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Abstract

For Hydroxyapatit¢HA) bone graft sbstitutes, the choice of fabrication technique is an
important aspect of design. UsikbA ceasesoncerns with regards to biocompatibility,
however other facets of design need to be addressed, partiadidyinghigh porosity

and high mechanical progies. These two facets are mutually exclusive, however, if
porosity can be achieved in a controlled manner, thisrpdssible ér them to coincide.
Honeycomb extrusion is a technique capable of achieving the aforementioned feat, with
the added advantagéa high degree of pore interconnectiviExtrusionis alsorelatively

simple inexpensive, and can achieve lagjged scaffoldsThus, it was hypothesised that
theaforementioneddvantages can be translatedone tissue engineering

Dynamic mechaigal analysis revealed that ceramic pastes formulated using guar
gum andMe t h o ¢MC) liinders, required a shear modulus of' hd 16 MPa,
respectively, for extrusion. A higher solids loading was achievedM@hby 7.6 vol%
and accordinglywas used for further studie¥he extrusion setup favoured calcined
powders for maximisingcaffoldcompressive strength. Initially, a calcinedricalcium
(b-TCP)and uncalcined HA scaffolds&ascompressive strengths 88.6° 5.7 and29.8
° 8.6 MPa, respectively. WherHA was calcined, the strength soared to 105X2.2
Calcined powders werdess susceptible toboth agglomeration and enhanced
densification which resulted in higher solids loading and a higher thermal staBiligy.
calcined powders aflossessed a surface axeB0 nt/g, which was regarded as the ideal
value to ensure sufficient binder coating of the ceramic primary patrticles.

HA was also composited wittD wt%Bioglass® (BG)and10 wt%canasite glass
(CAN), which have been documentedotmssesgmprovedbiological propertie®verthe
ceramic A maximum compressive strength3f.3° 3.9and11.4° 3.1 MPafor BG and
CAN, respectively, were achieve@nd hencerevealed that BG washe stronger
compositing dass The calcium oxid¢CaO)content in raw BG wathenincreased by 5
wt%, which resulted in a maximum strengtho6f7° 6.9 MPa The increased CaO was
found to lessethe effect ofylassinducedHA phase transformation into theechanically
weakerb-TCP, from ab-TCP:HA ratio of 1.01 to 0.84, as determined by XRbDg¢thus
demonstrating that a 5 wt% change was able to have a profound effect on scaffold
strength. The compressive strength values obtained herein are a considerable
improvement on traditionand commercialhavailable products, thereby demonstrating

the potential of honeycomb extrusion for fabricating porous scaffolds.
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Chapter 1. Project Introduction

The present thesis details the investigation into the use of ceramic honeycomb extrusion
for the fabrication of bone graft substitutes. The motivation for this study was the fact
that the demand for bone replacement far exceeds the current supply datrizime

tissue; the consequences of which vary from a reduced quality of life to mortality. A
concerted effort has been devoted by the scientific, engineering and medical community
to develop strategies to address this challenge. One approach thatrteasdyanuch
attention is the use of synthetic materials to produce scaffolds for tissue engineering.
These vary in material class (e.g. polymer, metal, ceramic) and in design (dense, porous
scaffold, granules), and hence there are a myriad of optionssoepas research topics.
However, as our knowledge of bone and fracture healing develops, ceramics, namely
calcium phosphates, have been highlighted as possessing a great potential for addressing

the aforementioned issue.

The principal component of the neiral phase of bone is hydroxyapatite (HA), a
form of calcium phosphates (CaBjat can be easily synthesised in the laboratory.
Laboratorysynthesised HA induces bone growth and can degrade within the body. Such
feats are desirable as HA can expedite tradihg process and be removed from the body
without having to perform a second surgery, thereby obviating further stageogiated
risks. Bioactive glasses also possess these inherent biological properties.

Honeycomb extrusion, the fabrication processwinich materials are forced
through a given orifice, was selected as the fabrication route herein because of the
additional benefits that can be conferred upon CaP scaffolds. By using a die with a
honeycomb design, a reciprocal honeycomb structure caashéohed, whereby the
added open and interconnected porosity is expected to enhance biological properties.
Furthermore, imparting porosity hastens bioresorbability as less material needs to be
resorbed. In addition to porosity, extrusion has been reptwtgigld high strength, an
existing constraint of HA scaffolds fabricated through traditional routes. This technique
has been extensively used for the fabrication of cordierite catalytic supports for catalytic

convertors, in which the fabrication techniduwess demonstrated its necessity and utility



therein. However, the use of ceramic honeycomb extrusion for bone graft substitutes has

not thoroughly been explored, and there lies the basis for the current investigation.

This research branches out from prior work in that it investigated the effects of
binders, particle properties and Hhoactive glass composites on honeycomb extruded
scaffolds: all of which resulted in original findings. Binders are polymers used totimpar
plasticity to a particulate system, thus allowing it to be shaped. Particle properties were
explored as they are key determinants of the final properties of scaffolds. Finally,
composites were examined to further enhance the already exceptional psayfdtife

The thesis is structured in the following manner. The aims and objectives of the
project areoutlinedin section1.1 A background to tlb research project is given in
Chapter 2, covering the biological properties of bones in order to understand how
synthetic materials can be used to exploit their healing propetiregpter 3 specifies
the characterisation techniques ukeckin Chapter 4 detailsthe fabrication stages use
for the present wotkChapter 5, Chapter 6, and Chapter 7 are results chapters, each
investigating the effects of different raw materials on the final scaffold prodiizapter
8 contains both the concluding remarks, limitations and recommendations for future

work.

1.1 Aims and Objectives of the Project

The overall aim of this project was to explore the means of adgévighstrength
scaffolds fabricated by ceramic honeycomb extrusion. In order to achieve this aim, the

following objectives were pursued:

1 Identify suitable binders capable of formulating ceramic pastes suitable for

extrusion.

The objective here is to usebinder that permita highceramic solids loading,
and both easyand clearburnout without leaving residues that are crack

inducing.

