Th203)  Bone regeneration Photoluminescence properties, Controlling drug [67]
(Eu) (mol%) and drug delivery release
100 SiO, with 1, 2, and 3 Eu203 (mol%) Skin and bone Promoting osteogenesis and angiogenesis [68]
regeneration potential
Si0,—Ca0—P,0s5 with 5 Euz03 (mol%) Drug delivery Photoluminescence properties, Controlling drug [69]
release
60 Si0,—36 Ca0—4 P,0s with 0, 0.5, 1, and 2 Bone regeneration Increases cell viability [70]
Eu03 (mol%)
80 Si0,—16 Ca0—4 P,0s5 with 1, 2, and 3 Eu;03 Cell imaging and bone Increases apatite-forming bioactivity [71]
(mol%) regeneration
80 SiO,—15 Ca0-5 P,0s5 with 0, 1, 2, and 5 Eu203  Cell imaging and bone Increases the expression of ALP, COL1, and [70]
(mol%) regeneration Runx2 genes and promoted osteogenic
differentiation of BMSCs
Gadolinium 47.28 Si0,—-31.39 Na,0-15.33 Ca0O—6 P,0s with  Tissue engineering Increases glass durability, Biocompatible [72]
(Gd), 2.5 Gd203 or Yb,0 (wt.%) behaviour, Promoting proliferation and
Ytterbium differentiation of rBMSCs cells and human
(Yb) and exfoliated deciduous teeth (SHED)
Thulium (Tm) Si0O;—Ca0O-Gd;03 with the Ca:Gd molar ratios Bone regeneration Promoting proliferation and differentiation of [73]

3:1and 5:1
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rBMSCs cells and human exfoliated deciduous
teeth (SHED), Promoting newly formed bone



Holmium
(Ho)

Lanthanum
(La)

84 Si0;—12 Ca0-4 P,0s5 with the Ca:Gd molar
ration 3:1, 5:1, and 7:1

47.28 Si02,-31.39 Na0,-15.33 Ca0-6 P,0s with
2.5 Gd,0s0r 2.5 Yb,03 or 0.5 Fe;03 (wt.%)

63 Si0,—37 Ca0 with 0.15, 0.3 and 0.5 Tm203
and 0, 1, 2, 3 and 4 Yb203 (mol%)

58 Si0,—33 Ca0-9 P,0s5 with 1.25, 2.5and 5
Ho,03 (wt.%)

58 Si0,—33 Ca0-9 P,0s with 1.25, 2.5, 3.75, and
5 Ho,03 (wt.%)

67 SiO2—5 Na;0-24 Ca0—4 P,0s5 with 5 La;0s (or
Cu0O) (mol%)

64.4 Si0»—2.48 Na;0-21.53 Ca0O-4.55P,05 with
0,1, 3 and 5 wt.% Lax0s (or/and CuO)

25 Na»0-25 Ca0-50 P,0s with 5 and 10 La;03
(mol%)

58 Si0,—38 Ca0-4 P,05—1 La;03 (wt.%)

20 Na,0-14 Ca0-66 P,0swith 0, 0.1, 0.3, 0.7
and 1 La;03 (mol%)

Bone regeneration

Biomedical
applications
Regenerative
medicine or drug
delivery
Brachytherapy
Brachytherapy
Tissue engineering
Tissue engineering
Drug delivery

Bone regeneration

Tissue engineering
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and collagen deposition in rats, calvarial defect
model, after 12 weeks post surgery

Promoting proliferation and differentiation of
rBMSCs cells and human exfoliated deciduous
teeth (SHED)

Glass network modification

Decreases the average particle size,
Photoluminescence properties

Promoting preosteoblast cell proliferation,
Biocompatible behaviour, Bioactive behaviour
Bioactive behaviour

Increases compressive strength

Biocompatible behaviour, Increased cell viability

Faster phosphate ionic release, Controlling drug
release, Biocompatible behaviour
Biocompatible behaviour, Mechanical
reinforcement

Biocompatible behaviour, Antibacterial effect
against Gram positive bacteria, Mechanical
reinforcement

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]



Samarium
(Sm)

Terbium (Tb)
and Erbium
(Er)

Yttrium (Y)

45 Si0,-24.5 Na;0-24.5 Ca0-6 P,05 with O, 1,
2, 3, and 4 Sm,03 (wt.%)

46.1 Si0—24.4 Na0-26.9 Ca0O—6 P,0s5 with O,
0.2, and 2 Sm,03 (wt.%)

Si0,—Ca0—-P,0s5 with 0, 0.5, and 1 Sm;03 (mol%)

45.6 Si0,—-24.4 Na,0-26.9 Ca0-2.6 P,0s with
0.5 Sm,03 (mol%)

10 Na;0-15 Ca0-65 P,05—15 CaF, with 0, 0.5,
1, and 2 Sm;03 (mol%)

79.5 SiO,—15 Ca0-5 P,0s with 0.5 and 1 Th,03
(mol%)

53 SiO2—6 Na,0-20 Ca0—-4 P,0s5-12 K,0-5 MgO

with 1, 3,5 Th2030r 1, 3, 5 Er.03 or 0.5, 1.5,

and 2.5 with co-doping Th,03 and Er,03 (wt.%)

6 Na,0-20 Ca0—-4 P,0s-12 K,0-5 MgO-52
B,03-1 Y,03 (wt.%)

30 Na0-25 Ca0-45P,05 with 0,1, 3, and 5
Y,03 (mol%)

62.35 Si02—15.85 Na20—(20.80—x) Ca0-1.0 P20s

with x =0 and 4.68 Y,03 (mol%)
58 Si0,—-33 Ca0-9 P,0s with 10 Y203 (wt.%)

Bone regeneration

Tissue engineering
Bone cancer
Biomedical
applications

Bone regeneration

Bone regeneration

Bioimaging

Tissue engineering

Radiotherapy

Radiotherapy

Radiotherapy

Increases density, Young’s modulus, bulk

modulus, and shear modulus, Increases apatite-

forming bioactivity
Photoluminescence properties

Increases apatite-forming bioactivity,
Controlling drug release
Photoluminescence properties

Biocompatible behaviour, Improved
osteoblastic cell response, Antibacterial effect
against Gram positive bacteria

Biocompatible behaviour, Increases apatite-
forming bioactivity

Photoluminescence properties

Promoting proliferation and migration of
adipose stem cells (ASCs)
Glass network modification

Glass network modification, Controlling glass
degradation

Controlling glass degradation, Increased
bioactivity

[84]

[85]

[86]

[87]

[15]

[88]

[89]

[90]

[91]

[92]

[93]
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2.4 Glass reinforced hydroxyapatite

Pure HA has been utilised in various hard tissue engineering applications with the majority
focusing on non-load bearing conditions, such as middle-ear surgery or bone defect filler
material. This is because of its inherent brittleness, low impact resistance and tensile strength;
on the contrary compression strength is higher than that of human hard tissue [8]. A second
phase is often incorporated within the HA matrix in order to enhance its mechanical or
biological behaviour or even introduce new traits (e.g., antimicrobial activity). These second
phases could be other calcium phosphates (BCP) [29], [39], [94], [95], polymers [8], [96] ,

alumina [97], [98] , zirconia [99], [100] or bioactive glasses [11], [101], [102].

Composite materials comprising of HA and bioactive glasses have gained increased attention
in the last three decades [30], [47], [60]. It has been reported that small additions of glass as
a second phase (< 10 wt.%) can substantially enhance the mechanical and biological
performance of the prepared samples compared to pure HA. More specifically, the glass phase
acts as a sintering aid and allows the preparation of almost fully dense samples [11]-[14], [30],
[47]. This is possible due to a liquid sintering mechanism between the melted glassy
component and HA. The two phases bond strongly together, allowing faster densification
between the HA particles due to a decrease in the interface energy (compared to solid state
sintering) [11], [47], [103], [104]. As a consequence, GR-HA composites exhibit better
mechanical properties (e.g., hardness, compression strength) in comparison to the non-glass
containing specimens [11], [47], [103], [104]. Additionally, the biological behaviour is further
enhanced in case of GR-HA, due to the combination of two bioactive phases and the control
over the resorption rates via adjustment of the composition and amount of the glassy phase

[30], [47], [60].
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Phosphate, silicate and borate-based glasses have been utilised as a second phase within GR-
HA composites, since the early 90’s. Santos and Knowles were the pioneers in this field and
the first type of glasses to be investigated were calcium phosphate glasses due to their
chemical affinity to HA (or TCP). In their numerous studies [12], [13], [101], [103]-[108], they
identified a significant increase in the mechanical performance of GR-HA samples containing
not more than 10 wt.% of the glassy phase. More specifically, there were cases were an
increase of up of up to 200% in fracture toughness and 400% in flexular strength compared to
pure HA was observed [101], [105], [108]; similar trend was reported in terms of
microhardness, too [107]. Oktar et al. [102] observed similar trends in terms of compressive
strength and hardness and suggested that 10 wt.% is the maximum loading for phosphate-
based GR-HA composites; further increase in glass content led to sintering and densification
problems [102]. Lopes et al. [109] and Oktar et al. [102], in different studies, reported that
high additions of phosphate glass led to phase transformations a and B-TCP, that were
responsible for the decreased mechanical performance. Tancred et al. [11] observed
analogous results regarding high loadings of glass and suggested that the optimum loading
content should be between 5 — 10 wt.%.

Ternary and quaternary phosphate-based glasses were investigated concurrently or
sequentially with the aforementioned binary compositions in GR-HA composites. Improving
the chemical affinity between hard tissue and the glassy phase, led the researchers in creating
more complex glass compositions, incorporating numerous elements. In particular, several
ionic substituions within the HA lattice, along with the presence of trace ions or elements
deeply influence the biological response in the affected area. Na,0, MgO, CaF,, Al,O3, K,0 and
SiO2 were few of the compounds used. Santos and Knowles investigated the use of glasses

belonging to Na,0-CaO-P;0s and Al,03—Na,0—-CaO-P,0s systems and higher apatite
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decomposition rates were observed, in comparison to the binary system. The increased
amounts of a and B-TCP was connected to the presence of sodium and increased glass
reactivity was speculated to be the underlying cause. It is worth mentioning that the
mechanical performance of the ternary GR-HA system was significantly worse than the binary
ones [101], [104]. Goller et al. [102], came to symmetrical conclusions in terms of sodium
addition in his study with similar binary and ternary GR-HA systems. The mechanical
performance of specimens containing sodium modified glass was inferior compared to the
binary CaO-P,0s5 system. The authors concluded that sodium rich glasses do not favour
mechanical reinforcement in GR-HA composites [102]. On the contrary, in a more recent study
by Kapoor and Batra [110], a similar sodium-modified phosphate glass was employed and
superior mechanical properties were observed in the sodium-rich GR-HA composite; the
sodium influence in phosphate systems remains unclear. It was evident that such glass
systems influence the sintering process both ways. The glass probably facilitates the
appearance of a or B-TCP, that induces structural changes within the HA matrix leading to
lower mechanical performance [12]. However, smaller grain growth was reported in
specimens containing a glass secondary phase, a microstructural feature that provides
mechanical reinforcement [12]. Moreover, Georgiou et al. observed analogous trends with
similar glass systems; the amount of B-TCP phase increased with increasing amounts of glass
content [13]. Lastly, attempts have been made to add additional elements within the glassy
phase such as Mg [103], [106], [107], [111]-[113], Al [101], [104], [114] or F [106], [107],
[111]-[113], [115]-[117], in order to miminise the phase transformations and/or act as
stability agents.

In the case of GR-HA systems incorporating silicate glasses, enhanced bioactivity was the main

reason behind the usage of such glass systems [30], [53]. Santos et al. was the first research
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group investigating the utilisation of such glass systems, in the second half of 1990s [101],
[104], [114]. Bioglass 45S5 was added in quantities not exceeding 5 wt.% and the authors
observed similar phase transformations as with phosphate glasses (i.e., a and B-TCP) in
addition to calcium phosphate silicate (Cas(P04)2SiOa4); the phenomenon was more prominent
with higher sintering temperatures. Additionally, higher degrees of porosity and lower
mechanical performance was reported compared to phosphate GR-HA samples. The evidence
suggested that the silicate induced phase transformation was partially responsible for this
behaviour. Goller et al. [118] in a following study, utilised slightly higher 45S5 glass content
(210 wt.%) and heat-treated the GR-HA samples in two different sintering temperatures,
1200 °C and 1300 °C. Interesting findings came out from this study, since non-linear
correlations in terms of sintering temperature and glass content were observed. More
specifically, microhardness decreased when the samples where heat-treated at 1300 °C,
regardless of the glass content. Additionally, a glass content increase from 5 to 10 wt.% led to
a decrease in microhardness, regardless of the sintering temperature. Lastly, there was an
increase in compression strength for samples containing higher amounts of glass when
sintered at 1200 °C, whereas this trend was reverted in the higher sintering temperature. Once
again, phase transformations were responsible for the deterioration of the mechanical
properties. Calcium phosphate silicate was present in samples sintered at 1200 °C, while
sodium phosphate dibasic heptahydrate (Na;HPO4:7H,0) was observed when sintering
occurred at 1300 °C. Other research groups have investigated the utilisation of 45S5, even in
higher quantities (< 50 wt.%) [119]—-[121], and came up with analogous results [101], [104],

[114].
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The densification of such GR-HA system is hindered by crystallisation phenomena connected
to the 45S5 glass phase [53], [118], [120]. Overcoming this vulnerability led researchers to
investigate either derived 45S5 compositions or similar silicate-based glass systems, usually
calcium or potassium rich [122]-[125]. Belluci et al. investigated such a silicate glass system
and prepared GR-HA specimens containing up to 70 wt.% of glass [119], [126]-[128]. With this
new type of formulation, the research team managed to sinter the samples around 800 °C,
much lower than their 4555 counterparts. The combination of the milder heat treatment with
the optimised glass composition, prevented glass crystallisation and HA decomposition while
exhibiting superior mechanical and biological performance.

Additionally, to the aforementioned solutions regarding the negation of crystallisation in
silicate-based GR-HA systems, borate-based or borate-rich systems exhibit this behaviour,
as well [53]. B,Os generally stabilises glass networks (either in silicate or phosphate glasses) in
terms of thermal behaviour and it has proven to enhance the biological performance, too
[129]. Ivanchenko et al. were one of the first investigating the utilisation of borosilicate glasses
in GR-HA systems [130]—[133]. The research group managed to produce samples with
appropriate mechanical and biological performance but had to devise optimal sintering
profiles in order to negate densification complications. It was observed that the sodium
borosilicate glass composition they were using, was prone to boiling and releasing water
vapour/carbon oxide products that led to pore formation. Hu and Miao [17], investigated the
use of 50 wt.% Pyrex, a common borosilicate glass found in labware, in GR-HA systems. Their
investigation showed that the glass phase promoted densification, prevented the
decomposition of HA and enhanced the microhardness performance. Following studies
utilising inert borosilicate glass compositions, almost identical to commercial window glasses,

have been conducted by Gunduz et al. [134], Demirkol et al. [135] and Youness et al. [136].
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The composites exhibited higher degrees of sinterability and mechanical performance
compared to pure HA. Studies by Abulyaziedet al. [14] and Alturki et al. [137] investigated the
use of a borate-rich borosilicate glass, doped with gold and assessed the mechanical
performance of the GR-HA specimens. Various glass loadings were tested, ranging from 0 to
32 wt.%, and mechanical reinforcement was reported with increasing amounts of glass.

An overview of the mechanical properties in selected GR-HA systems, can be found in Table

2.10.
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Table 2.10: Mechanical properties in selected GR-HA systems

. Flexural
Compressive Young’s Fracture
. Glass Hardness bend
Composite Tsint (°C) strength modulus  toughness Reference
(wt.%) (HV) strength
(MPa) (GPa) (MPa-m1/2)
(MPa)

HA/Ca0-P,0s 10 1200 285119 6717 - - [102]
HA/Ca0-P,0s 5 1350 ~500 - - ~1 61.9+75 [11]
HA/Ca0-P,0s 10 1200 ~300 - - ~1.1 - [11]
HA/Ca0-P,0s 2.5 1300 - - - 1.6+0.3 73+13 [101]
HA/Ca0-P,0s 5 1350 - - - 1.4+£0.2 96 +17 [101]
HA/Ca0-P,0s 2.5 1300 - - - 1.2 +£0.05 - [104]
HA/Ca0-P,0s 2.5 1250 ~500 - - - - [11]
HA/Na;0-Ca0-P;0s 5 1300 358+ 18 55+14 - - - [102]
HA/Na;0-Ca0-P;0s 1350 - - - ~105 [12]
HA/Na0-Ca0-P,0s 2.5 1350 - - - - ~140 [13]
HA/Na,0-Ca0-P,0s 2.5 1300 - 178.3+21.9 - - - [138]
HA/Na,0-Ca0-P,0s 10 1250 290+ 12 6717 - - - [110]
HA/Na;0-Ca0-P;0s 2.5 1300 - - - 1.1 +£0.05 - [104]

[106],
HA/Na,0-Ca0-P;0s 4 1350 500 + 66 - ~95 1.45+0.25 ~115 [107],

[112]

[106],
HA/Ca0O-MgO-P,0s 2.5 1350 546 + 34 - ~100 0.71+£0.21 ~105 [107],

[112]
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HA/Ca0O-MgO-P,0s

HA/Ca0O-MgO-P,0s

HA/Ca0-MgO-P,0s

HA/Na,0-Ca0-Al,03-P,0s
HA/CaO-MgO-CaF,-P,0s

HA/CaO-MgO-CaF,-P,0s

HA/Na,0- CaO-CaF,-P,0s
HA/45S5 (Bioglass)

HA/45S5 (Bioglass)

HA/45S5 (Bioglass)

HA/45S5 (Bioglass)

HA/45S5 (Bioglass)
HA/Na>0-K,0-B,03-Al>03-Si0-
HA/Na,0-Ca0-B,03-Al,03-P20s-
SiOy
HA/Na,0-Ca0-B,03-Al,03-P20s-
SiO;

2.5

2.5

2.5

2.5

2.5

10
2.5

10
2.5
25
50

2.5

1350

1300

1100 (hot
pressing)
1300

1350

1350

1250
1300
1200
1200
1300
1200
1200

1300

1350

579 £ 45

594 + 35

693

534 + 45

555 +38

~295

472 + 66

383 +38

~325

411.6 £11.7

251.5+2.38

30

~73

62.23 +20.29
83.03 £33.95

131+14

~100

~95

117.87

~105

~100

0.68 £0.11

0.74 £0.15

1.23

1.2 +0.06

1.17+£0.24

0.69+0.14

0.95+0.04

1.7+0.3

0.66 £ 0.04

1.50+0.10

~160

~100

88.87

~115

~115

[106],
[107],
[112]
[106],
[107],
[112]

[117]

[104]
[106],
[107],
[112]
[106],
[107],
[112]
[115]
[104]
[118]
[118]
[101]
[139]
(17]

[120]

[120]



HA/53S

HA/Na»0-K,0-Ca0-MgO-Al,03-
SiO;
HA/Na;0-K,0-Ca0-P,0s5-SiO,

600 — 800
30-50 (hot - -

pressing)
2.5 1200 156.4 40.61+5.7
70 818 299.1+38.0 -

42.3+4.8

~60

[140]

[141]

[128]
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Besides the mechanical performance improvement, GR-HA composites capitalise on the
presence of the glassy phase biologically-wise, as well. The presence of elements such
phosphorus, silicon, sodium or fluorine, have a positive impact on the bone healing process.
Santos et al. [114] were one of the first research groups to investigate in vitro bioactivity of
phosphate-based GR-HA systems in simulated body fluid solution (SBF), back in the mid-90s,
and led the way for future studies [110], [125], [140]. Such tests attempt to simulate the
interaction between potential biomaterials and an acellular solution mimicking the human
plasma chemistry via assessing the ability to form an apatite layer on their surface while
immersed [142], [143]. However, various researchers have expressed their concerns for such
bioactivity tests, ever since their introduction. One of their main friction points was the fact
that there are various processes/interactions between cells, proteins and human plasma that
are not accounted for, hence making this test unrealistic to the true biological environment
[144]. Additionally, there are cases (e.g., B-TCP) where biomaterials interact to a certain extent
with bone tissue upon implantation but do not always showcase such a biological response
(i.e., forming of an apatite layer) [145], [146]. Lastly, fast dissolution rates might provide a
false-positive result in terms of bioactivity compared to similar or even more bioactive
compounds exhibiting slower dissolution rates. A typical example is pure HA that compared
to bioactive glasses or BCP, is much more stable and “fails” to form an apatite layer as fast as
the latter [146]. Apart from all the resorption related properties, the SBF test is agnostic to
intrinsic biocompatibility parameters related to surface characteristics (e.g., wettability, free
energy charge, topography, etc.) [111], [147], [148]. That is the reason many researchers
shifted towards more representative frameworks, such as in vitro osteoblast cell line assays

[15], [113], [138], [149]—[153] or animal in vivo tests [154], [155].
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The biocompatibility of GR-HA samples containing 2.5 wt.% of various ternary phosphate-
based glasses was assessed in a study by Kalita et al. [138]. Osteoblast cell culture studies
revealed no cytotoxic effects and a subset of the tested composites showed increased
biocompatibility compared to pure HA. The aforementioned subset contained sodium within
their glassy phase, an element linked with cell growth. Ferraz et al. [151]—-[153] and Afonso et
al. [156], arrived in analogous results during independent studies investigating the
biocompatibility of GR-HA samples containing ternary and quaternary phosphate-based glass
compositions, respectively. Similar studies have been conducted with fluorine rich phosphate-
based GR-HA systems, since the fluorine presence is a well-established biological enhancing
agent. Lopes et al. [157] conducted in vivo push out studies with such GR-HA samples and
qguantitively assessed the bonding strength between the host tissue and the implant. The
composites containing up to 4 wt.% of a ternary phosphate glass doped with CaF,, exhibited
higher degrees of osteoconductivity compared to pure HA. Additionally, enhanced bone
bonding ability was reported for the composites, too. A great amount of work has been carried
out with a commercial GR-HA system, called Bonelike, containing 4 wt.% of quaternary
phosphate glass system, enriched with both fluorine and sodium. Superior mechanical and
biological performance over HA have been documented in various studies, both in vitro and
in vivo [158]—[160]. Such behaviour can be attributed to the optimised phase composition
profile of the compound, an optimal ratio between stable (HA) and resorbed phases (TCP)
[113], [157], [160], [161].