1 Optimise the extrusion process.



Exploring different extrusion parameters and their effects on the quality of the
extrudate, including extrusion speed, travel distance and-egtaision

conditions.

Optimising the thermal treatments following extrusion.

Once extruded, the green body requaesireful thermal treatment to prevent the
formation of defects. The objective here is to seek a balance between obtaining a
defectfree scaffold andast processing In addition, the sintering temperature
affects both mechanical strength and biological geties; hence the ideal
sintering temperature, which will depend on the raw material, will need to be
determined. Factors that limit the use of high sintering temperatures include grain

growth, chemical phase transformation, and defect formation.

To determine the effects of the raw ceramic powders.

The final product for most powder fabrication techniques is affected by the raw
powders selected. Although it has been acknowledged that key powder properties
include particle morphology and chemical puritiietideal characteristics are
inconclusive, and are likely to vary for each fabrication technique. For example,
previous work has identified that naparticles lead to better mechanical
properties, whereas other work hasported macreparticles yieldedhigher
mechanical strengths. Such properties have not been explored for ceramic
honeycomb extrusion, and hence research will need to be performed to determine

the optimal powder characteristics.

To fabricate a ceramicglass composite scaffold.

One means of enhancing the mechanical properties of ceramics is to add glass
that can result in liquiphase sintering. Thus, if this can be achieved with
bioactiveglass, then two benefits would be obtained: enhanced mechanical
properties and enhanced kagical activity. Hence, research was undertaken into
determining the feasibility of fabricating H#ioactive glass composites using
ceramic honeycomb extrusion.

To collate of the results and draw a pertinent conclusion to assess the
necessity and utilityof ceramic honeycomb extrusion for the fabrication of

synthetic bone graft substitutes.



Chapter 2. Background

1.1 Introduction

The chapter serves as a backdropthe project An overview of bone physiologi
providedin order for the reader to understand theihgatapacity of bone and how it can
be exploited through the use of synthetic materidechaptethenprovidesinformation
that will rationalise the use dioneycomb ceramic extrusion for fabricating porous

calcium phosphate scaffolds.

2.1 The Skeletonand Bone Physiology

2.1.1The Skeleton

The role of the skeleton is toaintainphysicalsupport for the rest of the bodsilow
movement and locomotion by functioning as levers for muscles, protection of vital organs
and other tissues, and serves as a resefmotalcium and haematopoiesis formation
[1].The Keleton consists of over 208onesthat are anatomicallyclassed into the
following groups: long bones, short bones, flat bonesjraegular bonefl]. Short bones
providestrength and compactness, as well as provisamye movemengndinclude the
patellae, tarsal and carpal bones, and sesamoid éaelsoneswhich have a protective
role,include the skull, mandible and ribs. Irregular barwsprisethe vertebrae, sacrum

and hyoid boneLong bones are found in limbs where their main rolg@rsviding
locomotion, and include the radii, humeri,uil, tibia and femurd-lat bones are formed

by membranous bone formation, whereas long bones are formed by a combination of
endochondral and membranous bone formafjnFigure 2-1 portrays examples of the

different classes of bones.
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Figure 2-1. Bonegroups as classifielly shapewhich are long bone, short bone, flat
bone and, for those that cannot be classed in the aforementioned group, irregular bone
The different anatomical structure serves a functional pwepésiapted from ref{3] .

1.1.1.1Gross Anatomyof Long Bone

Long bonesarean exanple of bones that bear load during locomotiandFigure 2-2
illustrates the components thereAflong bone comprises a shaft and two extremities.
The central longtubularshaftis called thadiaphysis and the two extremities are called
the epiphysisand the area delineating the diaph¥iim the epiphysis is the metaphysis.
The diaphysis imarrowedo afford greater se for the bellies of musclesnd curved
which is theorised to counteracerming by distributing stresses, atlgus affording
greater strength to the bofig. The diaphysis is primarily composed of dense bone with
a hollow region called the medullary canal, which is filled with yellow marrow that is

responsible for producing cartilage, bone and white blood[d¢lls

The epiphysigndmetaphysigonsistof spongy bone encased &yelatively thin
layer of dense bone. The spongy and dense bones are, respectively, referred to as
trabecular and cortical bone. Trabecular bone is composed of a predominantly porous,
honeycomHike structure whereas the cortical bone is markedly deme adult human

skeleton is composed of 80% cortical bone and 20% trabeculaf4jone
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Figure 2-2. Components of long bon&here it can be observed to compdigé two
extremities called the epiphysis; a central, long shaft called the diaphysis; and the
metaphysis, an area delineating the epiphysis from the diapEgsis section differs
from the other with regards to its microstructufs] .

The volume ratio of cortical to trabecular bone varies between bones and skeletal sites.
The ratio for the femoral head is 5248 6], whereas for the lumbar spine it is 934
Figure 2-3 presents microradiographs highlighting the difference between tiabeoadl

cortical bone microstructure, namely the level of porosity.

Cortical bone has an outerembrane called the perioste@ndis lined by an
inner surfacecalled the endosteum. Within the periosteum there is an osteogenic layer
where progenitor cellsan develop into osteoblasts: the bémening cells. Hence, the
periosteal surface ireecessarfor appositonal growth and fracture repairhe endogtum
is more frequently remodelled than the periosteum, which is putatively dodnitaiting
a greatebiomechanical straiff]. In contrast to the periosteum, bone resorption exceeds
bone formation in the endosteurf¥]; hence, bone diameter decreasksrein and

consequently the marrow spaa@argesvith age[8].
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Figure 2-3. Cortical and trabecular bone observed in a human femur by
microradiographgd9] . Note the difference in porosity between cortical and trabecula
regions.