Multiple studies were focused on investigating the biological effect induced by silicate-based
glass systems in GR-HA samples. After all, such glass compositions were initially utilised in this
framework, primarily for their well-established bioactivity [162]-[166]. In conjunction with the

latter, silicate-based glasses have been reported to exhibit antimicrobial activity [167], [168]

33



while having an active role in promoting angiogenesis and neovascularization [169]-[171].
Santos et al. [114] in the mid-90s investigated the in vitro bioactivity of a GR-HA system
containing 2.5 wt.% 45S5 glass. The silicate-based GR-HA samples showed higher degrees of
dissolution and surface apatite formation, compared to pure HA and phosphate-based GR-HA
system. It is worth mentioning that since this work, analogous results have been reported in
various studies investigating similar silicate-based, mainly melt-derived, glasses [17], [119],
[126], [128], [139], [172], [173]. Demirkiran et al. [139], [172] investigated the use of 4555
glass either as a sintering aid or a secondary glassy phase, with varying glass loadings. In the
first case, small quantities of 45S5 glass was introduced in GR-HA specimens (< 5 wt.%) and
HA decomposition to B-TCP was reported. The authors speculated that the small amount of
glass behaves as a heterogeneous nucleus site or a triggering point that promotes the B-TCP
phase transformation. Increasing the glass content (> 5wt.%) resulted in different phase
transformations, unrelated to HA decomposition but heavily connected to the glass
components; calcium phosphate silicate and sodium calcium phosphate phases were reported
this time. Both GR-HA specimens outperformed pure HA samples during an apatite formation
test and a primary rat bone marrow stromal cells study; the composites containing lower glass
loadings, exhibited inferior biological response than the glass-rich samples. Bellucci et al.
[122]-[124] investigated the usage of a novel silicate-based glass composition, resistant to
crystallisation, and carried out biocompatibility studies containing GR-HA with various glass
loadings. Optimised GR-HA compositions (> 20 wt.%) and sintering profiles (~800°C) were
employed, in order to prevent glass crystallisation, an event linked to reduced mechanical and
biological performance. GR-HA specimens containing the novel silicate compositions,
outperformed composites with the same amount of 45S5 glass, a golden standard in the

biomaterials industry, in terms of bioactivity and cell culture response.
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In recent years, a lot of effort has been focused on the utilisation of sol-gel silicate glasses in
GR-HA systems. These types of glasses showcase high porosity and smaller particle size,
portraying higher dissolution and apatite formation rates compared to traditionally
manufactured melt-derived glasses. Due to their increased reactivity, tailored utilisation
strategies are employed when used in GR-HA systems, in order to prevent phase
transformations or inappropriate resorption rates [174]—-[177]. Padilla et al. [174] investigated
the biocompatibility of GR-HA specimens containing a sol-gel prepared 55S glass. The
composites contained either 5 wt.% or 20 wt.% of this ternary silicate-based glass
composition. GR-HA specimens showed higher biocompatibility rates compared to pure HA or
the glassy phase on its own, revealing a synergistic role between the two phases. Analogous
results were reported by Ragel et al. [178], in their study investigating the use of a different
sol-gel silicate glass (i.e., 77S). SBF immersion tests showed increased bioactivity for the
GR-HA composite samples compared to either phase tested individually.

Considerably fewer studies utilising borate-based glasses in GR-HA composites have been
carried out, compared to either phosphate or silicate counterparts. Since the emergence of
the topic of strengthening HA with a glass phase in the mid-90s, it was mostly solely phosphate
and silicate glasses used. One of reasons behind this, could potentially be cytotoxicity usually
associated with boron ions. Various studies have investigated this phenomenon and
concluded that concentrations above a certain range can be cytotoxic (0.65mM [58] — 2.96
mM [59]). However, this concept is not validated in every case and test environments. Higher
concentrations of boron ions have been reported to be not cytotoxic in dynamic conditions
during in vivo studies [47], [137], [138]. Pinchuk et al. [179] investigated the solubility of
GR-HA specimens containing biogenic or synthetic HA with high loadings (~ 50 wt.%) of a novel

borosilicate glass. Suitable dissolution rates for hard tissue engineering applications were
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reported in both cases; the GR-HA samples containing synthetic HA, could potentially be used
as drug carriers due to their higher solubility, as per the authors’ suggestion. Moreover,
Youness et al. [136] investigated the biocompatibility of GR-HA samples containing high
quantities of inert borosilicate glass (60 — 90 wt.%), either pure or doped with selenium. Both
sets of GR-HA specimens exhibited suitable bioactivity during SBF immersion tests, while the
selenium doped samples outperformed their non-doped counterparts. Lastly, Abulyaziedet al.
[14] and Alturki et al. [137] investigated the use of a borate-rich borosilicate glass, doped with
gold and assessed the bioactivity of the fabricated GR-HA specimens; multiple glass loadings
were tested in each study, 0 — 20 wt.% [14] in one case and 0 — 32 wt.% in the other [137].
Increased bioactivity was reported in either case with increasing amounts of glass content
during SBF immersion studies.

There have been attempts by various research groups, to further enhance the biological
response of GR-HA systems by adding active ingredients within the glassy phase. The extra
elements or compounds enhance the bioactive character even further, introduce
antimicrobial activity or act as targeted therapeutic agents. lonic substitutions within the HA
matrix have been shown to stabilise against phase transformations and/or further enhance
the bioactive behaviour of the composite. Elements containing similar electronegativity and
ionic radius with calcium cations, are able to substitute them within the HA unit cell. Mg [103],
[106], [107], [111]-[113], Al [101], [104], [114] or F [106], [107], [111]-[113], [115]-[117] are
some of the elements “traditionally” employed for such applications. In recent years, rare
earth elements have gained increased attention for usage in GR-HA, due to their ability to
actively contribute in the bone healing process and the introduction of antimicrobial activity
in certain cases [15], [16], [180]. Coelho et al. [16] utilised a novel phosphate glass system,

doped with cerium and lanthanum, and investigated the biocompatibility of GR-HA specimens
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containing 2.5 wt.% glass loadings. Increased cell adhesion and viability were reported for
both lanthanide-containing GR-HA samples compared to pure HA specimens, during in vitro
osteoblast cell culture studies. Morais et al. [15], in a similar study utilising samarium as an
active ingredient, investigated the biocompatibility and the antimicrobial activity of GR-HA
samples with a glass loading ranging from 0 — 2.5 wt.%. Composite samples containing the
active lanthanide phase, outperformed their samarium-free counterparts during osteoblast
cell culture studies. Additionally, samarium-doped composites exhibited antimicrobial activity
towards Gram positive bacteria (Staphylococcus aureus & Staphylococcus epidermidis) but
not against Gram negative (Pseudomonas aeruginosa), during a bacterial adhesion study. The
same group investigated the use of a cerium in a similar study [180], with GR-HA samples
containing 0 — 5 wt.% glass content. Similar results were reported in terms of biocompatibility
during osteoblast cell culture studies; cerium-doped specimens outperformed pure HA and
cerium-free GR-HA samples. In terms of antimicrobial behaviour, the authors reported
analogous results with their previous study since the cerium-doped GR-HA specimens were

only effective against Gram positive bacteria.
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2.5 Additive manufacturing

The combination of modern manufacturing methods with novel bioceramic feedstocks is
undoubtedly a promising framework towards personalised medicine. Custom regenerative
tissue engineering services, tailor-made to a patient’s needs, have the potential to be the
paradigm shift in shaping the biomedical sector of the future. Generally, bone tissue related
surgeries require the adaptation of pre-fabricated implants agnostic to the skeletal
morphology of each patient. This approach can be troublesome for clinicians since each
patient shares different skeletal characteristics. Additive Manufacturing (AM) techniques can
undoubtedly aid towards this direction since a custom implant can be precisely fabricated to
meet each patient’s requirements, in an ad hoc manner. Such a process mainly comprises of

four steps:

1) 3D scan of the affected area to acquire the geometry of the damaged part.
2) Analysis of the scanned area and digitisation of the implant to be fabricated.

i. Digitising the part to be printed is a multi-step process. Initially, a digital
file is created that holds all the information regarding the geometrical
features of the part; .STL or .3MF, are typical formats. Subsequently,
this file is further processed in slicer software where all the printing
parameters are set (e.g., layer height, printing speed, etc.). Finally,
a .gcode file is produced and uploaded to the printing platform.

3) Production of the tailor-made hard tissue specimen via AM methods.

4) Implantation of the AM fabricated implant.

A schematic approach showcasing the aforementioned process can be found in Figure 2.4

[181].

38



e

Q\<ﬁ ' ~

v

— = 1 7 200 mm

Patient DICOM acquisition Defect identification + 3D model

2
Wee

11

Patient implantation 200 mm 3D printing 50 mm

Figure 2.4: The process of personalised medicine with the use of Additive Manufacturing, reproduced from [181].

Additive manufacturing is a relatively new material processing route and it was initially
commercially introduced with “Stereolithography” (SLA) by Chuck Hull, in the mid-80s [182].
Back then, polymeric prototypes of any sort, frequently required an engineering team, a
design team, a machine shop and finally an injection moulder. If a revision was required, the
whole process needed to start from scratch. With this invention, the same result was achieved
much faster, at a fraction of the human resources required. An industrial unit equipped with
a UV source would selectively fuse a photocurable resin in a layer-by-layer fashion, until the
3D prototype was developed. In recent years, additional families of AM methods have been
introduced and the technology as a whole has matured enough to go beyond rapid
prototyping purposes. Polymeric, metallic or ceramic production parts are currently realised

in such manner.
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Alternative Names:

SLA™ - Stereolithograptyy Apparatus

DLP™- Digital Light Processing

3SP™. Scan, Spin, and Selectively Photocure
CUP™ — Confinuous Liquid Interface Production

Description:

A vat of liquid photopolymer resin is cured
through seleclive exposute to light (via a laser
of projector) which then inhiales polymerization
and converts the exposed areas 10 a solid part

Strengths:
*  High level of accuracy and compiexty
*  Smooth surface finsh
*  Accommodates large budld areas

presented in Figure 2.5 [183].

The latest classification of all the different AM techniques, according to ISO/ASTM 52900, is

POWDER BED
FUSION (PBF)

Alternative Names:

SLS™- Selective Laser Sintering; DMLS ™ -
Direct Metal Laser Sinfering, SLM™ - Seleclive
Laser Meiting: EBM ™ - Electron Beam Meiting
SHS™- Selective Heat Sinlenng

MJF™- Multi-Jet Fusion

Description:

Powdered malenals 15 selectively consolidaled
by melting it fogethes using a heal source
such as a laser or electron beam. The powder
surrounding the consolidaled pant acts
assupport material for overhanging features.

Strengths:
= High level of complexty
*  Powder acls as suppor! malerial
= Wide range of materals

BINDER
JETTING

Alternative Names:
30P™- 30 Printing
ExOne

Voxeljet

Description:
Liquid bonding agents are selectvely applied
onlo thin fayers of powdered madessal to build up
parts layer by layer. The binders include organic
and norganic malerials. Metal or ceramic
powdered parts are typically fired in a fumace
alter they are printed
Strengths:

= Allows for full color printing

*  High productivity

*  Uses a wide range ol malerials

MATERIAL
JETTING

Alternative Names:

Polyjet™

SCP™- Smooth Curvatures Printing
MM - Multi-Jet Modeling

Projet™

Description:

Droplets of material are deposited layer by layer
to make parts. Common vaneties include jetling
a photcurable resin and curing it with UV light,
as well as jetting thermally molten materials that
then solidify in ambient lemperatures.

Strengths:
= High level of accuracy
*  Aliows for full color parts
*  Enables multiple materals n a single part

Typical Materials
UV-Curable Photopolymer Resins

Typical Materials
Plastics, Metal and Ceramic Powders, and
Sand

Typical Materials
Powdered Plastic, Metal, Ceramecs, Giass,
and Sand

Typical Materials
topolymers, Polymers, Waxes

7 Families of Additive Manufacturing

According

SHEET
LAMINATION
Alternative Names:
LOM - Laminated Object Manufacture

SDL - Selective Deposibion Laminabon
UAM - Ultrasomic Additive Manutacturing

Alternative Names:
FFF - Fused Filament Fabrication
FDOM™- Fused Deposition Modeling

to ISO/ASTM52900-15 (formerly ASTM F2792)

Alternative Names:

LMD - Laser Metal Deposition

LENS™- Laser Engineered Net Shaping
DMD ™ - Direct Metal Depasition (DM3D)
LENS™ — Laser Engineered Net Shaping
DMO™ — Dwect Metal Deposition DM3D,

HYBRID

Alternative Names:
AMBIT™ - Created by Hybid Manufacturing
Technologies

Description:
Sheels of material are stacked and laminated
together to form an object The lamination
method can be adhesives or chemical (paper/
plastics), ultrasonic welding, or brazing
(metals). Unneeded regions are cut out fayer by
layer and removed after the object is buslt

ngths:
*  High volumetric buikd rates
*  Relatively low cost (non-metais)
*  Allows for combinations of metal foils,
including embedding components.

Typical Materials
Paper, Plastic Sheets, and Metal Fods/Tapes

Description:

Matenial is exruded through a nozzle or onfice
in tracks or beads, which are then combined into
multi-layer modets. Common varieties include
healed thermopiastic exrusion (similar to a hot
glue gun) and Syninge dispensing

Description:

Powder or wire 15 fed into a meit pool which
has been generaled on the surface of the part
where it adheres to the underlying part or layers
by using an energy source such as a laser of
electron beam This 1s essentially a form of
automated build-up welding

Strengths:
o Inexpensive and economical
*  Allows for multiple colors
«  (Can be used in an office environment
*  Pas have good structural properties
Typical Materials
Thermopiastic Framents and Peliets (FFF)
Liquids, and Slumes (Syringe Types)

Strengths:
*  Not limited by direchion o aas
«  Effective for repairs and adding features
*  Multiple matenals in a single part
= Highes! singie-point deposition rates

Description:
Laser metal deposstion (3 form of DED) 15
combined with CNC machining, which allows
additive manufacturing and 'sublractive’
machining lo be performed in a single machine
s0 that parts can utilize the strengths of both
processes.

Strengths:

«  Smooth surface finish AND High Productvity

* Geomelncal and matenal freedoms of DED

*  Automated in-process support removal
finishing, and inspection

Typical Materials
Metal Wire and Powder, with Ceramics

Typical Materials
Metal Powder and Wire, with Ceramics

Created and designed by Hybrid Manufacturing Technologies. For more information go to www.hybridmanutech.com

Figure 2.5: Classification of the AM techniques according to ISO/ASTM 52900 [183].
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The diffusion of AM techniques within the biomedical sector has been relatively slow,
compared to the rapid advancements in available printing platforms. The main reason behind
this lag could be attributed to the scrutinous, but required, procedures surrounding medical
applications and the lack of standardisation up to a certain extent. However, in recent years
multiple steps forward have been taken towards this goal, as it can be seen in Table 1 at Bose
et al. [184]. More specifically, since the early 2000s, various bone tissue engineering studies
investigated the usage of AM techniques, such as: fused filament fabrication (FFF),
stereolithography (SLA), direct ink writing (DIW) and selective laser sintering (SLS). Calcium
phosphates, polymers and bioactive glasses were some of the materials covered in those
studies. However, limited work has been carried out with GR-HA feedstocks [21]. A highly
promising AM technique that fits this profile is selective laser sintering, where even less work

has been conducted so far regarding the printability of GR-HA with SLS.

2.5.1 Selective laser sintering
2.5.1.1 Process overview

Selective laser sintering was developed in the 1980s, at the University of Texas by Carl R.
Deckard and Joseph J. Beaman [18], [21], [185]—[187]. The technology was further developed
by DTM, with the Rapidsteel process [188], [189], which was later acquired by 3D systems
[21], [190]. SLS is a powder bed fusion AM technology in which a high power laser irradiates
the powder bed and sinters the powder feedstock creating the geometric 2D pattern on every
layer. The specifications of each layer and the printing process in general are included in the
input file uploaded to the printer (i.e., .gcode file), as previously discussed. By the time the
scanning of a layer is complete, the printing platform lowers to the desired layer thickness and
a roller or a doctor blade introduces a fresh layer of untreated powder so the laser irradiation

can start once again. The aforementioned process is repeated in a layer-by-layer fashion until
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the desired 3D geometry is achieved; the unirradiated powder acts as supporting structure to
the printed part, therefore no printed supports are required for this method. Lastly, any
unbound powder is removed via a de-powdering process as soon as the printing is finished

[191]-[198]. A schematic representation of the SLS process is shown in Figure 2.6 [199].
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Powder Bed - Sintered powder particles

Build Platform

\ Y ‘ Unsintered material in
| 1 PeSe previous layers

Figure 2.6: Schematic representation of the SLS process [199].

SLS can either be a single-step or a multi-step AM process. In the first case no post-processing
is required for producing a part with the intended properties (e.g. mechanical properties,
roughness, porosity, etc.), whereas extra processing steps are required in the case of the latter
[200], [201]. Conventional sintering, hot/cold isostatic pressing and ceramic infiltration are the
most common post-processing steps that the irradiated part (green body) undergoes post

printing [191]-[198].

Thermal shock is a common issue during SLS processing due to the large thermal gradients
realised on the printing bed during printing [202]-[204]. Extreme heating and cooling rates
can have adverse effects (e.g., shrinkage, porosity, cracking, etc.) on the final properties of the
printed part [202]-[204]. Various mitigation strategies are employed in order to minimise this
phenomenon, with the most common being the use of a preheated powder bed/chamber

[203]. Radiant and conductive heat transfer methods (or both) are used to heat the powder
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bed to a suitable temperature [205]—-[208]. The heating temperature depends on the powder
feedstock but it is usually set just below its melting point. This applies to semi-crystalline
polymers, metals and ceramics; in the case of amorphous polymers, the temperature is set
just below their glass transition temperature [191], [209], [210]. As soon as the selected
temperature is achieved, the SLS process proceeds normally with the scanning laser source
irradiating the powder bed according to the part’s specifications/geometry. Other mitigation
strategies include the utilisation of slow cooling rates before the printed part is removed from
the printing chamber. High cooling rates may induce similar adverse effects as previously

described, including warping, cracking and shrinkage [203].

There are two approaches for producing parts with SLS:

In the first approach, often called direct SLS (dSLS) [186], [191], [198], [211], the feedstock is
deposited on the work area either as dry powder or in slurry form; in both cases no binding
agents are used. The densification of the part is achieved mainly through a solid state diffusion
mechanism [21], [186], [205] and this justifies the popularity of this method with low-melting

polymers and metals [186].

Processing ceramics via the dSLS approach can be challenging mainly due to the high
temperatures required by the inherent refractory nature of the powder feedstock and the
limited thermal shock resistance [186]. Minimising the thermal gradient during SLS processing
is often achieved by the use of a preheated powder bed [193], [212], [213], as previously
discussed. This has been achieved with the usage of defocused laser sources that heat the
printing area just below the powder feedstock’s melting point in the past [212], [214]. Other

common issues with ceramic dSLS printed parts are high porosity or dimensional inaccuracies;

43



fast laser scanning can lead to low density parts while multiple scanning attempts can

introduce geometrical irregularities [191].

The second approach is commonly used for high melting temperature materials, such as
metals and ceramics; this method is usually referred to as indirect SLS (iSLS) and the feedstock
deposition is similar to dSLS [186], [191], [198], [211], [215]. The fundamental difference
between dSLS and iSLS is the incorporation of a low melting binding agent within the powder
feedstock. The required geometry for a printed part is achieved via melting the binding agents
that act as bonding elements between the primary powder particles. Common binding agents
utilised in iSLS are organic compounds with a low melting temperature, but inorganic
substances with similar thermal characteristics are used, as well. The most frequently used
organic binders are thermoplastics (e.g. polyetheretherketone (PEEK), polycaprolactone
(PCL)), thermosetting polymers, waxes (e.g. carnauba wax) and acids (e.g. stearic acid, etc.)
[186], [198]. Moreover, low melting glasses and metal oxides have been used in the past as
inorganic binding agents [25], [216], [217]. In the case of iSLS printed parts, the mitigation
strategy of the preheated powder bed previously described is applicable, too. However, in this
case the powder bed temperature is selected in regard to the binder’s melting point rather

than the powder feedstock component exhibiting a higher melting point [186], [191], [203].

This approach is highly advantageous compared to dSLS since the aforementioned substances
require lower temperatures to be partially or fully melted and are more resilient to thermal
shocks [186], [218]. The resulting green body is a composite material, comprising of the
primary powder and the binder. In the case of organic binders, a debinding step is required
before any further post-processing; the printed parts undergo a heat treatment that removes

any traces of the binders. However, the use of large quantities of binding agents can lead to
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significant shrinkage during the final post-processing step (i.e., sintering) [219]. Additionally,
total binder removal can be problematic in large printed parts, leading to crack and porosity
formation, unless appropriate measures are in place (e.g., slow debinding rates, integration of
ventilation openings in the part’s geometry) [187], [201], [220]. On the other hand, inorganic
binders cannot be removed in such a way; they remain within the final product and form new
phases with the primary material. Furthermore, they can act as sintering aids [17], [47],
promoting the densification of the final product, and can provide additional functionality to

the printed part (e.g., enhanced biological and antimicrobial properties [56]).
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2.5.1.2 Process window

There are a number of parameters that influence the overall quality of ceramic parts
manufactured by SLS such as the laser-powder interaction, the powder feedstock properties,
the position and orientation of the part on the building platform and slicing parameters. More
specifically, every material/composition has a different process window that can only be
identified via experimentation. Laser wavelength, power, scanning speed and hatch distance
heavily impact the quality of the printed parts and their values vary depending on the powder

feedstock [21], [192], [194], [195], [221]-[224].

A schematic overview of the SLS process in a single layer is shown in Figure 2.7.
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Figure 2.7: Schematic overview of the SLS process in a single layer [187].

The main parameters that influence the final properties of an SLS printed part can be found in

Table 2.11.
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Table 2.11: SLS printing parameters [1]

Parameter  Description References
Particle [5], [20],
Powd geometry Spherical particles with a particle size distribution that ranges from 10 - 150 um, provide better packing [224]-
owder
density, homogeneity and flowability to the powder feedstock, parameters that are crucial for achieving [230], [21],
feedstock Particle size i -
optimal results. [191]
The power of the laser source in each print varies depending on the nature and the characteristics of the (186], [197]
Power powder feedstock as well as the SLS approach used (dSLS or iSLS); typical power values span from tens to [229]' [232]'
hundreds of watts. It highly affects the density of the printed part, in conjunction with the scanning speed.
Laser
Characteristics Energy absorbance is an important factor during the scanning process. Nd:YAG and fiber sources that (221], [225]
operate at 1.06 um are better suited for metals whereas CO; laser sources (10.6 um) provide excellent ’ ’
Wavelength , , ] . [230], [231],
energy coupling with ceramics and polymers. Absorbance enhancers (e.g., graphite) can be added to the (233]-{235]
powder feedstock to boost the energy absorption. (This topic is further discussed in sub-section 6.2)
The pace at which the laser source irradiates the scanning area per pass; it is usually measured in mm/s [191], [195],
Scan speed and typical values vary from 10 - 6000 mm/s. It affects the final properties of printed part as lower scan [218], [221],
Scanning speeds can lead to increased densification and vice versa. [230], [232]
parameters Hatch The spacing between two scan lines highly affects the density of the printed part as well as the production 191], [194]
atc ) )
. speed; synonyms for this parameter are hatch space, hatch spacing and scan spacing. Overlapping
distance [230], [232]

avoidance can be achieved via selecting a hatch distance value equal or greater to the laser spot size.
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Energy
deposition

Energy
density

Energy density (e) is a product of the scanning speed (v), laser power (P) and laser spot size (s) (or hatch
distance) and provides a metric regarding the applied energy per unit area. It is usually measured in
J/mm? and can be calculated through the following formula:

VxS [186], [192],
[193], [195],
[221], [230],

It is a very useful metric for identifying the optimum process window since it relates crucial printing (231], [236]

parameters together. However, energy density should not be the sole design parameter during SLS
printing optimisation studies. The energy density metric is agnostic to important process parameters, such
as powder feedstock characteristics (e.g., absorbance, thermal conductivity, flow behaviour, etc.),
environmental conditions (e.g., pre-heated powder bed, etc.) or process variables (e.g., melt pool
dynamics). Therefore, a holistic approach capable of describing both the printing parameters and the
laser-powder interaction needs to be followed during SLS studies.
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2.5.2 Selective laser sintering of hydroxyapatite

The coupling of hydroxyapatite and selective laser sintering is an effective approach in
producing porous structures for bone tissue scaffolds applications; patient tailored medical
devices can be printed with high dimensional accuracy (e.g., interconnected porous network
with features ranging from 100 — 400 um) and enhanced biocompatibility [191], [237].
Processing hydroxyapatite via SLS, either directly or indirectly, presents some limitations,
mainly due to its refractory character and its limited thermal shock resistance. It is often
combined with polymeric or inorganic binders, either as a filler or as the main material in
scaffold-guided tissue engineering applications. Glass and low-melting ceramic substances are
the usual inorganic binders used alongside hydroxyapatite, whereas polyvinyl alcohol (PVA),
polyetheretherketone, polyethylene (PE), polylactid acid (PLA), poly(lactic-co-glycolic acid)
(PLGA) and polycaprolactone are their polymeric counterparts [25], [191], [194], [216], [217],

[221], [222], [224], [237], [238] .

2.5.2.1 Direct selective laser sintering of hydroxyapatite

Additively manufacturing HA via dSLS is a challenging approach due to the limited thermal
shock resistance and the inherent refractory nature of the material. High energy densities are
required and mitigation strategies for minimizing the temperature gradients during processing

need to be employed.

Shuai et al. conducted a feasibility study on fabricating nano hydroxyapatite (nHA) scaffolds
via dSLS [239]; an in-house developed CO; laser system was utilised and rectangular porous
scaffolds were printed. The specimens exhibited fair geometrical accuracy and no chemical
degradation was reported when the optimal printing parameters were in use. Shuai et al.

investigated in a similar approach the feasibility of processing a biphasic calcium phosphate
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(BCP) powder feedstock, comprising of HA and beta tricalcium phosphate (B-TCP) via dSLS
[95]. The porous printed scaffolds with a TCP ratio of 30 wt.% showed great dimensional
accuracy and mechanical properties comparable to cortical bone; fully dense microstructure
was further confirmed via SEM analysis. Moreover, MG63 cell culture studies showed

increased adhesion and proliferation performance on the BCP scaffolds compared to pure HA.

An extension to the feasibility study in 2011 [239] was conducted by Shuai et al. [237],
investigating the process optimization of fabricating nHA tissue engineering scaffolds via dSLS.
Multiple samples were prepared with varying energy densities, ranging from 2 —5 J/mm?, and
an optimum process window was identified. The printed specimens prepared with an energy
density of 4 J/mm? exhibited fully dense microstructure, enhanced mechanical properties and
no chemical degradation due to dehydroxylation; 4 GPa and 1.28 MPa were the reported
values for Vickers hardness and fracture toughness, respectively. Moreover, the printed parts
showed good biological activity since bone-like apatite crystals appeared on the surface of the

parts after immersion in simulated body fluid (SBF).

Feng et al. investigated the fabrication of nHA tissue scaffolds through a novel two-step
sintering (NTSS) method [9]. Rectangular scaffolds were printed via SLS (see Figure 2.8) and
were subsequently subjected to optimized heat treatment profiles in various temperatures;
1100 °C was reported to be the optimum temperature since any further increase resulted in
chemical degradation (i.e., dehydroxylation and phase transformation phenomena), poorer
mechanical and biological properties. The specimens exhibited great dimensional accuracy,
suitable mechanical properties and dense microstructure; 97.6%, 18.68 MPa and 245.79 MPa

were the values reported for relative density, compressive strength and stiffness, respectively.
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Lastly, good cell adhesion, cell proliferation (MG63 cell culture study) and bone growth

promotion were reported (apatite formation, SBF immersion).

Figure 2.8: a) SEM image of the nHA powder, b) Optical image of the printed scaffold and c)-e) SEM images of the printed
scaffold, reproduced from [9].
Navarrete-Segado et al. [240] investigated the processability of hydroxyapatite and
chlorapatite during SLS processing. An addition of up to 10 wt.% of graphite powder in each
feedstock was found to be necessary since energy absorbance was minimal for the precursor
powders at 1070 nm. A process window study, investigating the processability of short circular
samples, revealed that chlorapatite was more versatile compared to hydroxyapatite, since the
latter exhibited a significantly narrower process window. Furthermore, chlorapatite exhibited

better performance in terms of thermal stability since no dehydroxylation was observed in the
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as-printed specimens. In the case of hydroxyapatite, extensive thermal degradation was
recorded with secondary phases, tetracalcium phosphate and a-TCP, accruing for more than

50% of the total composition of the SLS-printed samples.

Furthermore, the fabrication of more complex designs utilising the HA powder feedstock was
investigated and a suitable printing profile was identified (30 W, 25 mm/s). The printed
specimens exhibited fair dimensional accuracy and an interconnected porous structure that
was mainly attributed to balling phenomena during printing. Last but not least, the printability
of tall cylindrical specimens with a printing profile optimised for maximum vyield (36 W, 75
mm/s) was assessed. The printed specimens exhibited fair dimensional accuracy compared to
the CAD geometry (3% and 12% difference in height and diameter, respectively), however
they suffered from significant brittleness. Thermal degradation similarly to the process
window study was reported. However, the research team identified that the phase
transformations can be partially reverted via a heat treatment cycle. Lastly, post-processing
had a positive effect in terms of compression strength (increase from 0.010 MPa to 0.049 MPa)
and densification in addition to the removal of any trapped graphite powder in the samples

via pyrolysis.

2.5.2.2 Indirect selective laser sintering of hydroxyapatite

Few attempts have been reported for producing HA/glass parts via SLS; the main hindering
reasons include high temperature processing and difficulty in fabrication of multi-layer
components. Lorrison et al. investigated the feasibility of processing HA and an in-house
synthesized, bioresorbable phosphate glass (P205-:Ca0-Nax0) via SLS [24], [25]. This biphasic,
physically blended powder feedstock was chosen for maximizing the process window; the

intention behind the glass addition was to enhance the biological properties of the printed
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parts while acting as an inorganic binding agent for the HA particles. A glass loading ratio of
10 vol.% was selected via a printing process optimization study and both monolayer and
multilayer specimens were printed. Fragility was reported for both types of specimens and
curling was a major issue for the multilayer printed parts, too. Morphological analysis by SEM
showed that the glass particles melted, forming pockets filled with glass, rather than wetting

the HA particles.

Liu investigated the fabrication of HA scaffolds via a slurry iSLS approach, utilising colloidal
silica and an inorganic dispersing agent (STPP — sodium tripolyphosphate) [216]; the main
components of the slurry feedstock were biocompatible while the latter was bioinert. A
thorough process optimization study was carried out and a slurry with a weight ratio of
36.5:62.5:1 wt.% (HA:Silica:STPP) was chosen. Rectangular porous scaffolds were fabricated
that exhibited good dimensional accuracy and structural integrity. The printed specimens
underwent heat treatment for further solidification; the post processing analysis showed that
1200 °C for 2 hours was the optimum overall setting. It was reported that an increase in
temperature by 100 °C was beneficial towards further solidification but negatively impacted
the formation of the microporous network required for cell growth; any further temperature
increase led to material degradation due to HA dehydroxylation. A significant increase in
density, compressive strength and bending strength was reported for the printed specimens
compared to the green body. Furthermore, microstructural analysis by SEM and surface
roughness tests showed suitable microporosity (~ 25 um) for cell adhesion and growth on the

surface of the specimens; the latter was further validated by an MG63 cell culture study.

Duan et al. investigated the feasibility of processing nHA via SLS with the addition of a triphasic

low melting compound, comprising of Ca0-Al,03-SiO, (CAS) [217]; the latter was utilised for
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promoting both densification through liquid phase sintering and bioactivity via Si ion
interactions. 3 wt.% CAS ratio was found to be optimal since any further addition of CAS to
the powder feedstock had a negative impact on the overall properties of the fabricated
samples. The composite specimens exhibited superior mechanical properties compared to
pure nHA; the increased performance was attributed to the achieved fully dense
microstructure. 22.22 MPa, 1.68 MPa/m™2 and 4.47 GPa were the reported values for
compression strength, fracture toughness and Vickers hardness, respectively. Furthermore,
the samples showed excellent biocompatibility during an MG63 cell study; cell adhesion and
proliferation were reported. Lastly, the specimens exhibited bone growth promotion during

SBF immersion tests.

Zeng et al. fabricated biphasic calcium phosphate tissue engineering scaffolds via a polymeric
sacrificial binder route [241]; the powder feedstock was a physical blend of HA, B-TCP and a
medical grade, low-melting epoxy resin (ER). An optimization study was carried out to
determine the optimal weight ratios for the ternary system; 70/30 wt.% was chosen as the
optimal HA/B-TCP ratio, based on a previous study by Shuai et al. [95], and 50/50 wt.% BCP/ER
ratio exhibited the best overall performance. Cylindrical porous scaffolds were fabricated and
heat-treated at 1100 °C for a duration of 4 hours to remove any trace of the epoxy resin. The
specimens exhibited great dimensional accuracy, high specific surface area and suitable
mechanical properties; 80.8%, 133.25 KPa, 4.38 MPa were the values reported for average
porosity, compressive strength and elastic modulus, respectively. Furthermore, excellent
biocompatibility both in vitro and in vivo was reported; the specimens induced osteogenic

response, too.
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CHAPTER 3 — Aims and objectives

The aim of the present study is to develop a novel GR-HA powder feedstock suitable for tissue
engineering applications. The composite powder feedstock should be resistant to
crystallisation and HA degradation while enhancing the overall mechanical and biological
performance. Additionally, processing the developed GR-HA powder feedstock via selective

laser sintering should be feasible.

A silicate-based glass could not fit this role, since this family of glasses is prone to
crystallisation [53], [118], [120] unless tailored compositions and sintering profiles are
employed [119], [126]-[128]. Additionally, GR-HA containing a phosphate-based glass
secondary phase would not be ideal candidates. They are similarly vulnerable to crystallisation
phenomena, unless appropriate measures are in place (e.g., glass loading < 10 wt.%, sintering
temperatures < 1300 °C) that partially mitigate the adverse effects [11], [102], [103], [106],

[109], [113].

Taking into account all of the above, a borosilicate glass is an ideal candidate for the proposed
GR-HA system. Borosilicate glasses have been employed successfully in such systems,
exhibiting superior mechanical [17], [131], [132], [134], [135] and biological [14], [136], [137],
[179] performance, compared to pure HA specimens. Additionally, their tolerance in
crystallisation is well established [57] and such systems have started to gain increased
attention only in recent years. Furthermore, lanthanide-doping in such systems has not been
investigated adding to the novelty of the work. Lanthanum oxide in particular is a great fit,
since when utilised in GR-HA systems it provided both mechanical strengthening and superior

biological properties [16], [83], [180]. Lastly, the few SLS studies carried out utilising a GR-HA
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feedstock, investigated the use of HA blended with a phosphate-based glass without exploring

any powder optimisation routes [24], [25].

In the present study, the glass system 50B,03-20Si0;-20Na;0-(10-x)Ca0-xLa>0sis expected to
provide mechanical and biological enhancement when employed within GR-HA specimens,
without exhibiting any crystallisation phenomena upon sintering. Furthermore, the
introduction of La;03 within the glassy phase, is envisaged to provide further reinforcement
in terms of mechanical and biological properties. Lastly, powder feedstocks comprising of HA
and the novel glass system are expected to perform better in terms of SLS printability

compared to pure HA, due to their increased thermal stability.

The objectives of the present study are:

1. Investigate the mechanical and biological performance of a GR-HA system containing

50B,03-20Si0;-20Na,0-(10-x)Ca0-xLa203, as a secondary glassy phase.

1.1. Investigate whether the composite samples are susceptible to crystallisation or HA
decomposition phenomena during sintering.

1.2. Investigate whether the glass phase acts as a sintering aid and enhances densification.
1.2.1. Identify the glass loading threshold upon which the densification process

occurs.

1.3. Examine whether the glass phase enhances the mechanical performance of the
composite samples.

1.4. Investigate whether the composite specimens exhibit any antimicrobial efficacy
against bacteria commonly found in tissue engineering applications.

1.5. Examine the biocompatibility of the composite samples.
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1.6. Investigate the role of La;0s; content in terms of mechanical and biological
performance.

Investigate the feasibility of utilising the novel GR-HA powder feedstock in SLS studies.

2.1. Examine whether the glass content affects SLS processability.

2.2. Investigate whether the composite powder feedstock is susceptible to crystallisation
or HA decomposition phenomena during SLS processing.

2.3. Investigate whether the glass phase acts as a sintering aid and enhances densification.
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CHAPTER 4 — Materials and methods

4.1 Glass making

The molar compositions of the synthesised glasses investigated in this study, can be found in

Table 4.1.
Table 4.1: Molar compositions of the synthesised glasses
B203 SiO2 Na,O CaO La;03
(mol%) (mol%) (mol%) (mol%) (mol%)
BGO 50 20 20 10 -
BG1.25 50 20 20 8.75 1.25
BG2.5 50 20 20 7.5 2.5
BG3 50 20 20 7 3
BG4 50 20 20 6 4
BG5 50 20 20 5 5

Stoichiometric quantities of boric acid (H3BOs, Sigma, = 99.5%), sodium carbonate (Na,COs3,
Sigma-Aldrich, > 99.0%), silicon dioxide (SiO2, Riedel-de Haén, > 99.0%), calcium carbonate
(CaCOs3, Fluka, 2 99.3%) and lanthanum oxide (La20s, Sigma-Aldrich, > 99.99%) were prepared
as per Table 4.1, taking into account the required gravimetric factors for each composition
[40]. The glass components were mixed thoroughly for 2 hours, using a 3D shaker mixer
(Turbula® mixer, WAB-GROUP, Switzerland) and then the mixture was poured in a disposable
porcelain crucible. The crucible was placed in a furnace (BRF16/5-2416CG, Elite Thermal
Systems Ltd, UK) and heated to 1000 °C for 2 hours, with a heating rate of 10 °C/min.
Subsequently, the contents of the crucible were rapidly quenched in a metallic container filled
with 5L of deionised water. The glass frit was collected, dried, milled under dry conditions and
then sieved to a granule size of d < 45 um. An overview of the glass making process is

presented in Figure 4.1.
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Figure 4.1: Overview of the glass making process. a) Powder reagents in porcelain crucible, b) Porcelain crucible placed
within the furnace, c) Quenching tank filled with deionised water and d) Glass frit.

Glass compositions BG3 and BG4 were translucent (partly-crystallised) while BG5 was fully

crystallised. None of the aforementioned glasses will be discussed further in the thesis.

4.2 Glass reinforced hydroxyapatite sample preparation

Analytical grade hydroxyapatite powder (Urodelia, > 99.9%) alongside fixed proportions of the
synthesided glass were used for preparing all the samples. More specifically, 2.5, 5.0 and 10.0
wt.% of BGO, BG1.25 and BG2.5 glass was blended with HA and mixed for 30 minutes, using a
3D shaker mixer (Turbula® mixer, WAB-GROUP, Switzerland), as per Table 4.2. Cylindrical
specimens with a diameter of 13 mm were prepared via uniaxial pressing, utilising an
evacuable die (GS03000, Specac Ltd., UK) and a hydraulic press. Each sample contained 0.75 g
of powder that was mixed with 10 wt.% ethanol and then 1.1T of force was applied for 45
seconds.
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Table 4.2: GR-HA compositions

HA (Wwt.%) BG (wt.%)

HA2.5BGO 97.5 2.5
HA5BGO 95 5
HA10BGO 90 10
HA2.5BG1.25 97.5 2.5
HA5BG1.25 95 5
HA10BG1.25 90 10
HA2.5BG2.5 97.5 2.5
HA5BG2.5 95 5
HA10BG2.5 90 10

Subsequently, the samples were placed on alumina boats and sintered (BRF16/5-2416CG, Elite
Thermal Systems Ltd, UK) at three different sintering temperatures — 1200 °C, 1250 °C and
1300 °C. The heating rate was 4 °C/min, the dwell time was 1 hour and the samples were
allowed to cool down naturally within the furnace. An overview of the sample making process

is presented in Figure 4.2.

Fre

Figure 4.2: Sample preparation. a) Evacuable die, b) Pressed sample, c) Samples placed within the furnace prior to sintering.
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The mass of each sample was measured pre and post sintering using a digital scale (Pioneer
PA64, OHAUS, USA) to assess weight loss during sintering. The radius and height of each
sample was measured with a digital calliper (IAN275222, Powerfix Profi) to assess the

shrinkage during sintering.

4.3 Sample polishing
Samples were initially cold mounted in clear resin (EpoFix, Struers, Denmark) and then

grounded and polished (Labopol-5/Laboforce-3, Struers, Denmark) as per the steps described

in Table 4.3.
Table 4.3: Sample polishing protocol

. o . Duration Force . o

Grounding/Polishing disc . RPM Lubricant/Polishing agent
(min) (N)

1 Struers MD-220 5 30 50 Water

2 Struers MD-1200 7 30 50 Water

3 Struers MD-2000 7 30 50 Water
4 Struers MD-Pan 10 20 50 Diamond solution, 9 um
5 Struers MD-Dac 10 20 50 Diamond solution, 6 um
6 Struers MD-Nap 10 20 50 Diamond solution, 3 um
7 Struers MD-Chem 15 20 50 Diamond solution, 1 um

4.4 Scanning electron microscopy (SEM)/Energy dispersive X-ray spectrometry (EDS)

The morphological characteristics of samples were qualitatively examined using scanning
electron microscopy (6060, JEOL, Japan) at a forward voltage of 20 kV, a working distance of
10 mm and a spot size of 50. The samples were mounted on aluminium stubs before being
gold coated (SC 500, Emscope Engineering Ltd, UK); copper conductive tape was applied in
certain cases of poor connection between the sample and the sample holder. Compositional
analysis was conducted in samples previously etched in 10 vol.% hydrofluoric acid, using an
energy dispersing X-ray detector (INCA 300, Oxford Instruments, UK) at a forward voltage of

20 KV, a working distance of 10 mm and a spot size of 50.
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4.5 Grain size analysis
The mean grain size was estimated in accordance with ASTM E112 standard utilising the
planimetric method on SEM images. The samples were etched in 10 vol.% hydrofluoric acid

for 1 minute.

4.6 X-ray diffraction (XRD)

Phase identification analysis was conducted with a Bruker D8 Advance Diffractometer (Bruker,
UK) using Ni-filtered, Cu Ka radiation with a forward voltage of 40 kV and a current of 40 mA.
10° to 60° was the 20 range that was covered during data collection, with a step size of 0.02°
and dwell time of 1 sec. Phase identification was carried out using the software DIFFRAC.EVA
(Bruker, UK). Rietveld analysis was carried out using GSAS-Il software in order to identify phase
compositions and lattice parameters. The initial phase .cif files were downloaded from the
Crystallography Open Database (http://www.crystallography.net). The parameters refined in
each run were five and more specifically: histogram scale, unit cell, phase fraction, crystallite

size and microstrain.

4.7 Particle size analysis

Particle size distribution for both HA and BG powders was carried out using a laser diffraction
system (Mastersizer MS 3000, Malvern Panalytical, UK). The powders were dispersed in dry
conditions at 0.1 bar of pressure though a venturi channel. Additionally, the particles were

morphologically analysed via SEM.

4.8 Micro computed tomography (uCT)
The internal structure of solid samples (e.g., porosity) was assessed via micro computed
tomography (Scyscan 2211, Bruker, USA), utilising X-rays at a forward voltage of 95 kV, a

working current of 110 pA and 14 um of voxel size/resolution. The system was equipped with
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a 3MP flat panel X-ray CMOS sensor and the samples were secured on top of a 20 mm
cylindrical sample holder via double sided tape. In the case of multiple samples being
examined simultaneously, polymeric 3D printed separators were inserted in between each
sample, as per Figure 4.3. CTVOX and CTAN software (Bruker, USA) were used for image

reconstruction.

Figure 4.3: uCT sample holder.

4.9 Microhardness

Vickers microhardness measurements (VH1202, Buehler Wilson, USA) were carried out in
order to assess the mechanical performance of the fabricated specimens. Polished test
samples were subjected to a 5x5 indentation matrix, at a load of 3N for a duration of 10
seconds/indent. Three samples were tested for each different experimental point
(e.g., composition) and an average microhardness value was calculated. The indenting
diamond head was pyramid shaped with opposite faces in an angle of 136°. The indentation
diagonal was measured using an optical microscope (Axioskop 2, Zeiss, Germany) and Image)

software.
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Microhardness was calculated using the following equation:

P
Hv = 1.854 X F

where P stands for the indentation load (kgf) and D the measured diagonal (mm).

Microhardness was only measured for samples sintered at 1300 °C, due to high porosity

present at samples sintered below this temperature.

4.10 Density

The densities of solid samples during this study were assessed via the Archimedes principle
[242], a gravimetric volume displacement technique. The mass of the samples was recorded
in grams both in air (mar) and while submerged in deionised water (Mwater), at room
temperature using a density determination kit (Mettler Toledo, Switzerland). The density (p)

was calculated using the following constants and formula:

Water density at 20 °C: pyyqcer = 0.9982 9/ 5

Air density: pgy = 0.0012 9/ _ 5

m .
p= . X (pwater - pair) + Pair

Myir — Myqter

Additionally, helium gas pycnometry measurements were carried out for powder specimens
(AccuPyc 1l 1340, Micromeritics, USA). In this method a known amount of powder (~ 0.25 g) is
inserted within a sealed chamber of known dimensions (~ 1 cm?3). Helium gas fills the sample
chamber and upon equilibrium, the chamber’s pressure is recorded. Subsequently, the sample
chamber is evacuated to a connected expansion chamber of known dimensions and the

pressure is measured again. Upon equilibrium the system is flushed and the process is
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repeated 10 times. Finally, the density of the sample is calculated using the following

equation:

msample _ msample

psample -

Vsample Vexpansion_chamber

V. le_chamber ~—
sampte_chamoer Psample_chamber -1

Pexpansion_chamber

4.11 Thermal analysis

Differential scanning calorimetry (DSC) was employed in Chapter 5, in order to assess the

thermal behaviour of the synthesised powder feedstocks.

More specifically, DSC measurements (Stanton Redcroft DSC1500, Rheometric Scientific, UK)
for every synthesised glass powder was carried out and glass transition temperature (Tg) was
calculated with the use of Mettler Toledo’s StarE software. 10 mg of each powder was tested
in platinum crucibles, over a temperature range between 25 °C and 1300 °C, a heating rate of
10 °C/min and an inert (nitrogen) atmosphere. (The DSC measurements were conducted by

Dr. Saroash Shahid at the Queen Mary University of London.)

4.12 Cell culture studies

Biocompatibility behaviour studies were carried out using a human osteoblast cell line in order

to assess the cell attachment and viability on the fabricated samples.

Saos-2 cells were cultured in McCoy's 5A media supplemented with 10 vol.% fetal bovine
serum (FBS), 5 vol.% mixture of penicillin/streptomycin antibiotics and 5 vol.% L-Glutamine.
They were seeded on T25 flasks (ThermoFisher Scientific, USA) and stored within a 5% CO:
humidified incubator, at 37 °C until they reached 70 — 90% confluency. Prior to cell harvesting
with Trypsin and centrifugation, the cells were washed with phosphate buffered saline (PBS).

Subsequently the cells were resuspended in culture media and counted using Trypan blue and
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a hemocytometer. 1 mL of culture media containing 10° cells was seeded on top of each
sample in 24-well plates; the samples prior to seeding were sterilised via autoclaving. The cells

were cultured for 1, 4 and 7 days and the cell medium was changed every 2 days.