2.1.1.1Microscopic Anatomy

Differences between cortical and trabecular bone can also be observed at the cellular and
histological level.The basicfunctional units in both cortical and trabeculamboare
called Haversian systemsvhich areseparatelyreferred to as osteons and kets,
respectivelyThe Haversian systems contamatue bone cells called osteocytes; and also
blood vessels and nerveghich facilitates oxygen and nutrient supply to bone ¢&0%

An illustration of the aforementioned microscopic anatomical features is provided in
Figure 2-4. It is believed that the size of the osteocytes determines the level of nutrient
supply, andn turn governs the bone siZ@steons can be both active and inacdtMeone
remodelling and it is this atio that governs the level of porosity within cortical boke
higher cortical remodellingesults in greatecortical porosity andhencelower cortical

bone massThe cortex thinsaandthe porosity increases in healthging adults[2]. In
addition to a thinning corteXjaversian system volume decreases with[adjE
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Figure 2-4. Schematic illustrating raroscopic anatomy of borjg] . The figure
illustratesthe components that makp the microscopic anatomy of bone: osteocytes,
canaliculi, and Haversian canal.

Trabecular and cortical bone are normally formed in a lamellar pattbereby
collagen fibrils are laid down in alternating orientations. The mechanism of this
phenomenon isinknown;however, the alternating layering of collagen fibrils provides
lamellar bone with significant strengtfil2]. Bone formation can also be randomly
oriented, whichs referred to as woven bone. Although the mineral content is higher in
woven bone, this stochastic orientation makeseaker than its counterpit3]. Woven
bone istypically created duringrimary bonedevelopmentThe densities of trabecular
and cortical bone are, respectively, 0.07 to 0.97 Mgamd 1.8 to 2 Mg/d{14].

2.1.1.2Compositional Difference Between Trabecular and Cortical

Bone

Aside from the microstructural differences, animal studies have reported a difference in
chemical composition, which are presentedTable 2-1. As listed, cortical bone
possessed a statisticallignificant higher inorganic phase, carbonate content and Ca/P
ratio. The higher inorganic phase in cortical bone may partly contribute to its higher
mechanical strength over trabecular bone, as thagitres a function of the mineral
phasg15-18]. High carbonate content is associated with a more stable phase of apatite

[19], which may contribute to the lower turnover rate observed in cortical [20he



Furthermore, a higher carbonate content indicates a more matur@hpn®& decrease

in carbonate content is associated with osteopof@2jsa disease chasterised by loss

of bone strengtf23]. Furthemore, the Ca/P has also been implicated in the rate of bone
turnover. With a lower Ca/P known to be more soluble, which, again, the higher rate
observed in trabecular could be partly ascribed to its lower [2&F24] Considering

that trabecular dne is more susceptible to fracturifg], the higher bone turnover
appears to be an evolutionary necessity to mitigate the-bpilof fractures. It is also

worth noting that decreasing Ca/P ratio has been found to compromise the mechanical
strength of bon§25, 26] Thus, to summate, the chemical composition of trabecular and
cortical bone differs, which in turn may contribuie the difference between their

stability, solubilty and mechanical properties.

Table 2-1. The difference in boneomposition between trabecular and cortical bones
extracted from the femur and tibia of Spradd@wley rats. The table also includes the
statistical analysidetween the two, where it wdstermined that there was a significant
difference between the inagic phase, carbonate content (CO) and calctom
phosphate ratio (Ca/P), but no significant difference (NS) between the magnesium (Mg)
content.(adapted from ref[19])

Bone Inorganic Phase CcO Mg Ca/P
(wit%) (Wt%) (Wt%) Molar Ratio
Trabecular 62.0° 0.3 2.3°0.2 3.6° 0.2 1.50° 0.2
Cortical 66.4° 0.3 3.8° 0.2 3.7° 0.2 1.63° 0.2
P <0.001 P <0.001 NS P <0.001

2.1.2Mediators of Remodelling

To understandhow bone heals, it is necessarygtasphow bone remodslitself under
normal condition and thenediators involved thereinfhe remodelling process is a
cyclical eventof bone formation that is preceded by bone resorptindare mediated
by various components of bone, includihg four cell types found in bonesteoclasts,
osteoblasts, osteocytasd bone lining cellsA tree diagram representing the hierarchal

composition of bone is presentedHig. 2-5.
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Fig. 2-5. Tree diagram depicting the hierarchical structure of bone composition.

2.1.2.10steoclasts

Osteoclasts are the only cells known to beabég of bone resorptiomand are the target

of the majority of osteoporosis medicati@ancondition that results in weakening of the
bones[27]. Osteoclasts are derived from mononuclear precursor cells of the monocyte
macrophage lineagavhich also formtissueresident macrophages that are known for
their digestive capabilitiesf other cell428].

Osteoclasts bind to receptorstbe bone matrix that causes them to become more
polarised[29]. The cell undergoes a conformational change and forms a sealing zone
surrounding the resorption sifeuring this processthe mineral part of bone is dissolved
by the osteoclasts, which secrete hydrogen ions that acidify the resorption region below
where the cells are anchoreésimultaneously, the osteoclasts also secrete an enzyme
(cathepsin K) thaltysethe proteimceous matrixyherein collagen is its main component
[2, 30].

2.1.2.20steoblasts

Osteoblasts or boneforming cells, synthesise new bone matrix on bdoeming

surfaces Population of osteoblasts are heterogeneous, awtérse cells expressing
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distinctivegenes thatouldexplain thedifferenceof the trabecular micrarchitecture at
various skeletal sitessite-specific anatomial differencesdue to disease, andocal
differences when in response to active pharmaceutical ingredients for bone therapy by
the osteoblast31].

2.1.2.30steocytes

Unlike osteoclasts, osteoblasts and lining cells, which reside at the bone ,surface
osteocytesare embeddedvithin calcified bone, residingn the Haversian systems
Osteocytesccount for more than 95% of bone cgB2], and heir role is to suppokione
structure and metabolisnThey are also involved irboth the demineralisation and
remineralisation of bonE3]. Osteocytesare termimlly differentiatedfrom osteoblasts

[34], and he products they secrd&b5].