Cell viability/proliferation was assessed at days 1, 4 and 7, using the MTT assay. MTT is a
colorimetric technique that measures the metabolic activity of viable cells through the
reduction of 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to purple
formazan crystals. Prior to adding the MTT reagent, the medium was removed from each well
and each sample was transferred to new 24-well plates to ensure that MTT would react only
with the cells adhered on the surface of the samples. 20 uL of MTT (CyQUANT™, ThermoFisher
Scientific, USA) were placed on the surface of each sample. Subsequently 1 mL of
unsupplemented media (Dulbecco's Modified Eagle Medium — DMEM) was added to each well
and the plates were incubated for 3 h within a 5% CO> humidified incubator, at 37 °C. Post
incubation the media containing the MTT was discarded and 0.5 mL of dimethyl sulfoxide
(DMSO) was added in each well. The plates were agitated on a plate shaker and the formazan
crystals were thoroughly mixed in DMSO via pipetting. 300 uL of the supernatant from each
well was transferred to a new 24-well plate and OD readings were taken at 570 nm using an

Elisa microplate reader (ELx800, BioTek, USA).

Additionally, the cells were fixed on the surface of the samples using glutaraldehyde (2.5 vol.%
in sodium cacodylate buffer), a series of dehydration cycles using various concentrations of
ethanol in water (40 — 100 vol.%) and a final evaporation step with hexamethyldisilizane.
Subsequently, the samples were gold coated (SC 500, Emscope Engineering Ltd, UK) and

observed under SEM to assess the degree of attachment and proliferation.
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4.13 Antimicrobial studies
Antimicrobial studies with Gram positive and Gram negative bacteria were carried out in order

to assess the antimicrobial character of the fabricated specimens.

Staphylococcus epidermidis (Gram positive) and Pseudomonas aeruginosa (Gram negative)
were cultured on Mueller—Hinton agar and incubated for 24 hours in a 5% CO; humidified
incubator, at 37 °C. One single colony was suspended in 5 mL of Mueller-Hinton broth and
incubated for 12 hours within a shaking incubator at 37 °Cand 100 rpm. A bacterial suspension
in Mueller—Hinton broth with an ODeoo = 0.1 (7305 UV/Visible Spectrophotometer, Jenway,
UK) was prepared. 1 mL of liquid culture, containing approximately 107 — 108 colony-forming
units (CFU), was seeded on top of each sample in 24-well plates; the samples prior to seeding
were sterilised via autoclaving. The bacterial culture was incubated for 4 hours in 5% CO;

humidified incubator, at 37 °C.

Bacteria viability was assessed after 4 hours of incubation, using the MTT assay. MTT is a
colorimetric technique that measures the metabolic activity of viable bacteria through the
reduction of 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to purple
formazan crystals. Prior to adding the MTT reagent, the liquid culture was removed from each
well and each sample was transferred to new 24-well plates to ensure that MTT would react
only with the bacteria adhered on the surface of the samples. 20 uL of MTT (CyQUANT™,
ThermoFisher Scientific, USA) were placed on the surface of each sample. Subsequently 1 ml
of Mueller—Hinton broth was added to each well and the plates were incubated for 3 h within
a 5% CO; humidified incubator, at 37 °C. Post incubation the Mueller—Hinton broth containing
the MTT was discarded and 0.5 mL of DMSO was added in each well. The plates were agitated

on a plate shaker and the formazan crystals were thoroughly mixed in DMSO via pipetting.
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300 pL of the supernatant from each well was transferred to a new 24-well plate and OD

readings were taken at 570 nm using an Elisa microplate reader (ELx800, BioTek, USA).

4.14 Ultraviolet — Visible (UV-Vis) spectroscopy

Absorbance powder measurements used in the SLS experiments presented in Chapter 6 was
carried out using a UV-Vis spectrophotometer (AGILENT® Cary 5000 UV/Visible/NIR) equipped
with a 110 mm integration sphere accessory. The system was calibrated with specimens of
known absorbances over the range of 900 — 1100 nm with a step size of 1 nm and 0.5 seconds
of integration time. The measurements were conducted over dry conditions, where a thin

powder layer (~ 3 mm) was placed within the sample holder in each run.

4.15 Flow rate — Angle of repose — Compressibility index/Hausner ratio
Powder flow characteristics were assessed with three different methods, as described at
European Pharmacopeia “2.9.36. POWDER FLOW”, for all the powders involved in the SLS

studies in Chapter 6. More specifically:

e Flow rate: The rate at which a given amount of powder passes through a container
(e.g., cylinder, funnel) is measured at the closest of a tenth of a second. Higher rates
are characteristic of free flowable powders and vice versa. There is no general scale of
flowability for such measurements and comparing results between studies is difficult.
Method used:

o 100 g of powder were placed within a glass funnel with a diameter of 15.5 cm,
height of 13.5 cm and orifice opening of 3.2 cm. The end of the funnel was
blocked until the experiment commenced and the amount of time required

for the powder to pass through the orifice was recorded.
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Angle of repose: The angle of the powder pile formed when a given amount of powder
passes through a container (e.g., cylinder, funnel) relative to the horizontal plane, is
related to the flowability of the tested powder. Due to slight differences on equipment
specifications used in measuring the angle of repose, some variation can be found
between different studies. However, the generally accepted classification for this type
of measurement was introduced by Carr [243] and can be found in Table 4.4.

Method used:

o 100 g of powder were placed within a glass funnel with a diameter of 15.5 cm,
height of 13.5 cm and orifice opening of 3.2 cm. The end of the funnel was
blocked until the experiment commenced, a photograph of the powder pile
was taken from a fixed point each time and the angle of repose was measured
utilising the image analysis software Imagel.

Compressibility index/Hausner ratio: The bulk and tapped volume of a powder is used
to measure the compressibility index and the Hausner ratio. Those powder flow
behaviour metrics are widely used in recent years due to their simplicity and speed. A
known amount of powder is placed within a volumetric cylinder and the unsettled
apparent volume is recorded (Vo). Subsequently, the cylinder is tapped until no change
in the powder volume can be observed and the final tapped volume is recorded (V).
The generally accepted classification for both measurements was introduced by Carr

[243] can be found in Table 4.4.
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Method used:

o 100 g of powder were placed within a glass 250 mL volumetric cylinder and Vo
was recorder. The cylinder was subsequently secured on a Tap Density Tester
(PT-TD1, Pharma Test Apparatebau GmbH) that was programmed to tap the
cylinder at a drop height of 3 mm, for 250 times or until no change could be
observed at the final tapped volume. At the end of each run V¢ was recorded
and the compressibility index and Hausner ratio were calculated using the

following equations:

%
Compressibility index = 100 X 70
f

. Vo

Hausner ratio = —

Vy

Table 4.4: Flowability metrics classification [243]

Flow character Angle of repose (°) Compressibility index (%) Hausner ratio

Excellent 25-30 1-10 1.00-1.11

Good 31-35 11-15 1.12-1.18

Fair 36-40 16 -20 1.19-1.25

Passable 41 - 45 21-25 1.26-1.34

Poor 46 —55 26-31 1.35-1.45

Very poor 56 -65 32-37 1.46-1.59
Very, very poor > 66 > 38 > 1.60
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4.16 SLS experiments

Spheroidised HA (300.08.2, Urodelia, France) was tested either autonomously (HA) or blended
with 10 wt.% of the novel glass containing 2.5 mol% of La;03 (HA10BG). The glass powder
synthesised as previously described in section 4.1, crushed and classified via manual sieving
between 45 — 75 um. To ensure flowability of the powder feedstock, the glass powder was
spheroidised by the means of flame spheroidisation. This process also known as plasma
melting or combustion flame spraying is based on a melting — surface tension mechanism. The
powder is fed to a flame torch through a hopper feeder; various gaseous mixtures are used in
order to fuel the flame such as propane/oxygen, natural gas/air and acetylene/oxygen [228],
[244]-[250]; an overview of the process is presented in Figure 4.4. In the case of the novel
glass system an MK 74 torch system (Metallisation Ltd, UK) was utilised with an oxyacetylene
ratio of 2.5:2.5 while the microspheres were quenched/collected in air. (The glass
spheroidisation was conducted by collaborators at the University of Nottingham -
Dr. Ifty Ahmed, Dr. Md Towhidul Islam and Dr. Benjamin Milborne. The glass microspheres
were sent back to the University of Birmingham for characterisation and processing.)
Additionally, 10 wt.% of graphite (TIMREX® KS 44, Imerys, France) was introduced in both
powder feedstocks in order to enhance the laser absorbance. Each powder feedstock was
weighted accordingly, poured within a mixing jar and mechanically blended with the use of a

3D shaker mixer (Turbula® mixer, WAB-GROUP, Switzerland) for 1 hour.
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Figure 4.4: Flame spheroidisation process overview.

A DMP 200 Pro X (Phoenix Systems, France) SLS printing platform was used for producing the
test samples. (The powder loading, SLS operation and depowdering was conducted by
Mr. Vincent Baylac, member of technical staff at CIRIMAT/INPT) This SLS system is equipped
with a 300W fiber laser source operating at 1070 nm. The laser beam passes through a
collimator (15 mm output spot, 1/e? method), a scanner head, and a flat field F-Theta lens
(420 mm focus length). The resulting beam diameter after the final step is 38.1 um (focal spot).
The powder is spread with the use of a 110 mm roller, rotating at a speed of approximately 4
revolutions per seconds; this system is responsible for smoothing and compacting the powder,
too. The scraper system in place ensures a flat printing surface and is responsible for carrying
each layer’s powder from the feeding piston to the sintering piston. Any untreated powder
during the process is recovered at the collecting tank, minimising potential waste since the
collected powder is suitable for recycling. An overview of the main components found in the

DMP 200 Pro X system can be found in Figure 4.5 .
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Figure 4.5: Schematic illustration of the printing chamber of Phoenix Systems DMP 200 Pro X, reproduced from [240].

The SLS experiments were conducted in ambient temperature conditions. Titanium disc
substrates coated with HA (Projection Plasma Systeme, France) were used in order to improve
attachment of the first printed layers to the build plate. The discs measured 10 cm in diameter
and the HA coating was 2 mm in height. Three different geometries were selected as test
samples for both powder feedstocks; short cylinders (13 mm (D) x 4 mm (H)), tall cylinders
(10 mm (D) x 17 mm (H)) and a cylindrical scaffold (20 mm (D) x 17 mm (H)). The layout of the

printing bed can be seen on Figure 4.6.

Figure 4.6: Samples layout on the printing bed.
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SolidWorks CAD software (Dassault Systemes SE, France) was used in order to design the 3D
geometries of the printed parts and DMP ProX Manufacturing software (Phoenix Systems,
France) was used in order to slice the model. The printing parameters used for both powder

feedstocks can be found in Table 4.5:

Table 4.5: Printing parameters used during the SLS feasibility study

Printing parameter Setting
Laser power 36W
Scanning speed 75 mm/s
Spot size 38.1 um
Layer height 0.10 mm
Powder bed compression 300%
Atmosphere Air
Hatching distance 0.05 mm
Scanning strategy Zig-Zag (5 passes + orientation change)
Printing substrate HA-coated TA6V discs

This printing profile was based on a previous study by Navarrete-Segado et al. [240], that
utilised the same SLS printing platform and HA powder feedstock. Conducting an individual
process window study would pose a risk towards the realisation of the SLS feasibility study,

due to time constraints and limitations in accessing SLS facilities.

A Keyence VHX 2000 digital microscope was used for capturing stereoscopic images of the

printed samples during the SLS feasibility study.
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CHAPTER 5 — Development and characterisation of the GR-HA system

The first part of this chapter covers the physicochemical characterisation of HA and BG
powders in terms of particle size, morphology and elemental analysis. In addition, the physical
properties of all the tested BG glasses were assessed, too. The second part of this chapter is
focusing on the characterisation of the developed specimens, providing a comparison
between pure HA and GR-HA samples. The effect of glass and/or lanthanum content is
assessed in terms of physical properties, phase identification, sinterability, mechanical and

biological performance.

5.1 Powders characterisation

Particle size distribution results along with SEM images showcasing the morphology of the HA
powder used for the preparation of HA and GR-HA samples, can be found in Figure 5.1. The
particles are of irregular shape and exhibit an average diameter (Dso) of 17.8 um. All the BG
powders, regardless of their La;03 content, exhibited the same irregular particle morphology
and a similar particle size distribution (Dso = 23.0 um). Particle size distribution results along
with SEM images showcasing the morphology of the BG powders used for the preparation of

GR-HA samples, can be found in Figure 5.2.

The EDX analysis for HA is presented in Figure 5.3. Only the following elements were identified
through the EDX analysis: calcium (Ca), phosphorus (P) and oxygen (O), as expected.
Moreover, the calcium to phosphorus ratio (Ca/P) was determined to be 1.71, a similar value
to stoichiometric HA (i.e., 1.67). In the case of BG powders, the EDX analysis presented in
Figure 5.4, showed that no impurities were present within any of the glass compositions. Only
the following elements were identified: sodium (Na), silicon (Si), calcium (Ca), oxygen (O) and

lanthanum (La), as expected. Additionally, the atomic percentage values reported for La;03
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show good correlation with the nominal molar percentage values for each glass (i.e., 1.25 and

2.5 mol%). (The peak at ~2.25 keV was omitted from the EDX analysis since it corresponds to

the gold coating that was applied to each sample)
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Figure 5.1: Particle size distribution and morphology of HA powder.
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Figure 5.2: Particle size distribution and morphology of BG powders (BGO is presented as an example).
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Figure 5.3: EDX results for HA powder.
Oxygen (%) |Sodium (%) |Silicon (%) | Calcium (%)
BGO 74.53 5.09 7.14 13.24
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Figure 5.4: EDX results for BG powders.
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The physical properties of the different BG glasses and can be found in Table 5.1.

Table 5.1: Physical properties of BG glasses

BGO BG1.25 BG2.5
Density (g/cm3) 2.400 2.489 2.589
Molecular weight (g/mol) 64.835 68.207 71.578
Molar volume (cm3/mol) 27.019 27.403 27.644
Nia (ions x 1022 /cm?3) [251] - 2.747 5.446
Inter nuclear distance r; (A) [251] - 3.314 2.638
Polaron radius rp (A) [251] - 1.336 1.063
Field strength (cm™) [251] - 3.20E+17 5.04E+17
Glass transition temperature - Tg (°C) 540 546 552
Oxygen packing density (cm3/mol) [252] 2.200 2.225 2.250
Average boron - boron distance (A) [253] 3.553 3.570 3.581

An increase in density and molar volume is observed with increasing lanthanum content. This
can be mainly attributed to the addition of La,03 which exhibits approximately 6 times higher
molecular weight compared to CaO. Moreover, the increase in density is reflected in the
decrease in the ion — ion spacing (ri) with increasing La3* concentration (Ni). An increase in
field strength is also observed with increasing lanthanum content (i.e., decrease in polaron
radius). Increased field strength is associated with thermal stability, which can be directly
correlated with the higher Tg values recorded with increasing lanthanum content. Lastly, the
increase in the average boron — boron distance is directly related to the presence of La*3,
which exhibit a slightly larger ionic radius [254] than calcium, resulting in the expansion of the
glass structure. Analogous results have been reported in previous studies where La;03 was

incorporated within similar glass systems [255], [256].
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5.2 Phase identification — XRD study

GR-HA systems have been studied for the best part of the last 30 years. A common issue with
silicate and phosphate-based systems is crystallisation during sintering and the introduction
of new phases. Hence, phase identification experiments were carried out to investigate the

crystallisation kinetics of the developed borosilicate GR-HA system.

Figure 5.5 shows the X-ray diffractograms for all the synthesised glasses containing 0, 1.25 and
2.5 mol% of La;03. No diffraction peaks are observed for any of the BG compositions,

regardless of their lanthanum content, confirming their amorphous nature.
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Figure 5.5: X-ray diffractograms of BG glasses.
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Figure 5.6 portrays the X-ray diffractograms of HA powder before any heat treatment and then
after sintering at 1200 °C, 1250 °C and 1300 °C. No phase transformations occurred during
heat treatment and all the diffraction peaks correspond to stoichiometric HA,

as per JCPDS 00 009 0432.

7 e:HA (JCPDS 00-009-0432)

l I I HA_1300 °C

E,.

?.
‘?:.
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Intensity (a.u.)
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10 15 20 25 30 35 40 45 50 55 60
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Figure 5.6: X-ray diffractograms of non-sintered and sintered HA samples at different sintering temperatures.

The fact that HA samples did not exhibit any other calcium phosphate phases even at the
highest sintering temperature is an indication of the powder’s stoichiometry. Stoichiometric
HA (i.e., Ca/P=1.67) is relatively stable at temperatures up to 1250 °C, especially when no rapid
qguenching is employed at the end of the sintering cycle, as per this case. It is worth mentioning
that phase transformations do take place during sintering, mainly oxyapatite and TCP are
formed, however these are reversible during cooling under an adequate water partial

pressure. In the case of non-stoichiometric apatites, phase transformations are more
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prominent and irreversible. The thermal degradation products vary based on the Ca/P ratio

and include B-TCP, B-calcium pyrophosphate, stoichiometric HA and CaO [8], [257].

Figure 5.7, Figure 5.8, Figure 5.9 show the diffractograms of the composite samples containing
BGO, BG1.25 and BG2.5, respectively. Small additions of glass (< 5 wt.%) tend to induce phase
transformations in every sintering temperature. More specifically, B-TCP is present in every
composite employing glass content between 2.5 — 5.0 wt.%, while a-TCP is found primarily in
glasses containing 5.0 wt.% of glass. On the other hand, GR-HA samples containing 10.0 wt.%
of glass show the best performance in terms of thermal stability, throughout the sintering
temperature range. No phase transformations are observed besides the occurrence of
miniscule quantities of B-TCP found in the sample containing the highest lanthanum content
and sintered at 1300 °C. Furthermore, lanthanum addition does not seem to affect the HA
decomposition phenomena. Lastly, phase transformations are more prominent in higher

sintering temperatures for the majority of the GR-HA specimens, as expected.
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Figure 5.7: X-ray diffractograms of sintered GR-HA specimens containing BGO.
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Figure 5.8: X-ray diffractograms of sintered GR-HA specimens containing BG1.25.
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Figure 5.9: X-ray diffractograms of sintered GR-HA specimens containing BG2.5.

In previous GR-HA studies employing silicate, phosphate or borosilicate-based glasses, phase
transformations were reported and the glass presence was identified as the underlying cause.
Those phase transformations are mainly connected to HA decomposition, mainly B-TCP that
transforms to o-TCP at higher sintering temperatures, but can be glass composition
dependent, such as: calcium phosphate silicate in silicate-based systems [101], [104], [114].
Moreover, the reactivity of the glass, which is responsible for the presence of the

aforementioned phases, increases with increasing sintering temperature.

In the case of the studied borosilicate GR-HA system, it is evident that similar trends are
partially present in terms of phase transformations. Specimens containing up to 5 wt.% of
glass content exhibit increased reactivity with increasing temperature. The main phase

recorded is B-TCP that reverts to a-TCP at higher sintering temperatures. The presence of

83



small quantities of B-TCP is not necessarily harmful in terms of bioactivity, since its solubility
and dissolution rate can be favourable in biomedical systems [8], [111], [257]. However, the
higher dissolution rates of a-TCP could prove to be problematic, as described in Chapter 2.
When the glass content increases to 10 wt.%. this trend is completely reversed. Thermal
degradation is negated in samples containing the highest amount of glass and no phase
transformations are present, besides miniscule traces of B-TCP found in HA10BG2.5 sintered

at 1300 °C.

In order to quantify the phase presence within the studied GR-HA system, Rietveld analysis
was carried out. The results for all the GR-HA specimens, including phase analysis and unit

cell related values, can be found in Table 5.2.
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Table 5.2: Rietveld analysis results of HA and GR-HA specimens

Sintering

Description a (A) b (A) c (A) Volume (A3) %HA %B-TCP  %0-TCP
temperature (°C)

HA 1200 9.41583 9.41583 6.879805 528.231 100% 0% 0%
HA 1250 9.422141 9.422141 6.883087 529.192 100% 0% 0%
HA 1300 9.410572 9.410572 6.8798 527.641 100% 0% 0%
HA2.5BGO 1200 9.414956 9.414956 6.889078 528.845 95% 5% 0%
HA5BGO 1200 9.403274 9.403274 6.893292 527.856 96% 4% 0%
HA10BGO 1200 9.416542 9.416542 6.906814 530.385 100% 0% 0%
HA2.5BGO 1250 9.409682 9.409682 6.892378 528.506 92% 8% 0%
HA5BGO 1250 9.413236 9.413236 6.909271 530.201 93% 7% 0%
HA10BGO 1250 9.403516 9.403516 6.883239 527.113 100% 0% 0%
HA2.5BGO 1300 9.439892 9.439892 6.90755 533.076 92% 3% 4%
HA5BGO 1300 9.444526 9.444526 6.915736 534.231 73% 21% 6%
HA10BGO 1300 9.406182 9.406182 6.891042 528.01 100% 0% 0%
HA2.5BG1.25 1200 9.420367 9.420367 6.89809 530.146 95% 4% 1%
HA5BG1.25 1200 9.413367 9.413367 6.892158 528.903 89% 9% 2%
HA10BG1.25 1200 9.419714 9.419714 6.896603 529.958 100% 0% 0%
HA2.5BG1.25 1250 9.418589 9.418589 6.888652 529.22 95% 4% 1%
HA5BG1.25 1250 9.401353 9.401353 6.888031 527.238 76% 20% 5%
HA10BG1.25 1250 9.412133 9.412133 6.886351 528.319 100% 0% 0%
HA2.5BG1.25 1300 9.44743 9.44743 6.900291 533.366 93% 2% 5%
HA5BG1.25 1300 9.404974 9.404974 6.899386 528.514 82% 16% 2%
HA10BG1.25 1300 9.410772 9.410772 6.888092 528.299 100% 0% 0%
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HA2.5BG2.5
HA5BG2.5
HA10BG2.5
HA2.5BG2.5
HA5BG2.5
HA10BG2.5
HA2.5BG2.5
HA5BG2.5
HA10BG2.5

1200
1200
1200
1250
1250
1250
1300
1300
1300

9.413219
9.39357
9.411806
9.400662
9.390693
9.395847
9.400336
9.402717
9.413793

9.413219
9.39357
9.411806
9.400662
9.390693
9.395847
9.400336
9.402717
9.413793

6.887856
6.888951
6.893232
6.897917
6.909702
6.887458
6.892773
6.893749
6.890293

528.556
526.435
528.81
527.917
527.698
526.576
527.487
527.828
528.807

95%
85%
100%
93%
90%
100%
95%
73%
98%

4%
12%
0%
5%
9%
0%
0%
24%
2%

1%
3%
0%
2%
1%
0%
5%
3%
0%
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From the phase analysis results presented in Table 5.2, it is evident that sintering did not
negatively affect pure HA in terms of thermal degradation; HA was the sole phase present
throughout the sintering range. GR-HA composites containing glass loading of 5 wt.%,
regardless of their lanthanum content, are the most susceptible within the test range to phase
transformation phenomena. B-TCP is present in every sample even in the lowest sintering
temperature. As the heat treatment intensifies the amount of B-TCP increases, complimented
by small portions of a-TCP, as expected. Up to 1250 °C, the amount of B-TCP and a-TCP are
comparable to samples containing both 2.5 and 5.0 wt.% of glass content. However, as the
sintering temperatures rise, GR-HA samples containing 2.5 wt.% of glass do not exhibit phase
transformations as intensely as their 5.0 wt.% counterparts. Last but not least, GR-HA
composites containing 10 wt.% of glass loading, do not exhibit any HA degradation
phenomena. The sole case where small traces of B-TCP (i.e., 2%) can be found, was with the

specimen containing the highest loading of La203, when sintered at 1300 °C.

In general, it can be concluded that specimens containing 5 wt.% of glass or less, regardless of
the lanthanum loading and the sintering temperature, exhibit the highest amount of phase
transformation phenomena. Small glass additions act as heterogeneous nuclei sites or
triggering points that promote the B-TCP phase transformation, which in higher sintering
temperatures degrades partially to a-TCP. Analogous results with similar glass loadings have
been reported by Lopes et al. [106] and Demirkiran et al. [139], [172]. Moreover, GR-HA
specimens containing the highest glass loading do not induce any phase transformation

phenomena; the high amount of glass potentially shields HA from thermal degradation.

Phase analysis results per La;0s3 loading (including pure HA for reference) can be found in

Figure 5.10.
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Figure 5.10: a-TCP and 8-TCP phase fraction present in GR-HA specimens per La;0;3 loading (including pure HA for
reference).

88



Variation of the a-axis, c-axis and unit cell volume parameters per La;03 loading (including

pure HA for reference) can be found in Figure 5.11.

The a-axis parameter of pure HA’s unit cell tends to increase with sintering temperature up to
1250 °C and then decreases slightly at the highest sintering temperature. A similar trend is
observed for the c-axis parameter and the unit cell volume. Similar results have been reported

in studies by Tancred et al. [11] and Lopes et al. [103], [109].

The a-axis in GR-HA composites containing < 5 wt.% glass loading, regardless of their
lanthanum content or sintering temperature, generally shrinks compared to pure HA. This
trend is reversed only in the case of HA2.5BG0, HA5BGO and HA2.5BG1.25 sintered at 1300 °C.
This can be attributed to the glass reactivity that in small amounts acts as a triggering point
that promotes thermal degradation. After all, the majority of the HA decomposition observed
were in GR-HA composites containing < 5 wt.% glass loading. Moreover, as the lanthanum
content increases in these composites, this phenomenon attenuates. This could be an
indication that lanthanum oxide could potentially play a role in stabilising this phenomenon.
A decrease in the length of the a-axis of samples containing 10 wt.% of glass is observed for
composites sintered up to 1250 °C compared to pure HA, regardless of their lanthanum
content. However, as the sintering temperature rises to 1300 °C, a gradual stretch of the a-
axis occurs as the lanthanum content increases. Since no phase transformations were
observed for this subset of tested samples (i.e., influencing the expansion) this could be an
indication of ion exchange within the lattice. La ions exhibit a larger ionic radius than Ca ions

[254], hence such a replacement could justify the a-axis expansion.
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The c-axis in GR-HA composites generally expands regardless of the sintering temperature,
glass and/or lanthanum content. The composites exhibiting the lowest c-axis expansion are
the ones containing 10 wt.%, followed by the ones with 2.5 wt.% and 5 wt.%. Small glass
additions (£ 5 wt.%) tend to act as heterogeneous nuclei sites or triggering points that
promote thermal degradation. This can be attributed to chemical reactions taking place within
the lattice between hydroxyl groups and specific glass components. Calcium carbonate, a glass
precursor within this glass system, is known for inducing such distortions in GR-HA systems.
Lopes et al. [13], [14] in similar studies employing a phosphate glass that used calcium
carbonate as a precursor, confirmed the presence of carbonate groups at hydroxyl sites via
FTIR measurements. The carbonate groups occupy a larger space compared to hydroxyl
groups hence the lattice needs to expand in order to accommodate their presence. They
concluded that small quantities of carbonate groups are dissolved during glass making and
then are “redeployed” when the glass is used as a reinforcing aid in the GR-HA samples.
Sodium carbonate is used as a glass precursor in the studied glass system potentially
augmenting this effect. Therefore, the underlying cause behind this instability can be
attributed to the aforementioned chemical imbalance mechanism. Moreover, it is worth
mentioning that it was only this subset within the test group (i.e., GR-HA containing < 5 wt.%

glass loading) that exhibited thermal degradation, as discussed earlier.

Similar trends were observed regarding the unit cell volume of GR-HA specimens per the
observations for the a-axis values. In general, composites containing < 5 wt.% of glass loading,
exhibited a smaller unit cell compared to HA, regardless of their lanthanum content or
sintering temperature. Once again HA2.5BG0, HA5BGO and HA2.5BG1.25 sintered at 1300 °C,
did not conform with general trend for the same reasons described earlier. A decrease in the

lattice volume of samples containing 10 wt.% of glass compared to pure HA is observed for

90



composites sintered up to 1250 °C, regardless of their lanthanum content. However, as the
sintering temperatures rises at 1300 °C, the unit cell expands and a gradual increase is
observed with increasing lanthanum content. This expansion cannot be attributed to any
phase transformation phenomena since none were observed for this subset of tested samples.
Therefore, the increase in unit cell volume could be justified by the replacement of Ca with La

ions, since the latter exhibit a larger ionic radius [254].

Analogous results were presented in the literature in similar studies by Tancred et al. [120]
and Lopes et al. [103], [109]. In the study by Lopes et al. [109], the research team observed
similar glass reactivity in a GR-HA system employing a binary phosphate-based glass which
included calcium carbonate as a precursor. With increasing sintering temperature, the a-axis
shrunk while the c-axis expanded compared to pure HA, when glass loadings of 2.5 and 4 wt.%
were used. HA decomposition was reported in either case, more prominent with increasing
glass content. Symmetrical results were reported in a following study utilising 4 wt.% of a
similar phosphate-based glass [103], where a-axis shrinkage, c-axis expansion and thermal
degradation were recorded once again. In a study by Tancred et al. [120] investigating the use
of silicate-based glass this time, the lattice parameters of the GR-HA composites exhibited the

same behaviour, as previously described.

It can be concluded that the studied glass system exhibit similar behaviour in terms of HA
decomposition phenomena when < 5 wt.% of glass content is present within GR-HA
specimens. However, it is worth mentioning that these thermal degradation phenomena are
quite limited since the maximum HA to TCP conversion recorded was 27%. Furthermore, in
the case of GR-HA composites employing 10 wt.% of glass content, no thermal degradation is

observed which indicates that the glass presence mitigates HA decomposition. This can be
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attributed to even heat distribution while sintering and in the glass system’s resilience to
undergo crystallisation phenomena. Lastly, there are strong indications that lanthanum ions
replace calcium ions within HA’s lattice, exhibiting stabilising behaviour in terms of thermal
degradation. It was only in the case of the GR-HA specimen containing the highest amount of
glass and lanthanum content, sintered at the highest sintering temperature, that miniscule HA

decomposition (i.e., 2%) was observed.
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Figure 5.11: Unit cell lattice parameters of the GR-HA specimens per La;0;3 loading (including pure HA for reference).
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5.3 Mass loss during sintering
Mass measurements before and after sintering were carried out in order to investigate the
sintering behaviour of the developed GR-HA system. The average pre and post sintering mass

and average mass loss for all the tested samples can be found in Table 5.3.

Table 5.3: Average pre-sintering, post-sintering mass measurements and mass loss during sintering

Sintering (Pre-sintering) (Post-sintering) Average
Description temperature Average mass £ STD Average mass £ STD
mass loss (%)
(°C) (gr) (gr)

HA 1200 0.741 £ 0.003 0.740 + 0.002 0.16%
HA 1250 0.738 £0.011 0.738 £0.011 0.11%
HA 1300 0.750+£0.018 0.740 + 0.006 1.34%
HA2.5BGO 1200 0.739+0.012 0.731+0.011 1.09%
HA5BGO 1200 0.745 + 0.003 0.732 £ 0.003 1.67%
HA10BGO 1200 0.744 £ 0.003 0.723 £ 0.002 2.79%
HA2.5BGO 1250 0.744 £ 0.004 0.736 £ 0.004 1.13%
HA5BGO 1250 0.743 £ 0.002 0.73 £0.002 1.80%
HA10BGO 1250 0.741 £ 0.004 0.72 £ 0.005 2.87%
HA2.5BGO 1300 0.745 £ 0.002 0.736 £ 0.002 1.14%
HA5BGO 1300 0.741 £ 0.004 0.726 £ 0.003 1.96%
HA10BGO 1300 0.744 £ 0.003 0.720 £ 0.003 3.25%
HA2.5BG1.25 1200 0.738 +0.011 0.731+0.011 1.00%
HA5BG1.25 1200 0.741 £ 0.005 0.729 £ 0.004 1.64%
HA10BG1.25 1200 0.743 £ 0.003 0.724 £ 0.003 2.48%
HA2.5BG1.25 1250 0.742 £ 0.003 0.733 £ 0.003 1.12%
HA5BG1.25 1250 0.737 £ 0.017 0.724 £ 0.017 1.72%
HA10BG1.25 1250 0.740 £ 0.005 0.721 £ 0.005 2.61%
HA2.5BG1.25 1300 0.739 £ 0.006 0.731 + 0.006 1.07%
HA5BG1.25 1300 0.741 £ 0.002 0.728 £ 0.002 1.78%
HA10BG1.25 1300 0.739 £ 0.005 0.718 £ 0.004 2.86%
HA2.5BG2.5 1200 0.743 £ 0.006 0.735 + 0.006 1.02%
HA5BG2.5 1200 0.740 £ 0.003 0.728 £ 0.003 1.63%
HA10BG2.5 1200 0.744 £ 0.003 0.725 £ 0.004 2.53%
HA2.5BG2.5 1250 0.744 £ 0.002 0.736 £ 0.002 1.02%
HA5BG2.5 1250 0.739 £ 0.005 0.725 + 0.008 1.90%
HA10BG2.5 1250 0.741 £ 0.004 0.72 £ 0.004 2.84%
HA2.5BG2.5 1300 0.737 £0.010 0.729 £ 0.010 1.08%
HA5BG2.5 1300 0.738 £ 0.007 0.725 + 0.006 1.76%
HA10BG2.5 1300 0.739 £ 0.006 0.717 £ 0.006 2.99%
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Mass loss results per La;0s3 loading (including pure HA for reference) can be found in

Figure 5.12.
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Figure 5.12: Mass loss during sintering of the GR-HA specimens per La;03 loading (including pure HA for reference).
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Pure HA samples exhibit no mass loss during sintering up to 1250 °C, and then a mass loss of
1.34% isrecorded. In general, GR-HA samples exhibit increasing mass loss with increasing glass
content, regardless of the La,Os content and the sintering temperature. In particular,
composite samples containing 2.5 wt.% of glass loading, experience a mass loss between 1.00
—1.12 %. The samples containing double the amount of glass (i.e., 5 wt.%) exhibit a mass loss
between 1.63 — 1.96 %. Finally, the samples containing the highest amount of glass, lose

between 2.48 —3.25 % of their mass during sintering.

Dehydroxylation could be the underlying cause regarding the mass loss observed for pure HA
at 1300 °C besides the fact the fact that no secondary phases were observed for this specimen
in the phase identification analysis. Miniscule quantities of decomposition products (e.g., B-
TCP), most probably below the XRD instrument’s detection limit, is a probable cause. (The
detection limit in powder XRD measurements is dependent on various parameters, such as:
sample preparation or background noise, and ranges between 1 — 2% [258]-[261]) Mass loss
observed in GR-HA samples is probably linked to the glass addition. Increasing mass loss is
observed with increasing glass content regardless of the sintering temperature and/or La,0s
content, as described earlier. This behaviour could potentially be linked to unreacted glass
components that were released during sintering (e.g., CO2 gas bubbles). Analogous results
have been reported by Ivachenko when he studied a similar GR-HA system and identified
pores that were linked to “the removal of carbon oxides and water vapors resulting from glass

charge decomposition and glass boiling” [130].
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This assumption is further validated by the SEM images taken for both pure HA and GR-HA
composite samples, as it can be seen in Figure 5.13. Pure HA exhibits a large number of small
pores. In contrast, the number of smaller pores seen on the surface of GR-HA specimens, is
lower compared to pure HA and decreasing linearly with increasing glass content. In tandem,
larger pores are observed with increasing glass content, which could indicate a potential
escape route for gaseous components (e.g., water or CO;). Therefore, it is safe to assume that
there is a high possibility that unreacted glass components could be present in every BG
composition tested. Additionally, this gradual elimination of smaller pores with increasing
glass content is a strong indication of the glass’ action as a sintering aid. The glass presence
seems to positively influence the consolidation of GR-HA composites since larger consolidated
areas are observed with increasing glass content. The increased liquid glass content present
in those samples aids the sintering process by reducing the interfacial energy between
particles and facilitating a faster atomic diffusion, compared to pure HA. This is achieved via a
liquid sintering mechanism, as it has been reported for various GR-HA systems in the past [11],

[47], [103], [104].
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Figure 5.13: SEM images of the surface of HA (upper left), HA2.5BGO (upper right), HA5BGO (lower left) and HA10BGO (lower
right) sintered at 1300 °C.

5.4 Linear shrinkage

Linear shrinkage provides a useful metric describing the sinterability of ceramics; higher linear
shrinkage values can be associated with increased densification/sintering capability. A linear
shrinkage investigation was carried out in order to assess the effect of glass addition and
sintering temperature in the developed GR-HA system. The average diameter, height and

linear shrinkage of all the tested samples, can be found in Table 5.4.
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Table 5.4: Average diameter, height and linear shrinkage results of pure HA and GR-HA specimens

Sintering Average diameter Average Linear
. . 1 +
Description tempoerature + STD (mm) height £ STD shrinkage (%)
(°C) (mm)
Non-sintered sample - 13.02 £ 0.00 2.87 £0.00 0.00%
HA 1200 12.69 £ 0.00 2.77£0.01 2.51%
HA 1250 12.46 £ 0.02 2.72+£0.02 4.33%
HA 1300 12.27 £ 0.02 2.69£0.01 5.76%
HA2.5BGO 1200 12.91+0.01 2.85+0.01 0.82%
HA5BGO 1200 13.02 £ 0.00 2.88+0.01 0.03%
HA10BGO 1200 12.54+0.02 2.81+0.01 3.71%
HA2.5BGO 1250 12.73£0.02 2.78 £0.01 2.20%
HAS5BGO 1250 12.92+0.01 2.88 £0.01 0.77%
HA10BGO 1250 12.14+0.02 2.75+£0.01 6.73%
HA2.5BGO 1300 12.55+0.01 2.75+0.00 3.61%
HA5BGO 1300 12.79£0.01 2.83+£0.01 1.79%
HA10BGO 1300 11.87+£0.13 2.67£0.03 8.80%
HA2.5BG1.25 1200 12.90+0.01 2.83+0.01 0.95%
HA5BG1.25 1200 12.99+0.01 2.87 £0.02 0.23%
HA10BG1.25 1200 12.58 £ 0.05 2.78 £0.02 3.41%
HA2.5BG1.25 1250 12.72 £ 0.00 2.79+£0.02 2.28%
HA5BG1.25 1250 12.92+0.01 2.82+£0.11 0.79%
HA10BG1.25 1250 12.15+0.05 2.72£0.00 6.71%
HA2.5BG1.25 1300 12.55+0.01 2.78+0.03 3.58%
HA5BG1.25 1300 12.78 £ 0.01 2.83+0.01 1.82%
HA10BG1.25 1300 11.88+0.13 2.64 £0.04 8.74%
HA2.5BG2.5 1200 12.91+0.01 2.87£0.03 0.84%
HA5BG2.5 1200 12.99+0.01 2.91+0.01 0.23%
HA10BG2.5 1200 12.68 +0.01 2.79+0.01 2.64%
HA2.5BG2.5 1250 12.71£0.01 2.81+0.01 2.41%
HAS5BG2.5 1250 12.90+0.01 2.82£0.02 0.92%
HA10BG2.5 1250 12.38 £ 0.04 2.77 £0.00 4.89%
HA2.5BG2.5 1300 12.55+0.00 2.77 £0.03 3.58%
HA5BG2.5 1300 12.77 £ 0.00 2.8+0.01 1.95%
HA10BG2.5 1300 12.06 £ 0.09 2.69 £ 0.02 7.37%

Linear shrinkage results per La,03 loading (including pure HA for reference) are presented

found in Figure 5.14.
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Figure 5.14: Linear shrinkage of the GR-HA specimens per La,03 loading (including pure HA for reference).

Linear shrinkage is increasing with sintering temperature for all samples as expected when
sintering ceramics. GR-HA samples containing < 5 wt.% of glass loading, exhibit lower linear

shrinkage compared to pure HA, regardless of the lanthanum loading. This finding directly
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correlates with the results shown earlier in the XRD analysis, where these samples exhibited
phase transformation phenomena during sintering. The presence of a and B-TCP, HA
dehydroxylation products, induce a volume increase that hinders linear shrinkage [12]. GR-HA
samples containing 5 wt.% of glass loading exhibited the lowest linear shrinkage within the
test group followed by the composites containing 2.5 wt.% of glass content. This is directly

related with the presence of secondary phases due to thermal degradation (i.e., a and B-TCP).

GR-HA containing the highest amount of glass loading exhibit the highest linear shrinkage
within the test group, regardless of the lanthanum content. Generally, these samples did not
exhibit any phase transformation phenomena and exhibit higher linear shrinkage compared
to pure HA. Additionally, a gradual decrease in linear shrinkage is observed for GR-HA samples
containing 10 wt.% of glass loading with increasing lanthanum content, when sintered at the
highest temperature. This correlates directly to the finding presented earlier, where small

traces of B-TCP (i.e., 2%) were found in HA10BG2.5 sintered at 1300 °C.

Analogous results were reported by Knowles et al. [12], where lower linear shrinkages were

reported for GR-HA composites exhibiting thermal degradation phenomena.

101



5.5 Density and porosity

An apparent density investigation was carried out in order to assess the effect of glass
presence within GR-HA specimens during sintering. Apparent density per La;0s loading
(including pure HA for reference) can be found in Figure 5.15. The average mass, diameter,

height, volume and apparent density of all the tested samples, can be found in Table 5.5.
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Figure 5.15: Apparent density of the GR-HA specimens per La,03 loading (including pure HA for reference).
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Table 5.5: Average mass, diameter, height, volume and apparent density results of HA and GR-HA specimens

Average

L Sintering Average mass t . Average height £  Average volume Apparent density
Description diameter £ STD
temperature (°C) STD (g) (mm) STD (mm) (mm?3) (g/cm3)
HA 1200 0.74 £0.01 12.69 £ 0.01 2.77 £0.01 350.95 2.11
HA 1250 0.74 £0.01 12.46 £ 0.02 2.72 £0.02 331.89 2.22
HA 1300 0.74 £0.01 12.27 £ 0.02 2.69+0.01 317.68 2.33
HA2.5BGO 1200 0.73+0.01 12.91+0.01 2.85+0.01 373.70 1.96
HA5BGO 1200 0.73 £0.00 13.02+£0.01 2.88+0.01 383.69 1.91
HA10BGO 1200 0.72 £0.00 12.54 + 0.02 2.81+0.01 347.28 2.08
HA2.5BGO 1250 0.74 £0.01 12.73 £0.02 2.78 £0.01 354.44 2.08
HA5BGO 1250 0.73+£0.01 12.92 +0.01 2.88 +0.01 377.58 1.93
HA10BGO 1250 0.72£0.01 12.14+0.02 2.75+0.01 318.88 2.26
HA2.5BGO 1300 0.74 £0.01 12.55+0.01 2.75+0.01 340.59 2.16
HA5BGO 1300 0.73+0.01 12.79+£0.01 2.83+0.01 363.83 2.00
HA10BGO 1300 0.72+0.01 11.87 £ 0.13 2.67 £0.03 295.22 2.44
HA2.5BG1.25 1200 0.73+0.01 12.9+0.01 2.83+0.01 369.25 1.98
HA5BG1.25 1200 0.73+0.01 12.99+0.01 2.87 £0.02 379.91 1.92
HA10BG1.25 1200 0.72+£0.01 12.58 + 0.05 2.78 £0.02 345.77 2.09
HA2.5BG1.25 1250 0.73+0.01 12.72 £ 0.01 2.79£0.02 355.15 2.07
HA5BG1.25 1250 0.72 £0.02 12.92 +0.01 2.82+0.11 369.90 1.96
HA10BG1.25 1250 0.72+0.01 12.15 +0.05 2.72£0.01 314.80 2.29
HA2.5BG1.25 1300 0.73+0.01 12.55+0.01 2.78£0.03 343.66 2.13
HA5BG1.25 1300 0.73+0.01 12.78 £ 0.01 2.83+0.01 363.22 2.00
HA10BG1.25 1300 0.72 +£0.01 11.88 +0.13 2.64 +£0.04 292.76 2.45
HA2.5BG2.5 1200 0.73+0.01 12.91+0.01 2.87£0.03 376.14 1.95
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HA5BG2.5
HA10BG2.5
HA2.5BG2.5

HA5BG2.5
HA10BG2.5
HA2.5BG2.5

HA5BG2.5
HA10BG2.5

1200
1200
1250
1250
1250
1300
1300
1300

0.73+0.01
0.73+0.01
0.74 £0.01
0.73+0.01
0.72+0.01
0.73+0.01
0.72+0.01
0.72+0.01

12.99 +0.01
12.68 + 0.01
12.71 £0.01
12.90+0.01
12.38 £ 0.04
12.55+0.01
12.77 £ 0.01
12.06 £ 0.09

2.91+0.01
2.79+0.01
2.81+0.01
2.82 +0.02
2.77 £0.01
2.77 £0.03
2.8+0.01
2.69+0.02

385.22
352.09
356.34
369.00
333.21
342.84
358.43
307.00

1.89
2.06
2.07
1.97
2.16
2.13
2.02
2.34
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Apparent density is increasing with sintering temperature for all samples as expected when
sintering ceramics. GR-HA samples containing < 5 wt.% of glass loading, exhibit lower apparent
density compared to pure HA, regardless of the lanthanum loading and sintering temperature.
The volume increase recorded in these samples, a by-product of the thermal degradation
phenomena described earlier, hindered the sintering process in general. This drove the
volume of the fired samples in higher values compared to pure HA, leading to lower apparent

density values.