Osteocytespossesdifferent factors that assist inintracellular adhesion and
regulate theexchange of minerals within ostedi3§]. The cells areombinedtogether
metabolically and electrically through gap junctia@mnsistingof primarily connexion
43, a protein that regulates intercellular communication with regards to cell
differentiation, proliferation and cell deatRsteocytes transduce stress signal from
stretchingor bendingof the bone into biological activitftow of canalicular fluid in
response tthe stimulation of osteocytes through said external fofla@ssientcalcium
diffusion across filipodial gap juncti@in bonearethoughtto relay thetransmission of
information between osteoblasts on the bone surfadeosteocytes situated within the
bone[2, 37].

Ogeocytes may survive for decades in human bone that is not turnefBéjer
The presence of empty lacuna suggests thaboges may undergo cell death. Causes
of osteocyte cell death can arifsem estrogen deficiency or glucocorticoid treatrh
[38], such as for asthma, allergy or adrenal deficiency,@hdrmful to bone structure.
Fig. 2-6 is an illustration depicting ¢socytes, osteoblasts aosteolcasts.

2.1.2.4Bone lining cells

Bone lining cells (BLC) are also differentiatéebm osteoblasts. They have multiple

functions, including communicating with osteons, inducing the proliferation and
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differentiation of osteogenic ds] respond to mechanical stimuli, and evidence suggests
that they are involved in the propagation of the activation signal that initiates the

remodelling cycld39].

o= \
0
LL
Osteocyte Osteoblast Osteogenic cell Osteoclast
(maintains (forms bone matrix) (stem cell) (resorbs bone)

bone tissue)

Fig. 2-6. lllustration of the aforementioned bone cells: osteoclasts are recruited for
bone tissue absorption; osteoblasts form new bone tissue; osteocytes are mature
osteoblasts that are embedded within bone tissueCmtelogeic cells are
undifferentiated preosteoblast cell§40].

2.1.2.5Bone Matrix

The bone matrixs a hierarchal structure amdmpriseshe majority of bone tissuas
demonstrated irFig. 2-7. Its role is to bind cellsand norcellular components (i.e.
extracellular matrix}ogether to fam an orgarsed structure, which will allow the bone
to perform its functionsBone matrix consists &0 to 70% mineral, 20 to 40% organic
matrix, 5 to 10% water and less than 3% lipdd]. The mineral phse provides the
mechanical rigidity and loaldearing capabilities of bon&he principal component of
the mineral phase isytroxyapatitg42], with small amounts of carbonate, magnesium,
acid phosphate, as well &ging hydroxyldeficient. Examples of bone compositions
reported in the literaturareprovided inTable 2-2.

Hydroxyapatite (HA) crystal size and concentration are promoted by calandn

phosphatéinding proteins (e.g. alkaline phosphatase) secreted by osteoblasts, which
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results in ordered foration of the bone mineral phap&3]; irregularities thereof are
ascribed to several pathological conditipd#]. The process thereof is referred to as bone
mineralisation. The exact mechanism of mineralisation is yet to be determined, with
multiple theories, including collagen templateediated and matrix vesiclaediated
mineralisations, postulated. The theories laeyond the scope of this thesis; a summary
thereof can be obtained from r¢45]. One such theory is that bone mineral formation
initiates in the hole zone of collagen fibrils, and gradually develops into the anigr
intrafibrillary space46]. A study by Meunier and Boivin (1997) revealed two distinct
stages in the mineralisation process: (i) an initial rapid process, with a time dfaan

few days) that results in bone tissues containing approximatelp®0of the mineral

load of fully mineralised bone; (ii) a subsequent stage that is contrastingly slower and
lasts for at least a few months, whereby complete bone tissue minenalisatttained

[47].

Suffice it to say, the mineralisation process of bone determines the strength of
bone[48], which can be compromised by pathological disorder. For example, sufferers
of osteomalacia, a common bone disorder caused by pathological mineralisation, have a
lower rate of calcification during mineralisation, yet a larger bone surface area that is
coveral unmineralised tissue. Another pathology is osteoclasia, wherebydhactivity
of osteoclasts during the mineralisation process results in fibrous connective tissue
replacing osseous tissue. There are several other disorders, such as fibrous agibgdyst
and osteoitis deformans to name two, attributed to the disruption of the biomineralisation

process, which can lead to bone unable to bear#igd

Furthermore, formation of HA crystals with a sharp, mommdal size
distribution, in contrast to a wide distribution, are believed to result in mechanically
weaker bonep19]. Fig. 2-7 displays the hierarchal structure of bone, wherein the relation
of hydroxyapatite crystals to said structure is demonstrated. The mean length and width
of the crystals are approximately-80 nm and 120 nm, respectively, which vary
depending on several factors, including age, nutrition, location of the {i88lelhese
in turn impact the structure and composition of the mineral phase of Uaohike dental
enamel, calcium phosphates are poorly crystallised. Hence their study by eidtyer x

diffraction or infrared spectroscopy reveals broaakgeor bands, respectivdlyl].
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Table 2-2. Examples of the elemental composition of bone apayiteeight The table
demonstrates that bone apatite comprises of several impurities, with carbonate being the
largest in terms of content. (adapted from [81]).

Element Carlstrom Woodward Triffitt et al.

Young Oold
Calcium 27 22.2 234 24.6
Phosphor 12 10.2 11.9 12.6
Magnesium 0.5 0.12 0.40 0.51
Sodium 0.5 0.06 0.55 0.64
Potassium 0.05 - 0.15 0.05

Fluorine 0.02 - - -
Chloride - - 0.14 0.08
Carbonate 4 - 3.57 3.99
Ca/P mol 1.79 1.68 1.52 1.52

The degree of maturity of calcified tissues also varies, with respect to crystallinity, Ca/P
ratio and impurities; which all increase with age. In contrast, magnesium content

decreases at the same tifa#].

In contrast to geological hydroxyapatite, bone hydroxyapatite crystals are small,
poorly crystalline, and are more soluble; the latter isghbto allow support of mineral
metabolisn{52].