GR-HA specimens containing the highest amount of glass loading, generally exhibit the highest
apparent density within the test group. This can be attributed to the presence of glass as a
sintering aid. It essentially acts as a hindering agent for thermal degradation phenomena that
can lead to volume expansion and facilitates even heat distribution during sintering. It is only
in the case of samples containing the highest loading of La>03, where the apparent density is
almost equal or lower to pure HA. In tandem, a gradual decrease in apparent density with
increasing lanthanum content is observed. Both those findings could not be linked to presence
of HA decomposition by-products that lead to volume increase. On the contrary, it can be
attributed to the expansion of the HA unit cell volume due to the infiltration of lanthanum

ions within the lattice.
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In order to investigate the densification effect of the glass presence within the GR-HA
specimens, density measurements utilising the Archimedes’ method were carried out. The
average density, and porosity of all the tested samples, can be found in Table 5.6. Average

density and porosity per La;03 loading (including pure HA for reference) can be found in

Figure 5.16.
Table 5.6: Average density and porosity of HA and GR-HA specimens
I Sintering Average density Porosity
Description temperature (°C) STD (g/cm3) (%)

HA 1200 2.76 £ 0.05 11.87%

HA 1250 2.81+0.15 10.33%

HA 1300 2.85+0.03 9.15%
HA2.5BGO 1200 2.64 +0.07 15.31%
HA5BGO 1200 2.68 +£0.02 13.37%
HA10BGO 1200 2.66 +0.02 13.14%
HA2.5BGO 1250 2.74 £ 0.03 11.94%
HA5BGO 1250 2.72 +£0.01 12.28%
HA10BGO 1250 2.69 +0.07 12.00%
HA2.5BGO 1300 2.71+£0.04 12.83%
HA5BGO 1300 2.72£0.01 12.02%
HA10BGO 1300 2.68 £0.01 12.27%
HA2.5BG1.25 1200 2.69 £ 0.06 13.77%
HA5BG1.25 1200 2.68 £ 0.01 13.42%
HA10BG1.25 1200 2.68 £ 0.02 12.58%
HA2.5BG1.25 1250 2.65 +0.05 14.81%
HA5BG1.25 1250 2.67 £0.02 13.86%
HA10BG1.25 1250 2.64 £0.07 13.92%
HA2.5BG1.25 1300 2.71+£0.07 12.93%
HA5BG1.25 1300 2.67 £0.06 13.72%
HA10BG1.25 1300 2.70+£0.02 12.04%
HA2.5BG2.5 1200 2.73+£0.01 12.40%
HA5BG2.5 1200 2.61+£0.13 15.84%
HA10BG2.5 1200 2.66 £ 0.05 13.62%
HA2.5BG2.5 1250 2.74 £ 0.03 12.26%
HA5BG2.5 1250 2.68 +0.04 13.68%
HA10BG2.5 1250 2.72 £0.01 11.61%
HA2.5BG2.5 1300 2.75+0.03 11.79%
HA5BG2.5 1300 2.71+£0.03 12.85%
HA10BG2.5 1300 2.73+£0.02 11.37%
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Figure 5.16: Average density and porosity of GR-HA specimens per La;03 loading (including pure HA for reference).
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Average density for both pure HA and GR-HA specimens is generally increasing with sintering
temperature, as expected. Pure HA samples exhibit higher density values compared to GR-HA
regardless of the glass or lanthanum content. This can be partially attributed to the lighter
glass content replacing HA within the GR-HA matrix. Additionally, mass loss during sintering,
as previously shown in sub-section 5.3, is another factor that could have potentially influenced
the density values of the GR-HA specimens.

Porosity for both pure HA and GR-HA specimens is decreasing with increasing sintering
temperature, as expected. Pure HA samples exhibit lower porosity compared to GR-HA
specimens containing up to 5 wt.% of glass content; the trend is reversed with GR-HA samples
containing the highest glass loading (i.e., 10 wt.%). These results directly correlate with the
findings shown earlier in sub-section 5.4 regarding linear shrinkage, where lower values were
recorded for GR-HA specimens containing < 5 wt.% of glass content. Densification is inhibited
in this subset of the tested samples, due to the dehydroxylation phenomena (i.e., volume
increase). On the contrary, GR-HA samples containing the highest amount of glass content,
exhibited lower degrees of porosity which can be attributed to better densification. This is an

indicator of the glass performance as a sintering aid.

5.6 Grain size

In this section average grain size for all the tested samples was investigated in order to
understand the influence of the glass presence in the microstructure of the GR-HA specimens.
Average grain size of all the tested samples, can be found in Table 5.7. Average grain size per

La,03 loading (including pure HA for reference) can be found in Figure 5.17.
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Table 5.7: Average grain size values of HA and GR-HA samples

Description Sintering Average grain size
temperature (°C) (um)

HA 1200 4.50 £ 0.50
HA 1250 4.53+£0.50
HA 1300 6.03 £ 0.50
HA2.5BGO 1200 4.12 £0.50
HA5BGO 1200 4.31+0.50
HA10BGO 1200 4.04 £0.50
HA2.5BGO 1250 3.97 £0.50
HA5BGO 1250 4.07 £0.50
HA10BGO 1250 3.87£0.50
HA2.5BGO 1300 3.52+0.50
HA5BGO 1300 3.71+£0.50
HA10BGO 1300 3.98 £0.50
HA2.5BG1.25 1200 4.04 £0.50
HA5BG1.25 1200 3.71+£0.50
HA10BG1.25 1200 3.68 £ 0.50
HA2.5BG1.25 1250 3.86£0.50
HA5BG1.25 1250 3.88 £ 0.50
HA10BG1.25 1250 4.10+0.50
HA2.5BG1.25 1300 3.88 £ 0.50
HA5BG1.25 1300 4.32+£0.50
HA10BG1.25 1300 3.29+0.50
HA2.5BG2.5 1200 3.73+£0.50
HA5BG2.5 1200 3.75+0.50
HA10BG2.5 1200 3.46 £0.50
HA2.5BG2.5 1250 3.54+£0.50
HA5BG2.5 1250 3.45+£0.50
HA10BG2.5 1250 3.65+0.50
HA2.5BG2.5 1300 3.24 £0.50
HA5BG2.5 1300 3.34£0.50
HA10BG2.5 1300 3.29+£0.50
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Figure 5.17: Grain size of GR-HA specimens per La;0s loading (including pure HA for reference).
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In pure HA samples, average grain size increases with increasing temperature, ranging from
4.50 - 6.03 um. GR-HA composites regardless of their glass and/or lanthanum content, exhibit
similar average grain size values throughout the sintering range temperature. This result
suggests that the glass presence within GR-HA composites, inhibits grain growth. This is less
evident at sintering temperatures between 1200 — 1250 °C, since the grain size values
recorded for GR-HA specimens although smaller than pure HA, are still within the error range.
The trend is much more visible at the highest sintering temperature, where pure HA samples
exhibit an average grain size value of 6.03 um and the highest value recorded throughout the
GR-HA test range is 4.32 um (i.e., HA5BG1.25). The smaller grain size recorded for the GR-HA
composite samples compared to pure HA samples, is an indicator of mechanical performance
enhancement. This result is favourable for the intended purpose (i.e., tissue engineering),

considering the limitations of pure HA in load-bearing applications [8], [97].

Analogous results were reported by Santos et al. [104], Knowles et al. [12] where the glass
constituent has been linked with grain growth inhibition. On the contrary, there were various
studies that reported higher average grain size values for GR-HA specimens compared to pure
HA [101], [106], [117]. In either case, the mechanism behind the ability to inhibit or promote
grain growth is not clear. Grain growth is mainly associated with the glass composition and
reactivity (i.e., induce of secondary phases) [101], [106], [117] while grain inhibition is
associated to the presence of the liquid phase [12], [104] and the stability of HA during

sintering [12].
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5.7 Densification - uCT study

In order to investigate the densification of GR-HA specimens and the ability of the glass to act
as a densification agent, uCT studies were carried out. The results from the puCT study
regarding the densification of the sintered samples at 1300 °C can be found in Figure 5.18. The
graph is divided into three sections — upper left, upper right & bottom —one per La;0s content,
0, 1.25 and 2.5 mol% La;0s, respectively. Each section is further divided into four sub-sections
where the identifier of each sample can be found in the upper right corner (e.g., HA). In the
lower left corner, the X-Y cross section of each sample is depicted. The X-Z and Z-Y cross
sections of all the samples per the same lanthanum content (e.g., 0 mol% La,03) are depicted
in the upper right and the lower left corner of each sub-section, respectively. The samples are
stacked with increasing glass content, starting from pure HA at the bottom and progressing to

the GR-HA specimen containing 10 wt.% of glass at the top.

GR-HA samples containing less than 5 wt.% of glass loading, regardless of the La,03 content,
exhibit lower densification compared to pure HA. On the contrary, the composite specimens
containing the highest amount of glass, showcase the highest densification overall within the
test group (including pure HA). The increased liquid glass content present in those samples
aids the sintering process by reducing the interfacial energy between particles and facilitating
a faster atomic diffusion, compared to pure HA. This can be directly correlated to the linear

shrinkage and porosity results, shown earlier.
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A brief study containing only composite samples employing BG2.5 was carried out in order to
investigate the threshold upon which densification becomes more prominent. GR-HA
containing glass loadings between 6 — 9 wt.% were prepared and tested under the same
conditions as per the original study. The results from the aforementioned densification study
can be found in Figure 5.19. The graph is divided into four sections — upper left, upper right,
lower left & lower right — one per La;0s content, 6, 7, 8 and 9 wt.% of glass content,
respectively. Each section is further divided into four sub-sections where the identifier of each
sample can be found in the upper right corner (e.g., HA). In the lower left corner, the X-Y cross
section of each sample is depicted. The X-Z and Z-Y cross sections of all the samples are
depicted in the upper right and the lower left corner of each sub-section, respectively. The
samples are stacked with increasing glass content, starting from HA6BG2.5 at the bottom and

progressing to HA9BG2.5 at the top.

Densification seems to be increasing proportionally with increasing glass content, confirming
that glass acts as a sintering aid. There is no radical densification observed for samples
containing up to 7 wt.% of glass content. However, X-ray penetration reduces significantly as
the glass content reached 8 wt.% and densification becomes more prominent. As the glass
content increases at the final stage (i.e, HA9BG2.5), a similar densification pattern as for
HA10BG2.5 is observed. To conclude, 8 wt.% of glass loading seems to be the threshold upon

which the glass starts acting as an effective densification agent.
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Figure 5.18: uCT images of the cross sections of pure HA and GR-HA specimens.

114



HA6BG2.5 HA7BG2.5

—

Densification

HA8BG2.5 HA9BG2.5

Figure 5.19: uCT images of the cross sections of the GR-HA specimens during the densification study.
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5.8 Mechanical performance — Microhardness

In this section microhardness measurements were carried out in order to investigate the glass
effect on strengthening the GR-HA samples. Average microhardness of all the tested samples,
can be found in Table 5.8. Microhardness per La;03 loading (including pure HA for reference)

can be found in Figure 5.20.

Table 5.8: Microhardness values of HA and GR-HA samples

Description Microhardness + STD (HVO0.3)
HA 122.31+12.26
HA2.5BGO 87.25+15.61
HAS5BGO 84.73 +14.84
HA10BGO 134.25 +32.46
HA2.5BG1.25 104.06 + 16.42
HAS5BG1.25 70.89£9.90
HA10BG1.25 155.36 + 46.66
HA2.5BG2.5 92.42 +14.76
HA5BG2.5 82.98 £ 13.51
HA10BG2.5 160.40 + 43.02

GR-HA composites containing < 5 wt.% of glass loading, regardless of their La;03 content,
exhibit lower microhardness values compared to pure HA. This trend reverses with GR-HA
containing 10 wt.% of glass content since higher microhardness values are observed compared
to pure HA. Additionally, an increasing trend in microhardness is observed within this test
group (i.e., 10 wt.% of glass content) with increasing lanthanum content. More specifically, an
increase of 9.7%, 27.0% and 31.1% is recorded for HA10BGO, HA10BG1.25 and HA10BG2.5

compared to pure HA, respectively.
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Figure 5.20: Microhardness values of GR-HA specimens per La,03 loading (including pure HA for reference). (The asterisk (*)
indicates significant difference (P<0.05) between HA and the tested GR-HA specimens.)

117



The decrease in microhardness for samples containing < 5 wt.% of glass content, can be
attributed to decreased densification due to the thermal degradation phenomena, reported
previously. Additionally, the higher values of microhardness in samples containing 10 wt.% of
glass content compared to pure HA, is a direct result of the glass’ function as a liquid sintering

aid.

One of the main mechanisms behind the enhancement in microhardness is the elimination of
porosity [102], [107]. As seen previously, at sub-sections 5.3, 5.5 and 5.7, the densification of
the samples containing less than 5 wt.% of glass content was always lower compared to pure
HA. Only GR-HA specimens containing the highest amount of glass loading exhibited better
densification performance. An additional microstructural feature besides porosity that can
influence hardness at a lesser extent, is the presence of B-TCP. The presence of the latter in
calcium phosphate ceramics has been linked with microhardness enhancement in the
literature [107], [262]. However, its contribution comes into effect only when minimal
porosities are observed since densification is the main driving force behind mechanical
reinforcement. That is the case with the GR-HA specimens containing less than 5 wt.% of glass
content. Besides the presence of substantial quantities of B-TCP present in those samples, it
was the increased porosity that hindered the microhardness enhancement. Additionally,
La;0s has been linked as a mechanical performance enhancer in the literature [60], [79], [263].
Lastly, the incorporation of La ions within the HA matrix is known aid towards densification
[264]. Therefore, it is plausible that the increase in microhardness with increasing La;O3
content in GR-HA composites containing 10 wt.% of glass content, can be jointly attributed to

the presence of La;0s.
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Analogous results have been reported in similar studies investigating GR-HA systems by
various research groups. More specifically, Oktar et al. [102] reported increased hardness for
GR-HA samples containing 10 wt.% of a binary phosphate-based glass, compared to pure HA
and composites containing 5 wt.% of glass content. Lopes et al. [107] in a similar study
investigating GR-HA systems employing < 4 wt.% of ternary and quaternary phosphate-based
glasses, identified a correlation between the glass presence and increased hardness values.
The GR-HA samples exhibited higher densification rates compared to pure HA and in some
cases the presence of B-TCP enhanced this effect, as well. On the contrary, Tancred et al. [120]
did not identify a link between glass content and improved microhardness. This study
investigated the use of a silicate-based glass system and every GR-HA composite was inferior
in terms of hardness compared to pure HA specimens. The deterioration in mechanical
strengthening was attributed to the glass reactivity that hindered sintering (i.e., high porosity)

and induced thermal degradation.
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5.9 Antimicrobial studies

To investigate the antimicrobial efficacy of the developed GR-HA system, bacteria attachment
studies were carried out. Two different bacteria were used, S. Epidermidis and P. Aeruginosa,
in order to assess the effectiveness for both Gram positive (S. Epidermidis) and Gram negative

(P. Aeruginosa) candidates.

5.9.1 S. Epidermidis

The S. Epidermidis attachment study results for HA and GR-HA specimens can be found in
Figure 5.21. In general, no inhibition of S. Epidermidis attachment on the surface of GR-HA
specimens is observed throughout the test group, regardless of the glass or La;0s content.
The absorbance at 570 nm is directly related to the bacteria viability on the surface of the
tested samples. Therefore, it can be concluded that the developed GR-HA system did not
exhibit any efficacy against Gram positive bacteria; the bacteria population was not inhibited
compared to pure HA which at this study acts as the control group. This result directly
correlates with the literature on the subject since neither non-doped borosilicate glasses

(e.g., Ag20, CuO, etc.) [48] nor La;0s [60] have been shown to exhibit antimicrobial activity.
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Figure 5.21: S. Epidermidis viability on the surface of the GR-HA specimens per La;03 loading (including pure HA for
reference). (The asterisk (*) indicates significant difference (P<0.05) between HA and the tested GR-HA specimens.)
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5.9.2 P. Aeruginosa

The P. Aeruginosa attachment study results for HA and GR-HA specimens can be found in
Figure 5.22. In general, no inhibition of P. Aeruginosa attachment on the surface of GR-HA
specimens is observed throughout the test group, regardless of the glass or La,03 content.
The absorbance at 570 nm is directly related to the bacteria viability on the surface of the
tested samples. Therefore, it can be concluded that the developed GR-HA system did not
exhibit any efficacy against Gram negative bacteria; the bacteria population increased in
numbers compared to pure HA, which at this study acts as the control group. Hence, the
developed GR-HA system did not exhibit any efficacy against Gram negative bacteria. This
result directly correlates with the literature on the subject since neither non-doped
borosilicate glasses (e.g., Ag20, CuO, etc.) [48] nor La;0s3 [60] have been shown to exhibit

antimicrobial activity.
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Figure 5.22: P. Aeruginosa viability on the surface of the GR-HA specimens per La;0s loading (including pure HA for
reference). (The asterisk (*) indicates significant difference (P<0.05) between HA and the tested GR-HA specimens.)
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5.10 SaoS-2 cell culture study

In order to assess the biocompatibility and/or cytotoxicity of the developed GR-HA system,
SaoS-2 cell attachment studies were carried out for three different incubation periods;
day 1, 4 and 7. Pure HA was used as the control group of this study and the cell viability was

measured using the MTT protocol.

The results from the MTT biocompatibility in vitro study regarding HA and GR-HA specimens

containing BGO, for days 1,4 and 7 are presented in Figure 5.23.
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Figure 5.23: MTT results for HA and GR-HA containing BGO. (The asterisk (*) indicates significant difference (P<0.05)
between HA and the tested GR-HA specimens.)
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During the first day of incubation there is gradual increase of SaoS-2 cell viability with
increasing amount of glass and all GR-HA specimens outperform pure HA samples. This trend
is reversed in day 4 with HA2.5BGO exhibiting the highest cell viability that gradually decreases
with increasing amount of glass content. Only HA2.5BG0O and HA5BGO perform better than
HA, while HA10BGO exhibits the lowest cell viability within the test group. In the final day of
incubation, HA10BGO is the sample exhibiting the highest cell viability, surpassing GR-HA
specimens containing smaller glass loadings and pure HA samples. It is worth mentioning that
HAS5BGO is the only specimen within the day 7 test group, that shows a slight decline in cell
viability compared to pure HA. The reason behind this trend could be associated with the
increased amounts of TCP present in these specimens. In general, TCP exhibits higher
dissolution rates than HA, effectively decreasing the available surface area that could be

utilised for cell attachment and proliferation [95].

SEM images portraying the SaoS-2 cell morphology and attachment on the surface of pure HA
and GR-HA specimens are presented in Figure 5.24, Figure 5.25, Figure 5.26 for day 1, 4 and

7, respectively.

On the first day of incubation the cells attached to pure HA specimens exhibit a round
morphology with limited filopodia extensions. With increasing glass content up to 5 wt.%, cells
exhibit similar morphology but more developed filopodia extensions. In the case of HA10BGO,

cell morphology shifts to flatter and more elongated shapes across the surface of the samples.

On day 4, SaoS-2 cell population increased for all samples compared to day 1. The cells
attached to pure HA samples still exhibit round geometries but the level of filopodia
development is increased compared to day 1. HA2.5BGO and HA10BGO showcase a high

number of attached cells of elongated and flattened geometry, creating an extensive network
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of interconnecting cells, throughout the specimen’s surface. In the case of HA5BGO, a small

amount of round cells can be seen, similar to the performance recorded on day 1.

On the last day of incubation, all samples exhibit higher degrees of cell viability compared to
days 1 and 4. In the case of pure HA, SaoS-2 cells attached on the surface exhibit a much flatter
and elongated morphology compared to the previous days. Moreover, the cell morphology
that attached on the surface of HA2.5BGO was similar to the one observed for HA, but the
number of cells was greater. Similar morphology and behaviour as per days 1 and 4, is
observed for cells attached on HA5BGO. Lastly, the SaoS-2 cells on the surface of HA10BGO,

exhibit flattened and elongated fusiform structures.
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Figure 5.24: HA and GR -HA samples containing BGO, fixed cells Day 1 (filopodia extensions are highlighted with arrows, as
an example).
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Figure 5.25: HA and GR-HA samples containing BGO, fixed cells Day 4.
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Figure 5.26: HA and GR-HA samples containing BGO, fixed cells Day 7 (a cell exhibiting fusiform geometry is highlighted with
the arrow, as an example).
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The results from the MTT biocompatibility in vitro study regarding HA and GR-HA specimens

containing BG1.25, for days 1, 4 and 7 are presented in Figure 5.27.
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Figure 5.27: MTT results for HA and GR-HA containing BG1.25. (The asterisk (*) indicates significant difference (P<0.05)
between HA and the tested GR-HA specimens.
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During the first day of incubation all GR-HA samples exhibit similar or higher cell viability
compared to pure HA. HA2.5BG1.25 shows the highest degree of cell viability, with
HA10BG1.25 and HA5BG1.25 following it. This trend is ongoing during day 4, with
HA2.5BG1.25 exhibiting the highest cell viability compared to all the specimens within the test
group. HA10BG1.25 shows similar cell viability to pure HA whereas HA5BG1.25 exhibits a
slightly lower viability rate. In the final day of incubation, HA10BG1.25 is the sample portraying
the highest cell viability, surpassing both GR-HA specimens containing smaller glass loadings
and pure HA samples. It is worth mentioning that HA5BG1.25 is the only specimen within the
day 7 test group, that shows a decline in cell viability compared to pure HA. The reason behind
this trend could be associated with the increased amounts of TCP present in these specimens,

as previously described.

SEM images portraying the SaoS-2 cell morphology and attachment on the surface of pure HA
and GR-HA specimens are presented in Figure 5.28, Figure 5.29, Figure 5.30 for day 1, 4 and

7, respectively.

On the first day of incubation the cells attached to pure HA specimens exhibit a round
morphology with limited filopodia extensions. With increasing glass content up to 5 wt.%, cells
exhibit similar morphology, while the ones attached to HA2.5BG1.25 tend to showcase slightly
flatter patterns. In the case of HA10BG1.25, cell morphology shifts to flatter and more

elongated shapes across the surface of the samples.

On day 4, SaoS-2 cell population increased for all samples compared to day 1. The cells
attached to pure HA samples still exhibit round geometries but the level of filopodia
development is increased compared to day 1. HA2.5BG1.25 and HA10BG1.25 showcase a high

number of attached cells. In the case of the former the cells exhibit a combination of round
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and fusiform shapes, with highly developed filopodia extensions. An array of elongated and
flattened SaoS-2 cells can be seen across the surface of the HA10BG1.25 samples. A small

number of round cells can be observed on the surface of HA5BG1.25, similar to day 1.

On the last day of incubation, all samples exhibit higher degrees of cell viability compared to
days 1 and 4. In the case of pure HA, SaoS-2 cells attached on the surface exhibit a much flatter
and elongated morphology compared to the previous days. Moreover, the cell morphology on
the surface of HA2.5BG1.25 is much flatter and elongated compared to day 4. Similar
morphology and behaviour as per days 1 and 4 are observed for cells attached on HA5BG1.25;
small number of round cells with undeveloped filopodia can be seen across the surface of the
specimens. Lastly, there are large areas covered by a big population of SaoS-2 cells on the
surface of HA10BG1.25. They grow in multiple layers, with cells at the bottom exhibiting a
flattened and elongated geometry; cells in higher levels portray a combination of round and

fusiform shapes.

132



HA

HA2.5BG1.25

HA5BG1.25

HA10BG1.25

Figure 5.28: HA and GR-HA samples containing BG1.25, fixed cells Day 1.
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Figure 5.29: HA and GR-HA samples containing BG1.25, fixed cells Day 4.
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Figure 5.30: HA and GR-HA samples containing BG1.25, fixed cells Day 7.

135



The results from the MTT biocompatibility in vitro study regarding HA and GR-HA specimens

containing BG2.5, for days 1, 4 and 7 are presented in Figure 5.31.

0.4 -
m HA m HA2.5BG2.5 m HA5BG2.5 HA10BG2.5

0.3 A

*

Absorbance@570nm

Day 1 Day 4 Day 7

Figure 5.31: MTT results for HA and GR-HA containing BG2.5. (The asterisk (*) indicates significant difference (P<0.05)
between HA and the tested GR-HA specimens.)
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During the first day of incubation all GR-HA samples exhibit similar or higher cell viability
compared to pure HA. HA2.5BG2.5 shows the highest degree of cell viability, with HA10BG2.5
and HA5BG2.5 following it. This trend is ongoing during day 4, with HA2.5BG2.5 exhibiting the
highest cell viability compared to all the specimens within the test group. HA10BG2.5 shows
similar cell viability to pure HA whereas HA5BG2.5 exhibits a lower viability rate. In the final
day of incubation, HA10BG2.5 is the sample portraying the highest cell viability, surpassing
both GR-HA specimens containing smaller glass loadings and pure HA samples. It is worth
mentioning that HA5BG2.5 is the only specimen within the day 7 test group, that shows a
significant decline in cell viability compared to pure HA. The reason behind this trend could be
associated with the increased amounts of TCP present in these specimens, as previously

stated.

SEM images portraying the SaoS-2 cell morphology and attachment on the surface of pure HA
and GR-HA specimens are presented in Figure 5.32, Figure 5.33, Figure 5.34 for day 1, 4 and

7, respectively.

On the first day of incubation the cells attached to pure HA specimens exhibit a round
morphology with limited filopodia extensions. With increasing glass content up to 5 wt.%, cells
exhibit similar morphology, with the ones attached to HA2.5BG2.5 specimens showcasing
slightly flatter patterns and filopodia attachments. In the case of HA10BG2.5, cell morphology

shifts to flatter and more elongated shapes across the surface of the samples.

On day 4, SaoS-2 cell population increased for all samples compared to day 1. The cells
attached to pure HA samples still exhibit round geometries but the level of filopodia
development is increased compared to day 1. HA2.5BG2.5 and HA10BG2.5 showcase a high

number of attached cells. In general, fusiform and flattened shaped cells occupy the surface
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of the specimens, while round ones are observed stacking on top of the former. An array of
elongated and flattened SaoS-2 cells, along with spindle-like cells can be seen across the
surface of the HA10BG2.5 samples. Flattened and fusiform cells are observed on the surface
of HA2.5BG2.5, too. A small number of round cells with further developed filopodia can be

observed on the surface of HA5BG2.5, similar to day 1.

In the last day of incubation, all samples exhibit higher degrees of cell viability compared to
days 1 and 4. In the case of pure HA, SaoS-2 cells attached on the surface exhibit a much flatter
and elongated morphology compared to the previous days. Moreover, the cell morphology
that attached on the surface of HA2.5BG2.5 is much flatter and elongated compared to day 4.
Similar morphology and behaviour as per days 1 and 4, is observed for cells attached on
HAS5BG2.5; small number of round cells with undeveloped filopodia can be seen across the
surface of the specimens. Lastly, there are large areas covered by a big population of SaoS-2
cells on the surface of HA10BG2.5. They exhibit an extensive network of attachment filopodia

connected to the substrate while other areas showcase limited cell confluency, too.
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Figure 5.32: HA and GR-HA samples containing BG2.5, fixed cells Day 1.
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Figure 5.33: HA and GR-HA samples containing BG2.5, fixed cells Day 4.
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Figure 5.34: HA and GR-HA samples containing BG2.5, fixed cells Day 7.
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To conclude, none of the GR-HA specimens regardless of their La;Os exhibited cytotoxic
behaviour. The inhibition of cell viability in samples containing 5 wt.% of glass loading, can be
attributed to the increased dissolution rates associated with the TCP phases present in those
specimens. In general, GR-HA samples loaded with 2.5 wt.% of glass loading, exhibited similar
or slightly increased cell viability on days 1 and 4 compared to pure HA and GR-HA samples
loaded with 10 wt.% of glass, regardless of the lanthanum content. The trend is reversed on
day 7, where the latter portray higher cell viability rates compared to pure HA and composites
containing 2.5 wt.% of glass loading. This increase in cell viability can be attributed to the
presence of the glass within the composites, since the MTT results are statistically significant
in every such case (i.e., 10 wt.% of glass loading, regardless of the lanthanum content)
compared to the results for pure HA. More specifically, there is an increase in cell viability by
22.5%, 93.5% and 26.0% for samples HA10BGO, HA10BG1.25 and HA10BG2.5 compared to
pure HA, respectively. Additionally, the cell morphology in those samples is always flattened

and elongated covering large areas of the substrate, indicating reduced cell stress.
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CHAPTER 6 — SLS feasibility study

This chapter focuses on the investigation regarding the processability of the novel powder
feedstock via SLS. The coupling of hydroxyapatite and selective laser sintering is potentially
capable of producing the intricate geometries required for tissue engineering applications.
However, processing hydroxyapatite via SLS, either directly or indirectly, presents some
limitations, mainly due to its refractory character and its limited thermal shock resistance. In
this feasibility study, BG2.5 (hereafter called BG) was the only glass composition chosen to be
tested since it exhibited better mechanical and biological performance compared to the other
two glass compositions (i.e., BGO and BG1.25). Two different powder feedstocks were tested
in the feasibility study. More specifically, one consisting solely of a commercial spray-dried,
spheroidised HA powder and the second one comprising of the aforementioned HA powder
blended with 10 wt.% of BG (HA10BG). This specific HA/BG ratio was chosen since it exhibited
better mechanical and biological performance in the study presented in Chapter 5. Flame
spheroidization was used to spheroidise the glass powder in order to ensure flowability and
spreadability of the powder feedstock. Spherical particle morphology [5], [21], [192], [193],
[196], [215], [224], [225], [230] and a narrow size distribution with particle size ranging
between 10 — 150 um [5], [20], [225], [226], [230], [21], [191], [193]-[196], [215], [224] are
considered optimal in terms of powder characteristics for SLS processing. That was the reason

behind the selection of the powder characteristics for both HA and BG in this feasibility study.

Parts of this section are published as first-author and may contain replication from [1]
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In the following section the characterisation of the powder feedstock in terms of physical
properties, flowability and absorbance are presented. In addition, a summary of the printing
process and results are presented, alongside information regarding the physicochemical

properties of the printed parts.

6.1 Powder characterisation

The SEM images and particle size distribution analysis of the HA powder used during the SLS
feasibility study is presented in Figure 6.1 and Figure 6.2, respectively. The HA particles are of
spherical geometry (sphericity index: 0.94 + 0.04) and exhibit an average particle size (Dso) of
62.2 um. Additionally, they exhibit a rough surface, a typical trait of spray-dried HA powders
comprising of smaller crystallites [227], [265]. Various non-optimal shapes in terms of
flowability (e.g., doughnut, mushroom, etc.) can be achieved via the spray drying route,
including hollow geometries [266]—[268]. The cross section of the HA particle revealed a solid

geometry, as it can be seen in Figure 6.1.
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Figure 6.1: SEM micrographs of the spheroidised HA particles (left) and a cross section of the HA microspheres (right).

14 -
12 .
T34
104 it
§ P
§ 81 R
o -
L= : H
v 6 A : :
£ ¢ ¢
3 : :
S 4 i
> + ¢
21 i
¢ .
0 —MWA—M
0.1 1 10 100 1000 10000

Particle size (um)

Figure 6.2: Particle size distribution of the spheroidised HA powder.

SEM images of the BG powder prior and post spheroidization particle size distribution analysis

for both powders are presented in Figure 6.3 and Figure 6.4, respectively.
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Figure 6.3: SEM micrographs of the pre-spheroidised BG particles (left), the spheroidised BG particles (right) and a cross
section of the BG microspheres (bottom).
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Figure 6.4: Particle size distribution of the pre-spheroidised and spheroidised BG powders.
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The BG particles pre-spheroidisation are of irregular shape, exhibiting an average particle size
(Dso) of 70.4 um. Post-spheroidization, the geometry of the particles is spherical (sphericity
index: 0.97 £ 0.04), exhibiting a similar particle size as their non-spheroidised counterparts
(71.9 um). The surface of the particles is smooth and the developed microspheres are solid as

it can been seen in Figure 6.3.

Through the particle size analysis, it was shown that the spheroidisation process affected the
size distribution of the processed BG powder. More specifically, the particle size remained
almost identical to the one recorded pre-spheroidisation, however the particle size
distribution became narrower as it can be seen in Figure 6.4. This is not uncommon [247] and

it is favourable in terms of flowability [187], [225].

Lastly, it is worth mentioning that BG remained amorphous during flame spheroidisation, as
it can be seen in the X-ray diffractogram presented in Figure 6.5. No crystallisation occurred

during the process due to the small residence time and rapid quenching.
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Figure 6.5: X-ray diffractograms of BG glasses pre and post spheroidisation.
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6.2 Absorbance measurements

Ensuring adequate coupling between the laser source and the powder feedstock is of utmost
importance during SLS processing [221], [225], [230], [231], [233]—[235]. In general, ceramics
and glasses absorb energy much more efficiently when they are irradiated with CO; laser
sources operating at 10.6 um [186], [187], [269]. However, the majority of the powder bed
fusion printers in the market are not suitable for processing ceramics [187]. They are either
equipped with Nd:YAG or fibre laser sources operating at 1.06 um, an optimal wavelength for
processing metallic feedstocks but extremely inefficient for ceramics, or their overall
specifications do not meet the requirements for this purpose [187]. More specifically, SLS
equipment designed for polymer processing are equipped with CO; lasers, nevertheless they
are not equipped to accommodate the extreme conditions required for ceramic processing
(e.g., printing bed/chamber preheating temperatures > 1000 °C, suitable cooling rates, etc.)
[187]. A comparison between the absorbance of various ceramic powders for both

wavelengths is presented in Table 6.1.

Table 6.1: Absorbance of ceramic and glass powders at 1.06 um and 10.6 um wavelengths

Material Nd-YAG (A=1.06 um) CO2 (A=10.6 um) Ref

ZnO 0.02 0.94 [233]

Al,O3 0.03 0.96 [233]

Sio, 0.04 0.96 [233]

BaO 0.04 0.92 [233]

8YSZ 0.02 - [187]

CuO 0.11 0.76 [233]

HA 0.03 - [187]

TiC 0.82 0.46 [233]

SiC 0.78 0.66 [233]

45S5 - Bioglass 0.2 - [270]
Typical soda lime silicate glass 0.2 - [271]
Schott Borofloat® 33 0.07 - [272]
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Absorbance enhancers are usually blended with ceramic powders when processed with SLS
printers equipped with 1.06 um laser sources. That was the case in this feasibility study since
processing the developed GR-HA feedstock would be impossible without the use of one. This
was validated by the absorbance measurements recorded for HA, BG and the GR-HA blend

consisting of 10 wt.% of BG, presented in Figure 6.6.
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Figure 6.6: Absorbance of HA, BG and HA10BG powders at 1070 nm.

The energy absorbance was extremely low for all three of the tested powders, making the
experimentation via SLS unpragmatic. Thus, graphite powder was used in order to enhance
the energy absorption. The graphite powder morphology alongside the particle size

distribution analysis of the same powder are presented in Figure 6.7.
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Figure 6.7: SEM micrograph of the graphite powder (left) and particle size analysis of the same powder (right).

The graphite particles are of irregular shape and exhibit an average particle size (Dso) of
16.3 um. This powder profile is not optimal for SLS processing due to the smaller average
particle size and the irregular geometry. A spherical graphite powder with similar powder
characteristics would be a better option for this feasibility study. However, this was the sole

viable option for enhancing absorbance at the time of experimentation.

10 wt.% of graphite was mixed with pure HA (hereafter HA10G) and the GR-HA blend
(hereafter HA10BG10G). The absorbance measurements for pure graphite, HA10G and

HA10BG10G are presented in Figure 6.8.
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Figure 6.8: Absorbance of graphite, HA10G and HA10BG10G powders at 1070 nm.

The absorbance for both HA10G and HA10BG10G increased from approximately 3% to 79%
and 78%, respectively. The slight hysteresis in absorbance between HA and BG that was
recorded before blending with the graphite powder is present in the graphite-rich powder
feedstocks, too. The absorbance measurements for all the tested powder feedstocks are

presented in Table 6.2.

Table 6.2: Absorbance measurements of the powders studied in the SLS feasibility study

Description Absorbance + STD (%)
HA 3.5+0.6
BG 23+0.9
Graphite 86.9+0.3
HA10G 78.8+1.0
HA10BG 29+0.2
HA10BG10G 77.9+0.5
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6.3 Flowability

A non-cohesive and free flowing powder feedstock is essential for achieving optimal printing
results while processing via SLS. Powder flow characteristics are heavily influencing the
printed parts’ density and mechanical properties [5], [187], [273], [274]. In order to assess the
aptitude of the developed powder feedstocks in terms of flowability, both static and dynamic
powder flow behaviour metrics were investigated. More specifically, the angle of repose,
Hausner ratio, compressibility index and average flow rate were assessed. The results are

presented in Table 6.3 and Figure 6.9.

It is worth mentioning that there is no single technique that could provide a complete powder
behaviour profile [273], [275]. For instance, the angle of repose, a commonly used flowability
metric, can provide a general understanding of both static and dynamic features in terms of
flowability [276]. On the other hand, the average flow rate, a dynamic metric, is able to
simulate better the recoating process during SLS processing. Therefore, a holistic solution
towards identifying the flow behaviour of any powder feedstock is potentially a combination

of both types of measurements.

Table 6.3: Flowability metrics of HA, BG, HA10G, HA10BG and HA10BG10G

Angle of repose  Hausner ratio Compressibility Index+  Average flow rate +

Description +£STD (°) £STD STD (%) STD (g/s)
HA 249+1.9 1.14 £ 0.01 11.95 * 0.85 231406

BG 240+1.6 i i 58.245.5
HA10G 334409 1.24 +0.01 19.08 + 0.74 22.841.0
HA10BG 237407 1.12 +0.01 11.01+ 0.68 24.8+40.6
HA10BG10G  33.5+0.9 1.23 +0.02 18.79 + 1.00 253407
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Figure 6.9: Angle of repose (upper left), Hausner ratio (upper right), compressibility index (lower left) and flow rate (lower right) measurements for the powders studied in the SLS feasibility
study.
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Both spheroidised powder feedstocks exhibited excellent flowability characteristics according
to Carr’s classification regarding the angle of repose [243]. The spheroidised glass powder
performed slightly better than the calcium phosphate powder in this specific metric, with 25°
and 24° being the values recorded for HA and BG, respectively. The GR-HA blend (i.e., HA10BG)
slightly outperformed pure HA in the same test, a trend that can be attributed to the glass
presence in the mix. The graphite-rich blends did not match the performance of their pure
counterparts. More specifically, both tested powder feedstocks (i.e., HA10G and HA10BG10G)
exhibited an angle of repose of 34°. This 36% increase can be attributed to the presence of
irregular and fine graphite particles within the powder feedstocks, that hinders flowability in
general. However, both HA10G and HA10BG10G are still potentially suitable for SLS processing

since they classify under “Good” in the Carr classification [243].

Similar trends were observed for both Hausner ratio and compressibility index measurements.
HA and HA10BG outperformed their graphite counterparts in both tests. More specifically,
HA10G and HA10BG10G were classified as “Good” in terms of flowability as per Carr’s
classification. Whereas HA and HA10BG performed “Excellent” on the same scale. The glass
presence has a positive effect on flowability, since slightly lower values are recorded for
Hausner ratio and compressibility index compared to pure HA; a similar trend is observed for
the graphite-rich blends. This could potentially be attributed to the smoother surface of the
glass particles enhancing the total flowabilty of the powder feedstock.
(BG powder was excluded from these measurements. The nature of the test posed a risk
towards the structural integrity of the glass microspheres and the realisation of the SLS

feasibility study)
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In terms of flow rate measurements, a counter intuitive result was recorded. The graphite-
rich blends exhibited slightly higher flow rates compared to pure HA and HA10BG. In this
metric, the graphite content did not hinder the flow behaviour of the powder feedstocks, as
previously seen with the angle of repose measurements. Bimodal distributions tend to hinder
flowability since they usually increase the interparticle friction within the powder feedstocks
[274]. Hence this mechanism cannot be the underlying cause regarding the slightly higher flow
rates recorded for HA10G and HA10BG10G. This could potentially be attributed to fine
graphite particles coating the rough surface of HA particles, lowering the interparticle friction
within those feedstocks. Furthermore, the spheroidised glass powder exhibited the highest
flow rate throughout the test group, a result that can potentially be attributed to the smooth

surface of the glass particles.

To conclude, all tested powder feedstocks were potentially suitable for SLS processing in terms
of flowability; both HA and BG powders performed excellently. The presence of graphite in
HA10G and HA10BG10G influenced the flow behaviour in a negative manner since higher
angle of repose, Hausner ratio and compressibility index values were recorded for the graphite
containing powder feedstocks. However, they still classified under “Good” in the Carr

classification regarding flowability.
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6.4 SLS printing

Three different geometries were selected to be printed via SLS, utilising either pure HA or HA
containing 10 wt.% of BG, HA10G and HA10BG10G, respectively. Two cylindrical designs
exhibiting different heights where chosen in order to investigate the printability of the powder
feedstocks with simple geometries and different number of layers. Additionally, a cylindrical
scaffold was chosen in order to assess the printability with more complex geometries. It is
worth mentioning that the printing profile used for both powder feedstocks was the same
throughout this feasibility study. It was optimised for HA10G in a previous study by Navarrete-
Segado et al. [240]. Due to time limitations in the usage of the SLS equipment during
experimentation, the same profile was used for processing the glass containing powder
feedstock. The different CAD models and panoramic views of the printing bed are presented

in Figure 6.10.

Figure 6.10: Printing bed layout (up), printing bed during SLS processing (left) and post SLS processing (right).
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HA10G performance was not optimal in terms of SLS processability. All of the printed samples
exhibited high levels of brittleness and only the tall cylinders were successfully retrieved from
the printing bed. The remaining two designs lacked cohesion and compactness, breaking
immediately upon any attempt of manually depowdering the printing bed and retrieval. This
behaviour could potentially be attributed to different gradients of thermal conductivity upon
processing. Most probably the energy input was not adequate due the proximity of the short
cylinders to the printing bed and the open geometry of the scaffold. Based on the same
speculation, a more even heat distribution throughout the volume of taller parts during
processing, could be the reason behind the better fusion between each layer. The status of
the printing bed post the depowdering step and the retrieved tall cylinders are presented in

Figure 6.11.

Lattice

Je

Figure 6.11: HA10G printed samples. Printing bed post the depowdering step (left), tall cylinder tép (upper right) and side
(lower right).

The glass containing powder feedstock exhibited better processability compared to HA10G

since both the tall and the short cylinder design were printed successfully. (The scaffold design

was not tested with HA1I0BG10G due to time constraints faced during experimentation) The

printed samples still suffered from brittleness, however at a much lower extent. The task of
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handling and retrieving them from the build plate was less complicated since they were more
rigid compared to HA10G. This behaviour could be attributed to the glass content that
potentially melted during sintering, acting as fusion agent for the HA particles within the
powder feedstock. The same mechanism was most probably responsible for the darker look
of HA10BG10G printed samples. Graphite particles were probably encapsulated within the
glassy phase, alongside their HA counterparts. Additionally, balling was observed on the top
side of these samples, a phenomenon driven by the Gibbs — Marangoni effect. During
processing that involves a liquid phase, such as the glass component in this study, particles
tend to agglomerate in ball-like structures in an attempt to reduce surface energy [18], [191],
[201], [204]. It is a phenomenon that has been observed in SLS studies both in metallic [191],
[205], [277] and ceramic [195], [201], [209], [278] powder feedstocks. Its occurrence is directly
related to thermal gradients realised on the printing bed while processing and printing
parameters such as hatch distance or layer thickness [18], [191], [204], [278]. Balling should
be avoided during SLS processing since it introduces dimensional inaccuracies and unwanted
roughness on the surface of the printed samples. This can be achieved with the the utilisation
of a heated powder bed effectively minimising the thermal stresses during printing [204].
Additionally, optimised printing profiles can aid towards this direction and are usually
identified through processing window studies [191], [204]. In the current study, this could
have been prevented, either partially or fully, with the use of a preheated powder
bed/chamber (an option that was not available with the utilised kit). Most probably, the glass
content of the powder feedstock melted under the intense laser irradiation and then cooled
down in a rapid manner, leading to the observed ball-like structures. This phenomenon could
have been further minimised if an optimal printing profile was identified for the glass

containing powder feedstock.
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The printing bed post the depowdering step and the retrieved tall and short cylinders are

presented in Figure 6.12.

Sy

Figre 6.12: HA10BG10G printed samples. Printing bed post the depowdering step (left), tall cylinder top (upper right) and
side (lower right).

Both pure HA and GR-HA printed samples underwent a heat treatment cycle at 1300 °C, the
same as per the one described in Chapter 5, in order to assess any effects in terms of
mechanical or chemical properties. Additionally, this post-processing step would ensure the
removal of the graphite powder via pyrolysis. HA10G and HA10BG10G pre and post-sintering
are presented Figure 6.13 and Figure 6.14, respectively. Both samples exhibit a darker hue
before sintering that is directly linked to the amount of graphite present. Post thermal
treatment, both samples seem to be graphite free since no dark areas are macroscopically
visible. The pure HA sample (hereafter HA10G_S) is completely white while the GR-HA sample
(hereafter HA10BG10G_S) is white combined with yellow discolorations throughout its
volume. These discolorations could potentially be attributed to laser induced chemical
reactions that took place during SLS processing. Due to the presence of oxygen and the high
amount of graphite trapped within the glassy phase, it is possible that graphite reacted with

oxygen in an exothermic reaction (i.e., combustion) [279], leaving behind the yellow
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discolorations. Lastly, it is worth mentioning that during heat treatment, HA10G_S exhibited
a mass loss of 1 wt.% whereas HA10BG10G_S lost 3 wt.% of its mass. This finding is directly
connected with the darker hew of the sample (i.e., increased graphite content), that was

pyrolysed at a higher extent compared to HA10G_S.

Figure 6.14: HA10G_S (left) and HA10BG10G_S (right) heat-treated samples.

Stereoscopic images were taken for both tested powder feedstocks, pre and post-processing,
in order to assess the dimensional accuracy and surface morphology of the printed parts. Both
sets of printed samples exhibited a fair amount of dimensional accuracy compared to the CAD
model, considering the experimentation limitations (i.e., lack of preheated powder
bed/chamber, optimised printing profile). The recorded differences diameter-wise were 10%

and 14% for HA10G and HA10BG10G, respectively. The larger diameter difference for
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HA10BG10G is probably related to the balling effect experienced while processing. A
comparable difference was recorded in terms of length measurements for either powder
feedstocks. HA10G samples were 7% smaller than the CAD model whereas HA10BG10G were
9% smaller. It is worth mentioning that GR-HA samples loaded with the same amount of glass

content showed higher shrinkage rates compared to pure HA, as described in sub-section 5.4.

In terms of surface morphology HA10G samples exhibited smoother surface profiles
compared to HA10BG10G, as it can be seen in Figure 6.15 and Figure 6.16, respectively. The
height differences recorded on pure HA samples are much smaller compared to the GR-HA
feedstock. This finding is directly related to the balling effect experienced during processing.
Balling was not only present in the GR-HA printed samples but HA10G samples exhibited
limited areas of molten HA that were shaped in a ball-like structure, as it can be seen in the

magnified image.
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Figure 6.15: Stereoscopic images of HA10G: top view (upper left), top view detail (lower left), surface profilometry map
(upper right), side view (lower right).
The extent of balling in the HA10BG10G samples is much more extensive, as previously
described. The height differences on the surface almost double in size compared to HA10G
creating a much rougher surface. Graphite particles are trapped at a higher extent either on
or below the surface of HA10BG10G printed samples compared to HA10G. This finding
explains the darker hue exhibited by the glass-rich samples. Additionally, pockets of graphite
trapped within glass pockets are visible throughout the surface of the samples. Some of them
are black however other exhibit a yellow tint. The latter could be indicative of the exothermic

reaction that was described earlier and potentially explain the yellow hue of HA10BG10G_S.
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Figure 6.16: Stereoscopic images of HA10BG10G: top view (upper left), top view detail (lower left), surface profilometry map
(upper right), side view (lower right).

After the heat treatment, both samples lost their dark hue due to the elimination of graphite
via pyrolysis. HA10G_S is completely white while HA10BG10G_S exhibits a yellow tint, most
probably related to a chemical reaction between the graphite and oxygen induced by the laser

irradiation.

HA10G_S exhibited less brittleness compared to the as-printed samples, however they were
still extremely fragile while handling. The surface of the sample did not exhibit any signs of
graphite particles, as it can be seen in Figure 6.17. Additionally, extended solidified areas were
observed compared to the as-printed samples. The heat treatment did not affect the areas

exhibiting balling since they are still present on the surface of the sample. Furthermore, the
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outer wall of the samples exhibits the same flaky consistency that was observed in the printed

samples prior to the heat treatment.