As bone matures, HA crystaisicrease in length angerfection (e.g. less
impurities), but decrease in thickng49], which is again regulated lproteins.Increase
in crystal sizeoccurs by crystal growthwhereby free ions are recruitethrough
secondary nucleatiorgnd byfusion oraggregatiorof existing crystalsCel viability,
genetic factors and diet also affect crystal enlargefd@htAn additional factor that has
also been postulated is the presence of impurities in the crystal lattice, which results in a
driving force for the crystal to minimise its chemical infpetion[53]. The most relevant

substitution concerning bone, notwithstanding minor and trace element substituents, is
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the replacement of trivalent phosphate anions of the HA structure with divalent species
such as carbonate (ty@ and hydrogen phosphate ions. These substituents have been
detected in large and variable amounts in bone mineral using different spectroscopic and
chemical techniquefb4]. The charge compensation mechanism for synthetic apatites
containing these bivalents ions involves the formation of two ionic vacancies: one on a

cationic site and one on a monovalent anionic site, which lead to the genetdh{ér
Cawox (PQw)ex (HPQs or CO)x (OH)2-x

The replacement of phosphate with divalemisiis associated with a losshyidroxyl
ions, hencehe depleted hydroxide ions observed in bone apatite. In addition, the
substitution of carbonate (Type A) into the monovalent anionic sites could deplete

hydroxyl conten{55].

Theorganic phase of bone provides flexibility for minimising brittle fracture. The
organic phasesomprise85 to 90% collagenous proteiand 10 to 15% noeoollagenous
proteins.Members of the latter include serum albumin a2eHS-glycoprotein, which
bind to hydroxyapatite becausé their acidic properties. @&h serum albumin and2-
HS-glycoproteinare believed to regulate matrix mineralisation arglliae bone cé
proliferation, respectively.Both collagenous and namllagenous proteins are
synthesised and secreted bsteoblasts,and are degraded by proteins secreted by
osteoclast$s56, 57] Fig. 2-7 is a schematic portraying théeharchical structure of bone

tissue, encompassing the aforementioned components.

Whole bone Osteonal microstructure Lamellae Extrafibrillar matrix Fibril
~100's mm ~100's um ~1um ~100's nm ~10's nm
Osteocyte

lacuna
Lamellae

Haversian
(e . Extrafibrillar
canal { \/ Cel’i*:'“ Fibril mineral Type | collagen

Osteon . = — - €8 5S¢

N (@ =< -
\\\&@» R / N mt:. S Hydroxyapatite
|\ P> ( W e nanocrystals
\i\ N\ 5\\\ E-I: - ~ - d-spacing

%\ \' \ — ) i . 67nm
)N | c-\ l '
N
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Twisted plywood / matrix
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Fig. 2-7. The hierarchical structure of borjg8]. Note the atoms scale components
used to buileup from into this remarkable tissudydroxyapatite will be discussed in
Section2.3.4
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2.1.3Bone Growth, Modelling and Remodelling

2.1.3.1Bone Growth and Modelling

Bone growth occurs both radially and longitudinally during childhood and adolescence.
Tissue proliferation occurs in the metaphyseal and epiphyseal sections of long bones, and
is followed by mineralisation that fornpsimary new bon¢g2]. Diet affects bone growth,

with long-term consumption of soft drinks and proteins are associated widgative

and positive effect, respectively, on bone grojs®, 60]

Bone modelling is theshapingprocess of new bone deposition without prior
completeresorption in response tphysblogical or mechanical stimulDuring this
process, bnes widerwith agein response to periosteal apposition of new, and endosteal
resorption of oldbone. In addition, bones may expand or change axis by addition or
removal of boneappropriate surfaces by the actions of osteoblasts and osteoclasts, in
accordance to external stimuli. This phe me n o n i s Knowawmnanas W
observation that describélse change in bone density in response to streggaiseed
thereto The modelling process occurs right through to oldlagemarkedly less so than
the early years after completion of groii, 62] An example of mechanical stimuli is
seen in tennis player, where the physical activity undertaken results in individuals
exhibiting a higher bone mass in their dominant playginmg compared to their passive
arm [63]. The modelling process is also observed in bones that are not axially loaded,
hence other factors are involvgas].

2.1.3.2Bone Remodelling

Bonemodelling occurs minimally in adulthood, and is replaced by a remodplotgss

in which existing bonenatrices are replaced by new matrices to maintain bone strength.
The process is vital for preventing the accumulation of recagks, combatting diseases
such a®steoporosisand mineral homeosta$gb, 66} The process entaitee sequential
process of osteoclassteoblast activity, wherelnid discrete parts of bone are removed
and are replaced by newdyineralised bonewhich precede thedepsition of a
proteinaceous matrixn contrast to modelling, the coordination between osteoclasts and
osteoblasts aims to keep bone shand structure unchanged during adulthodoe
remodelling process consists of four stages: activation, resorptemersal and

formation; which may occur randomly but can also be directed to sites requiring repair
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[67]. The remodelling process is briefly detailed below, summarised from the following

reference$2, 67, 68] Fig. 2-8 is a schematic depicting the remodelling process.

Activation involves the recruitment and maition of osteoclast precursors that
originatefrom blood circulation, after which the sade of bone is lifted. During this
stage, the precursor cells fuse to form multinucleatedgiseclasts that bind to the bone
surface at the remodelling siteollowing activation is the resorption stage, whidcurs
for approximately 24 weeks for each remodelling cycle. Here, the osteoclasts secrete
hydrogen ions to lower the pH within the bersorbing site to as low as 4.5 to aid bone
mineral disintegrationSimultaneouso hydrogen ion secretion, proteiage released by
the cells to digest the organic phase of bdie. resorption phase is terminated when the

osteoclasts undergo apoptosis.

The intermediate phase between resorption and formation is calleéwversal
phase.Current knowledge suggestse cavities formed during resorption possess a
variety of mononuclear cells released from the bone matrcky as osteocytes thaere
recently shown to be able tevert into mature osteoblasts. addition, preosteoblasts
further enrich the site with bofferming cells, andre recruited to commence new bone
formation. Although the coupling signals linking resorption to the beginning of formation

are not known, it putativelynvolves moleculeslecreasing osteoclast activity.