Figure 6.17: Stereoscopic images of HA10G_S: top view (upper left), top view detail (lower left), side view (right).

The heat treatment allowed the GR-HA samples to further solidify and eliminated any graphite
content and pockets that were present in the as-printed samples, as it can be seen in
Figure 6.18. The balling effect is still present on the surface of the sample and the outer walls
exhibit a dendritic structure. This type of growth could potentially be driven or connected to

the presence of glass and a similar mechanism to the Gibbs — Marangoni effect.
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Figure 6.18: Stereoscopic images of HA10BG10G_S: top view (upper left), top view detail (lower left), side view (right).

In order to assess the chemical stability of the tested powder feedstocks, phase identification
experiments were carried out throughout the SLS feasibility study. Figure 6.19 presents the
diffractograms of all the initial powders prior to SLS printing. In terms of HA, all the diffraction
peaks correspond to stoichiometric HA, as per JCPDS 00 009 0432; the same applies for
graphite (JCPDS 75-1621). A distinct peak around 26.5° is observed for both HA10G and
HA10BG10G and it corresponds to the graphite powder added to those powder blends.

As a result of SLS processing, additional phases were detected for both HA10G and
HA10BG10G. More specifically, HA and traces of graphite are still present in HA10G, as it can

be seen in Figure 6.20. However, tetracalcium phosphate (TTCP) and a-TCP were detected
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alongside the initial components of the powder blend. This mixture is one of the
stoichiometrically viable outcomes when processing HA at high temperatures, in an oxygen
atmosphere [280]. Additionally, since the detected TCP phase is a-TCP, it is safe to assume
that the processing temperature was at least 1200 °C [8]; similar behaviour was observed in a

similar study by Navarrete-Segado et al. [240].

In the case of HA10BG10G, the same phases were detected however in miniscule quantities
compared to HA10G. The TTCP peak is much broader and lower in intensity whereas the
o-TCP peak is barely visible. This is a strong indication of the glass’s performance as a
prophylactic agent in terms of HA dehydroxylation. The same behaviour was observed in the
traditionally manufactured samples, described in Chapter 5. Furthermore, the presence of
graphite is more prominent in this sample, as it can be seen by the more distinct peak around
26.5°. This finding directly correlates to the darker hue exhibited by the glass-rich printed
samples. It is worth mentioning, that no glass-related phases were introduced during SLS
processing (with temperatures reaching at least 1200 °C). This is a strong indication of the
thermal stability of the developed glass system even when processing with localised high

energy density sources.

As expected both samples are graphite-free after the heat treatment cycle, since no distinct
peak is observable around 26.5°, as it can be seen in Figure 6.20. In the case of HA10G_S, the
HA peaks are sharper compared to the as-printed samples. In tandem, the TTCP and a-TCP
peaks are broader and less prominent. This combination of findings provides a strong
indication of a potential reverse phase transformation of TTCP and a-TCP to HA during the
heat treatment. This behaviour has been previously documented by Liao et al. [281] during

their study of thermal processing of HA in high temperatures under air. In the mentioned
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study, HA powder was heated up to 1500 °C and then cooled at different temperatures with
a cooling rate of 10°C/min. They identified a reverse phase transformation mechanism that
drove TTCP and a-TCP to gradually transform to HA during cooling. The transformation ratio
maximised with decreasing cooling temperature and 1100 °C was the threshold where the
secondary phases would completely transform to HA. In the case of HA10BG10G_S, no other
phases besides HA were detected. The heat treatment affected the GR-HA printed sample in
a positive manner similar to pure HA. The miniscule quantities of TTCP and a-TCP detected in

the as-printed samples reverted to HA.
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Figure 6.19: X-ray diffractograms of the initial powders and blends studied in the SLS feasibility study.
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Figure 6.20: X-ray diffractograms of the as-printed (HA10G, HA10BG10G) and heat-treated samples (HA10G_S, HA10BG10G_S).
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In order to quantify the phase composition in the as-printed and post-processed samples,
Rietveld analysis was carried out. The results for all the tested specimens, including phase

analysis and unit cell related values, can be found in Table 6.4.

Table 6.4: Rietveld analysis results of HA10G, HA10BG10G, HA10G_S and HA10BG10G_S

Lo . . . Volume )
Description a(A) b (A) c(A) (A2) HA TTCP  o-TCP Graphite
HA10G 9.395 9.395 6.884 526.22 60.0% 343% 4.1% 1.5%

HA10BG10G  9.410 9.410 6.922 530.72 685% 13% 0.5% 29.7%
HA10G_S 9.413 9.413 6.885 52831 88.7% 10.2% 1.2% 0.0%
HA10BG10G_S 9.421 9.421 6.922 532.13 100.0% 0.0% 0.0% 0.0%

HA content in both as-printed samples ranges between 60 — 68% with HA10BG10G recording
the highest value. However, in the case of HA10G the remaining 40% of its composition is
comprising primarily from TTCP (34%) and smaller traces of a-TCP (4%) and graphite (1.5%). A
completely different phase composition is recorded for HA10BG10G since TTCP and a-TCP
phases accrue for a combined 2% while graphite completes the composition profile with the
remaining 30%. The latter could be an overestimation from the Rietveld refinement analysis.
The actual ratio of graphite within the composition could potentially be lower considering the
HA/graphite peak intensity ratio in the recorded XRD data. Nevertheless, it is safe to assume
that the chemical signature of the as-printed GR-HA samples produced through the Rietveld

analysis is accurate since the two main components of the composition are predicted.

After the heat treatment, HA presence is more prominent in both samples. In the case of
HA10G_S, HA covers almost 90% of the composition with TCCP (and miniscule quantities of
a-TCP) accruing for the remaining 10%. No additional phases besides HA were recorded for
HA10BG10G_S. The phase composition results for both the as-printed and post-processed

samples are presented in Figure 6.21.
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Figure 6.21: Composition map of HA10G, HA10BG10G, HA10G_S and HA10BG10G_S.

Variation of the a-axis, c-axis and unit cell volume parameters for both as-printed and

heat-treated samples, are presented in Figure 6.22.
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Figure 6.22: Unit cell lattice parameters of HA10G, HA10BG10G, HA10G_S and HA10BG10G_S.
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An expansion of the a-axis is observed between HA10G and HA10BG10G which could
potentially indicate ion exchange within the HA lattice. La ions exhibit a slightly larger ionic
radius than Ca ions [254], hence such a replacement could justify the a-axis expansion. The
same observations apply for the unit cell volume. The glass content does not seem to affect

the c-axis of the unit cell, with HA10BG10G and HA10G exhibiting a similar c-axis value.

Post-processing significantly affected the unit cell parameters for both tested powder
feedstocks. More specifically, the unit cell expanded both in the a and c-axis direction, after
HA10G and HA10BG10G underwent the heat treatment cycle at 1300 °C. In the case of both
HA10G_S and HA10BG10G_S, the c-axis expanded similarly compared to the as-printed
samples. This finding is a strong indication that the glass presence was irrelevant to this
expansion. The a-axis expansion for both tested samples does not exhibit the same behaviour
as per the c-axis findings. It is dependent both on the sintering temperature and the glass
content, with HA10BG10G_S exhibiting a larger a-axis compared to HA10G_S. This is an
indication that the heat treatment was the sole driving mechanism behind the a-axis
expansion of HA10G_S. In the case of HA10BG10G_S, the additional expansion can be

attributed to ion exchange within the lattice.

Based on the XRD analysis it can be concluded that HA10BG10G exhibited better thermal
stability during SLS processing compared to HA10G, since miniscule phase transformations
were recorded for the glass-rich powder feedstock. On the contrary, HA10G was more
susceptible to HA dehydroxylation phenomena that could be detrimental in tissue engineering
applications in terms of biological and mechanical performance. Additionally, the post
processing heat treatment cycle worked as expected in terms of graphite removal via pyrolysis

since no traces were found in either of the tested powder feedstocks.
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In order to assess the effect of heat treatment in terms of densification, uCT experiments were
carried out. Unfortunately, testing either HA10G and HA10G_S was not feasible due to
brittleness and difficulty in mounting them on top of the sample holder. The glass containing
SLS processed samples, before and after heat treatment, were easier to handle since they
were less fragile compared to their pure HA counterparts. The uCT scans for HA10BG10G and

HA10BG10G_S are presented in Figure 6.23 and Figure 6.24, respectively.

Densification

Figure 6.23: HA10BG10G: X-Z, X-Y and Z-Y cross sections (left), 3D volume reconstruction front (upper right) and X-Z cross
section (lower right).

Densification

Figure 6.24: HA10BG10G_S: X-Z, X-Y and Z-Y cross sections (left), 3D volume reconstruction front (upper right) and X-Z cross
section (lower right).
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Comparing the as-printed sample to the heat-treated sample, it is obvious that sintering was
beneficial towards densification. A larger densification gradient was observed for HA10BG10G
compared to HA10BG10G_S, during this qualitative densification assessment. More
specifically, the outer walls of the as-printed sample exhibit lower densification compared to
its centre. On the contrary, minimal variation was observed on the densification of
HA10BG10G_S throughout the volume of the sample. This could potentially be attributed to
temperature gradients present during SLS processing that did not allow the perimeter of the
sample to fuse properly. The thermal diffusivity was probably higher in the core of the sample
and was attenuated when the laser scanning reached non-irradiated colder regions towards
the outskirts of the cylinder. Similar findings were reported in various studies focusing on the
simulation of the temperature field during SLS processing via discrete element method (DEM)
[282]-[284]; a schematic representation of this phenomenon is presented in Figure 6.25 [282].
Additionally, the dendritic structures observed at the outer wall of HA1I0BG10G_S via optical
microscopy, were verified by the uCT experiments. They are present both in the as-printed

samples and the heat-treated ones, as it can be seen in Figure 6.23 and Figure 6.24.

Temperature —————— T —
K] 323 560 798 1035 1273

Figure 6.25: Temperature profile during SLS processing of a mini propeller blade [282].
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Based on the uCT investigation it can be concluded that the heat treatment had a positive
effect on HA10BG10G samples in terms of densification. Furthermore, a more uniform
densification profile across the volume of the post-processed sample was observed compared

to the as-printed specimen.
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CHAPTER 7 — Conclusions, discussion and future work

Glass reinforced hydroxyapatite feedstocks provide an optimal framework for tissue
engineering applications. The enhanced biological and mechanical performance of
biomaterials comprising of HA and silicate or phosphate-based biomedical glasses has been
established since the early 1990s. However, GR-HA formulations employing either of those
family of glasses are usually prone to either crystallisation and/or phase transformation
phenomena. These effects can prove to be detrimental in terms of a biomaterial’s efficacy.
Considerably fewer studies utilising borate-based glasses in GR-HA composites have been

carried out besides their biocompatibility and enhanced thermal stability.

The overall aim of this work was to identify a novel GR-HA feedstock that would be resistant
to crystallisation and HA thermal degradation, while being versatile in terms of processing via
traditional means and SLS. So far preventing the development of such detrimental secondary
phases in GR-HA biomaterials is either unattainable or requires complicated processing
procedures. GR-HA SLS processing is currently at its infancy, with the limited studies on the
topic facing similar phase transformation problems and/or processing issues both in terms of
powder and scanning parameters optimization. Upon identifying the gaps in the literature,
50B,03-20Si0,-20Na0-(10-x)Ca0-xLa203 (0 < x < 2.5) was identified as a promising candidate

for utilisation in a such novel GR-HA system.
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7.1 Conclusions and discussion

This work focused on the development of a novel GR-HA feedstock, utilising the novel glass
system, 50B,03-20Si0,-20Na,0-(10-x)Ca0-xLa203 (0 < x < 2.5) both in a traditional and an SLS

approach. The following conclusions were drawn:

e The use of 10 wt.% of glass content mitigates the occurrence of thermal degradation

phenomena, enhances densification and overall mechanical performance.

HA dehydroxylation products were detected in GR-HA specimens containing < 5wt.% of glass
content, regardless of the lanthanum content. The main phase recorded was B-TCP that
reverted to a-TCP at higher sintering temperatures. Thermal degradation was more severe
with increasing sintering temperature but the maximum HA to TCP conversion never exceeded
27%, throughout the study. The presence of small quantities of B-TCP is not necessarily
harmful in terms of bioactivity, since its solubility and dissolution rate can be favourable in
biomedical systems. On the other hand, the higher dissolution rates of a-TCP could prove to
be problematic. The underlying cause behind the presence of those phase transformations
could be attributed to the glass reactivity when utilised in quantities equal to or less than
5 wt.%. Small glass additions act as heterogeneous nuclei sites or triggering points that
promote such HA dehydroxylation phenomena. In the case of GR-HA composites employing
10 wt.% of glass content, no thermal degradation was observed which indicates that the glass
presence mitigates HA decomposition. This can be attributed to even heat distribution during

sintering with the glass acting as a liquid phase sintering aid.

This was further validated in the densification investigation via uCT, where samples containing
10 wt.% of glass content, exhibited higher densification rates compared to their 2.5 and

5.0 wt.% counterparts. Thermal degradation was identified as the underlying cause behind

177



this phenomenon. Both TCP phases exhibit a higher unit cell volume compared to HA, leading
to an overall volume expansion that inhibits sintering and further densification. This
mechanism was further investigated and it was identified that 8.0 wt.% is the threshold upon

which the glass acts a sintering aid and minimises porosity.

Densification was instrumental in terms of enhancing microhardness since GR-HA specimens
containing < 5 wt.% of glass content exhibited lower microhardness values compared to pure
HA samples. The porosity was the main driving mechanism behind the inferior mechanical
performance recorded for these samples. On the contrary, composites employing 10 wt.% of
glass content exhibited an increase in microhardness ranging from 10 — 31%. The overall
higher microhardness values recorded for these samples compared to pure HA specimens, can

be attributed to the glass’ function acting as a liquid sintering aid.

e The novel GR-HA powder feedstock is resistant to crystallisation and no glass-specific

secondary phases were detected post sintering at temperatures up to 1300 °C.

This finding is in line with the literature, validating the thermal stability of similar borate-based

glass systems.

e The GR-HA specimens did not exhibit any antimicrobial efficacy against either

Gram positive or Gram negative bacteria.

The attachment studies carried out with S. Epidermidis and P. Aeruginosa showed no signs of
bacterial growth inhibition, in either case. This result directly correlates with the literature
since neither non-doped borosilicate glasses nor La;03 have been shown to exhibit any

antimicrobial activity.
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e No cytotoxic behaviour was recorded during the SaoS-2 human osteosarcoma cell

attachment studies.

GR-HA samples containing 2.5 wt.% of glass loading, exhibited similar or slightly increased cell
viability on days 1 and 4 compared to pure HA, regardless of their lanthanum content.
Composite samples employing 10 wt.% of glass exhibited a similar response as per their
2.5 wt.% counterparts. The trend was reversed on day 7, where GR-HA samples containing 10
wt.% of glass content exhibited higher cell viability rates compared to pure HA and composites
containing 2.5 wt.% of glass loading. Limited inhibition in terms of cell viability was observed
in the case of samples containing 5 wt.% of glass loading. However, this can be attributed to
the increased dissolution rates associated with the TCP phases present in those specimens,
effectively decreasing the available surface area that could be utilised for cell attachment and
proliferation. The morphological analysis of the attached cells upon the surface of the GR-HA
samples, verified the quantitative MTT cell viability results. Cells attached on the surface of
GR-HA samples containing 10 wt.% of glass content exhibited a flattened and elongated
geometry, covering large areas of the substrate, indicating reduced cell stress. The samples
showing a similar response but to a lesser extent were the one containing 2.5 wt.% of glass
content, followed by their pure HA counterparts. In the case of composite specimens

containing 5.0 wt.% of glass content, limited attachment and proliferation was observed.

e There are indications that lanthanum oxide potentially enhances the overall

mechanical and biological performance of GR-HA samples.

The samples containing the highest amount of lanthanum oxide content within this study
exhibited the best performance both in terms of microhardness and cell culture studies. Those

findings directly correlate with the literature suggesting that lanthanum oxide is known to act
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beneficially towards mechanical strengthening and enhanced biological performance. The
incorporation of La ions within the HA matrix aids densification, leading to better mechanical

properties, and enhances biological activities such as osteoblastic response.

e The novel glass powder used in the SLS feasibility study (50B,03-20Si0O2-20Na;0O-
7.5Ca0-2.5La,03) was successfully subjected to spheroidisation via flame spraying,
without suffering any adverse effects (e.g., crystallisation).

e The novel GR-HA feedstock containing 10 wt.% of 50B,03-20Si0,-20Na,0-7.5Ca0-

2.5La,0;3 exhibited better SLS processability compared to pure HA.

Two cylindrical designs exhibiting different heights where chosen in order to investigate the
printability of either powder feedstock with simple geometries and different number of layers.
The printing parameters used throughout the study (energy density: 96 J cm3, power: 36 W,
scanning speed: 75 mm/s) were optimised solely for the pure HA powder due to time
limitations during experimentation. Even with a non-optimised printing profile, the GR-HA
feedstock exhibited similar, and in some cases even better, printability compared to pure HA
during SLS processing. Both designs were printed successfully with the composite powder
feedstock, whereas only the tall cylinders were retrieved from the building plate in the case
of pure HA. The glass content acted as a fusing agent that allowed the composite samples to
be more compact compared to their pure HA counterparts, which suffered from higher levels
of brittleness. Balling was observed on the surface of both sets of samples, with the composite
samples exhibiting increased surface roughness in comparison with HA printed specimens.
This was attributed to the Gibbs — Marangoni effect and the non-optimal scanning parameters
used for the glass containing powder feedstock. Both sets of printed samples exhibited a fair

amount of dimensional accuracy compared to the CAD model. A diameter deviation of 10%
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and 14% was recorded for pure HA and composite printed samples, respectively. Length-wise
the composite specimens were 9% smaller compared to the nominal value, whereas the pure

HA samples were 7% smaller.

SLS processability could have been further enhanced if the printing platform was equipped
with a CO; laser source. A 10.6 um laser source would potentially negate the need of using
any absorbance enhancers, in this case graphite powder, since the laser-powder interaction
would be more efficient. Furthermore, the lack of irregularly shaped, fine graphite particles
within the tested powder feedstocks, would have a positive impact towards flowability, ergo
enhancing processability even further. Controlling the environmental conditions during
printing, an option not available during the realised SLS feasibility study, could aid
processability, too. The utilisation of a preheated powder bed/chamber and control over
heating/cooling rates would effectively limit printing defects (e.g., balling), via the

minimisation of thermal gradients during processing.

e The novel GR-HA feedstock containing 10 wt.% of 50B;03-20Si0;-20Na,0-7.5Ca0-

2.5La,0;3 exhibited better thermal stability compared to pure HA during SLS processing.

In terms of thermal stability, the GR-HA feedstock exhibited enhanced thermal stability
compared its pure HA counterpart. More specifically, miniscule HA decomposition products,
TTCP and a-TCP, were detected in the as-printed, glass-containing samples (i.e., < 2%).
Additionally, no glass-related phases were introduced during SLS processing which is a strong
indication regarding the thermal stability of the developed glass system even when localised
high energy density sources are used. On the other hand, pure HA was much more susceptible
to HA decomposition with TTCP and a-TCP accounting for almost 40% of the total composition.

This can be attributed to the glass content acting as liquid sintering aid, preventing thermal
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degradation during SLS processing, in a similar manner to the traditionally GR-HA

manufactured samples.

e Conventional heat treatment was beneficial towards removing any graphite content
present in the as-printed samples via pyrolysis. The heat-treated samples exhibited
enhanced densification while thermal degradation was partially reversed as a

consequence of sintering, too.

Post-processing via conventional sintering at 1300 °C, had a positive effect on both set of
samples. Firstly, any graphite content trapped during SLS processing was successfully removed
through pyrolysis, as expected. Additionally, the thermal degradation in the as-printed, pure
HA samples was partially remedied via a reverse phase transformation of TTCP and a-TCP to
HA; a decrease by 30% was recorded, with the secondary phases accruing for 10% of the total
composition. Post processing had a similar effect on the composite printed samples; HA was
the sole phase detected in GR-HA samples. Furthermore, similar findings as per the
traditionally manufactured composite specimens were observed in terms of unit cell
variations in the SLS processed composite samples. More specifically, the unit cell of the
GR-HA samples exhibited an expansion compared to the unit cell pure HA specimens. This
provides a strong indication of ionic exchange within the HA lattice, with La ions replacing the
slightly smaller Ca ions. Lastly, a densification study was carried out to assess the effect of
thermal treatment on the post-processed samples. This study focused solely on the composite
specimens since pure HA samples were too brittle to handle even after sintering. A
densification gradient propagating from the centre of the sample to the outer wall was
identified in uCT images. This was attributed to thermal diffusivity attenuation during laser

scanning that is common during SLS processing. The heat treatment minimised the
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aforementioned densification gradient and had a positive effect in terms of total densification,

too.
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7.2 Future work

The development and optimisation of a novel GR-HA feedstock requires a thorough
investigation for ensuring its suitability as a biomaterial. This includes testing both in terms of
its physical properties as well as its biological performance. During the course of this study, a
broad spectrum of different characterization techniques were employed in order to assess the
suitability of the novel borate-based glass reinforced HA system. The results are definitely
promising regarding its efficacy as a biomaterial but additional testing could complement and

further validate those findings. More specifically:

e NMR and or X-ray cyclotron studies with the novel glass system could provide further
insight on its structural characteristics.
e |nvestigating the replacement of lanthanum with other active elements used in
biomedical research.
o Lanthanides such as samarium or cerium could be tested due to their chemical
affinity to lanthanum and their antimicrobial and bioactive properties.
o More commonly used active elements in biomedical glasses such as silver or
magnesium.
e Additional biological tests should be conducted in order to further characterise the
biological performance of the developed GR-HA system.
o Wettability studies could provide complementary information on the cell
attachment and proliferation on the surface of the samples.
o Dissolution studies in SBF testing both the glass and the GR-HA samples could

provide further insight on bioactivity.
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o In vitro cell culture studies using different osteoblastic cell lines, such as the
MG63 cell ling, in order to compare the results collected during this study.
o In vivo cell culture studies in order to investigate the biocompatibility in

dynamic conditions.

The results from the SLS feasibility study were promising, since the novel GR-HA feedstock
exhibited similar processability and enhanced thermal stability compared to pure HA.
However, further investigation is required to fully assess the SLS printability of the composite

powder feedstock. More specifically:

A study utilising a similar SLS printing platform but equipped with environmental
control hardware (e.g., preheated powder bed/chamber, suitable cooling rates, etc.)
e A study utilising an SLS printing platform that is equipped with a CO; laser source and
environmental control hardware (e.g., preheated powder bed/chamber, suitable
cooling rates, etc.).
e A parametric study should be carried out in order to investigate the effect of the glass
content in terms of procesability and thermal degradation.
e A process window study should be conducted for every powder composition tested in
order to identify the optimal printing parameters.
o Studies focusing on direct SLS of borosilicate [285] or other glass systems
[286]-[288], could provide initial insights on identifying suitable printing
parameters and strategies (e.g., preheated powder bed temperature,

heating/cooling rates, etc.).

The usage of spherical graphite powder should be investigated.
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The printability of complex designs such as scaffolds and organic structures should be

tested upon identification of the optimal printing profiles.
The mechanical performance of the printed samples should be investigated.

In vitro and vivo biological tests should be conducted in order to assess the biological

performance of the printed samples.
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