The final stage is formatiorgnd takes approximately sixeeksto complete.
Osteoblasts synthesise new collagenous organic matrix, and regulate mineralisation of
matrix by releasing calcium and phosphdbat enzymatically lyse mineralisation
inhibitors, such as pyrophosphalteis also during this stage that the osteoblasts convert

to osteocytes, howeveapproximatelyb0 to 70% undergo apoptosis.

The remodelling cycle is the same for both trabecular and cortical bone, with the
end product of each remodelling sequence iptbduction of new osteons. Remodelling
results in newer, healthier bone that preserve bone strength and other functions reported
above.Agai n, the remodelling procE&eamuml is
turnover rate of the whole skeleton is 10%, aodical turnover on average is 4% per
year, which is sufficient to maintain bone stren{h 69]. However, the differere
between old bone resorbed and new bone formed results in thinning of both trabecular

and cortical bone with age.
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Fig. 2-8. Schematic illustrating the remodelling stagédone The activation stage
entails preosteoclasts moving to the site of interest and binding thereto, which takes 3
5 days. This is followed by the resorption stage, which occurs for approximately 22
days, whereby the bone site is resorbdte final stage diormation is where
osteoblasts synthesis new collagenous and mineral matrices, eduaiats for
approximately 24 monthg70, 71].

2.1.4Determinants of Bone Strength

Bone strength is dependent on large variety of interconnected faBtmng mass
accounts for 50 to 70% of bone strend®]. Bone composition and geometry are
important; however, larger bones are typically stronger than smaller bones, even with
equivalent bone density. As the bone density increaskally, so does the strength by

the radius rsed to the power of four. The ratio of cortical to trabecular also affects bone
strength.Bone strength is furtheteterminedby diseaseaffecting both the organic and
inorganic matrices[72]. Pathologies such as osteogenesis imperfecta and scurvy
demonstrate the importance of collagen for bone strength, as deficiency thereof results in
substantial increases to fracture risksstly, as previously alludedo, individual

lifestylessuch as diet and exercise affect bone strength.

2.1.5Fracture Healing

Bone is one of few tissues that is able to hathaut forming a fibrous scar. This a

great feat considering bone is biphasic in more ways thantregeinthe regeneration

18



of both a mineral and organic phase is achieved. For fracture healing, there are two
methods in which the process can occur: direct or indifeobncerteceffort was applied

in elucidatingthe healing proces#cluding examining from a biological, mechanical

and electrical perspectif@3, 74] A brief overview from a biological perspective is
provided herein, summarised frdfalfas (2001)[75] Marsell and Ehhorn (2011)73],

and Manske and Shankman (20[8]) to illustrate the key biological factors involved in

the procesdactors one should bear in mind when designing a scaffold.

2.1.5.1Direct fracture healing

Direct healing, also referred to as primary healing, is the process of bone directly restoring
anatomical and biomechanical properties of the lamellar structure. Bone on one side of
the fracture site mudtondwith bone on the other side ofettdefect site toeinstate
mechanical continuity. This form of healing only proceeds when anatomical restoration
of the fracture fragments is achieved and rigid fixation is provideternally if needed,

that substantially reduces intietagmentary strain. Direct healing of fractures can either

occur through contact healing or gap healinbich are briefly described below.
2.1.5.1.1Contact healing

The fracture unites if the defect gap is less thamiOIn thisprocesscavitiesare formed

at the periphery of ostesrclosest to the fracture site, by osteoclasts. The osteoclasts
proceed to remove damaged fragments and the cavity is refiltadosteoblasts that
initiate newbone formation, including simultanedy$orming new Haversian systems.
The bridgingHaversian systemkater mature into lamellar bone resulting in fracture

healing without the formation of periosteal callus.

2.1.5.1.2Gap Healing

For gap healingo occur,the defect gap is greater than frth but less than 1 mm. The
process differs from contact healing in that bone union and Haversian system are not
simultaneously remodelled, and as a result this form of healing is the slower of the two.
The process occurs in two stages, where the first sstgblishes a mechanically weak
lamellar bone that occurs approximately between one to two moptis to the

secondary stage that resemltesactivity occurring during contact healing process
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2.1.5.2Indirect fracture healing

Indirect healing is the mostqguent form of fracture healing. It differs from direct healing
in that anatomical reduction or stable mechanical conditions are not required. The process
can be grouped into sixglinct, yet overlapping stagp&]. The stages are detailed below

to illustrate the role of cells and calcium in healing, as well as blood vessel formation

2.1.5.2.1Acute Inflammatory Response

Immediately following thérauma,a hanatomais formed which contains bone marrow

cells. An acute inflammatory responsis also triggeredby the release of pfo
inflammatory molecules at the fracture site. The-ipftammatory moleculesnclude
molecules that recruit inflammatory cells, and is also involved in facilitating angiogenesis
and stimuléing the differentiation of osteoclasts and osteoblasts. The response causes the
hematoma to coagulate throughout the defect site forming a template for callus formation.
The acute inflammatory response peaks within the first twkntlyhours and finishes

after seven days, although the {qméammatory molecules remain for regulating

subsequent process.

2.1.5.2.2Recruitment of Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs), whix$tensibly originate from the surrounding tissues

and bone marrow, are vitalrfbone regeneratioas they proliferate and differentiateo
osteogenic cells. The molecules involved in the process are yet to be determined, with
moleculesmvolved in both the MSCs recruitmesntdtherevascularisation of the defect

site have been pported to be involved. The recruitment of MSCs initiates a cascade of
collagen release and other peptide molecules that facilitate the generation of cartilaginous
and periosteal bony callus, which are needed to provide an initial mechanical support to

thefracture site.

2.1.5.2.3Generation of Cartilaginous and Periosteal Bony Callus

A fibrin-rich, cartilganious granulation tissue ensues the hematoma formation, whereby

an endochondral formation occurs at théedesite. Tle formation of fibrin is to provide
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stablity to the mechanicallwveak defect site. In addition, the simultaneous formation of
intramembranous ossification occurs forming a hard callus, whereby the bridging thereof
from both ends of the defect site results in a partradfigl structure that alles load
bearing.

2.1.5.2.4Revascularisation and Neoangiogensis

Pro-angiogenic signalling molecules that promote blood vessels and their penetration into
the endochondral tissue continue to be secreted in and around the fracture site.
Furthermore, cells that remewvhe extracellular matrix are incorporatedagsistthe

penetration of blood vessels. Obstruction of the blood supply formation has been reported

to perturb the healing process.

2.1.5.2.5Mineralisation and Resorption of Cartilaginous Callus

The penultimate stagof the healing process entails the resorption of cartilaginous callus
that is replaced by callus chondrocyte, whereby their proliferation results in a hard bony
callus. The calcification mechanism entails the bupdof calcium granules located
within mitochondria, which are released into the extracellular matrix and proceed to
precipitate with phosphate to form mineral deposits. As this stage of the fracture healing

process advances, the mechanical stability of the defect site is enhanced.

2.1.5.2.6Bone Remodding

The final stage of the healing process ensures thdiapnere mechanical strength is
restored, which could take years to accomplish. For this to occur, the bony callus is further
resorbed by osteoclasts, and lamellar bone structure is formed bplaste activity.
Concurrent with this period, the marrow space isseblished, and piiajury vascular

flow is restored.

2.1.6Failure to Heal

Despite the healg capabilities of bone tissue, there are instances, whether due to genetic

or external factorswhen it fails to healexamples of such are given in the following
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section §ection2.2). In particular instancesn extrinsic stimuluss needed tonduce

bone regeneration. This can be in the form of a structure that adjoins both ends of the
defect sites angrovidesstructual support forthe mediators of healing to perform their
respective dutiesessentially a scaffold for the cellSuch a structure wilheed tobe
biologically safe and natoxic to cells A more desirable structure would need to be
conducive to the healmprocess, and fortunately, there are synthetic materials that can
perform said feat. In addition, tiseaffoldshould mimic the lost bone tissue wilspect

to geometry and mechanical strength.

In summarythe skeletoris an extraordinary organ thiaas the capacitio pre
empt against deleterious defects by remodelling on a frequent basis. The skeleton can also
heal itself when defects arise, providdte underpinning process is perturbed.
However,in particularcases, surgical treatments are mektb rejuvenate the healing
process, such as bone graft substitlBesiegraft substitutes (BGS) belong the cross
disciplinary research field of tissue engineering: éxérinsic approactof replacing
missing biological tissudn bone graft substitugn, the process entails the use of either
a natural or synthetic substrate to replace missing or damaged bon€Ttestemainder
of the chapter wildescribethe need for BGS and the materials that can be used; and the

concertecendeavouto develop tk ideal BGS using calcium phosphate ceramics.

2.2 Clinical need for BGS

In 2014, Trauma and Orthopaedics was ranked asuttggcal specialityvith thesecond

highest activity in the U.K(1.2 million procedureskurpassednlyby &é Gener al S
(2.3million procedures), in which the latter is a broad collection of unclassed procedures
[76]. Bone transplantation is second to only blood transfugiéh Thus,there are bth

medical, as well as economical motivations, for developing treatments for said activity,

of which bone graft substitute should be considefidte number ofprocedures is
expected to rise, which are drivéry populations living longeras well as lifegte

choices Examples of where BGS are needed include trauma, joint replacement surgery,

spinal sugery and bone tumour resectigig].
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2.2.1Trauma

Each year in the USA therare an estimated)0,000 vertebral fractures, 280,000 hip
fractures and 250,000 wrist fractures that cost $10 billion to [ff@atHowever, in 5%

of all fractures and 20% of higimpact fractureshealirg is either delayed or does not
occur[80]; the latter is clinically referred to as nanion fracture. In such instances, the
intervention of surgical means is required to facilitate bone healfghich BGS isone

of limited treatment optiongOpenreduction and fixation of fractures with dynamic
screws and plates is one means of attaining stability in order for bone to heal. However,
this approach can lead to periosteum impairment, which is a key sourceopfrogenitor

cells necessary for bone restoratj8th]. The demand for BGS is emphasised by the fact
there are around four million procedures involving BGS performed globally perayehar

an expected increase in fractw@usedleath ordisability [78, 8284]. Previous clinical
studies have demonstrated that risk factors with higher odds of fracture include obesity,

excessive alcohol consumption,sking and psychological stref5-88].

2.2.2Joint Replacement Surgery

Joint replacement surgery (JR8asthe mast commonsurgical admissiomprocedure
performedin the UK in 2013/2014[76], and is expectedo risedue to risks associated
with lifestyle choicesThe surgery is used to treat joints where the articulating component
between two bones has been extensively damaged beyomdpsgif JRS include total

and partial hip, knee and shdal replacements. The use of synthetic materials, such as
polished stainless steel, can provide many years of mobility to the patient before
loosening.It has beentsown that Ancient Egyptians haehplanted iron prosthesis for
knee joint replacemerds edy as 600 BC[89]. Unfortunately,these materials are
associated with a relatively high rate igiplant loosening, which requira revison
surgery, thereby subjecting patients to further surgisabciated risks. The loosening of
implants is thought to arise from particulate wear debris that initiate an immunological
response resulting in osteolysis via osteoclast acfif@ly There is ongoing research into
improving both material selection and surgical procedures to mitigate implant loosening.
For example, using ceramieon-ceramic articulations instead of metaton-metal

considerably reduces the revision rate over ay&ar period90].
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2.2.3Spinal Surgery

Back pain is a debilitatindisorderfor both patient andcivilisation, with an estimated
cost exceeding £1.5 billion to the UK economy. If the pain is skelef@ed, including
nonunion fractures, then surgical intervention is once more used to alleviat©pam.
500,000bone grafautotransplatsfor spinal surgerare performed annually in the USA
alone[78].

2.2.4Bone Tumour Surgery

Although primary bone tumour (i.e. tumour origimg from the bone) is uncommon,
they are difficult to identify, and excision thereof often leaves large skeletal defects. Bone
tumours particularly affect children and adolescents, and therefore an effective treatment
is required to avoidong-term, chranic health problemsk-urther to this, bone cancer
incident rates were found to increase #8®year oldsrbm 1982to 2002[91]; andfor

the over 40 differenbone cancers recorded by the World Health Organisation, a link
betweerold age and some of the cancers was establi§ZdBone cancer aetiology is
poor, with putative causes include radium contamination from weteerein bone
interprets the element as calciuamd the subsequent irradiation therefr¢@3];
consequence of oweveight[94]; and the fact that bone is a comnmoetastatic cancer
site[95].

As this section demonstrates, there are multiple clinical needs for BGS. Indeed,
prevention is better than i@ but as mentioned, some have unknown aetiology, and
others such as aigpg cannot be prevented. Hence, treatment is inevitable. Fortunately,
there are numerous BGS options available, and selection of an ideal graft relies dn severa
factors. BGS can bgysthetic, in which bespoke grafts can be fabricated to meet specific

needs, provided that the fabricated part meets the requirement for an ideal BGS.

2.3 DesigningBone Grafts

2.3.1Requirements for Bone Grafts

The purpose of usinigone graftss to restore missgbone and thus lostunction.For a
material to be considered suitable for grafting, certantogical andphysicalcriteria

need to be matched.
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2.3.1.1Biological Properties

For a synthetic material to be considered in any tissue engineering applicatiost, e
biologically safe in which elements released therefromist not result in an adverse
reaction, such as inflammation and septic rejectdirthe while performing its intended
application If a material is biologically safe then it is categorissciocompatibl§96],

which can be further divided into thregtly-nameddifferent sib-categories: bimert,
bioactive and bioresorbab[87]. Materials that do notlieit an adverse reaction are
classed as bioinert, which include aluminium oxide and zirconium ¢8&jeMaterials

that are biocompatible andlicit a favourable reaction are termed bioactive. Such
responses include inducing bondingtween bone and material, or trecruitment of

bone cellsThe last sulgroupcontainsmaterials that are either resorbed or degtadle

the body, andhe products are safely excretéitereafter Resorption refers to materials

that are absorbed into circulation by cells, namely osteoclasts, whereas degradation
pertains to those materials that are removed from the body through natural breakdown,
such as structural or chemicalrhus, bioresorptioncan be either celinediated,

chemicallymediated or physicallynediated.

The ideal BGS should be bioactive and bioresorbable. Upon implantation, the
material should initiate a bioactive response that results in bone regeneration, whilst
simultaneously biesorbed at a rate matching the regeneration prf§@8sd his means
the material must be osteocowtiue, where bone cells are recruited for new bone
growth; osteoinductive, whereithe implant iconducivein stem cell differentiation into
osteoblasts and osteocytaad osseoiegrativeto allow integration with the surrounding
tissueq99].

2.3.1.2Physical Propeties

The ideal bone graft with its bioactive properties should provide sufficient physical
support for bone regeneration to take place. This entails a structural support for cells to
adhere onto the implant; dynamically maintaining the mechanical prapéréeallow
continued function (e.g. mobility) by closely mimickieparacteristicof the missing

bone throughout resorptiorfe.g. compressive strength, elastic modulus and fracture

25



toughness)and mimicking bone porosityith regards to pore size, totabrosity and

interconnectivity.

Porosity, particularly interconnectedorosity, facilitate the migration and
proliferation of cells and nutrients throughout the implant, as well as vascularisation
[100]. As stated in sectioR.1.5.2.4facilitating blood supply formation prevents healing
complications which can be achieved by incorporatpayosity Furthermore, a porous
architectureenhances the mechanical interlogkiat the interface between implant and
the adjoining tissue resulting in greater implant stabil[y01]. Hence, incorporating
porosity would be beneficial in clinical applications where implant loosening is
encounteredsection2.2.2. In addition, the distribution of porosity can be used to tailor

the rate of degradation.

Pore size requirements are bimodal, consistingnidropores (< 5mm) and
macropores (> 106m) [102]. Both microporosity and ntaoporosity are importarior
attaining osteoconductivifj 03]. However, the pore size requirements are inconclusive,
as, for example, studies have surmisgttropores greater tha@inm are necessarpr
bone formatiorj104, 105]. With regards to the total porosity volume, numerous studies
have verified that higher porosity leads to impmwesteogenesighis is likely to be as
a consequence of a larger surface area that increases the rate of ion exchatiger and
boneinducing factors.If the porosity is interconnected then it is considered more
advantageous as it provides a continuous spatiahectionfor bone growth to proceed
[100].

Porosity and mechanical properties are mutually exclusigeramicsand hence
the mechanical strength ai anplant should be considered wimirsuinghigh porosity.
The principle mechanical property used to characterise the strength of an implant is the
compressive strength, which for cancellous bone ranges from 2 to 45 MPa, and from 90
to 230 MPa for cortidabone[106, 107] Indeed the strength of bone varies frqratient
to patient, and between different bone gigestion2.1). Furthermore, the extent to which
porosity can be increased without being detrimental to mechanical progerirsd on

the nature of the material and the fabrication technique used.

In summary, the ideal bone graft substitsiteuldpromote bone regeneratiand
simultaneously degrader resorbedio preclude the need for a second surgend

therewithal providing sufficient mechanical strengtid interconnected porosity.
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2.3.2Natural Bone Graft Substitutes

The gold standard iBGS is aitotransplantationwhereby osseous matter is harvested
from one bone site to the defect sitéhin the same individualAutologous bone is
osteoconductive, osteoinductive and osteogenic due to, respectively, the presence of bone
chips, growth fators and cell§108]. Further advantages of autologous bone are their

excellent success rate, histocompatibility and low risk of disease transmission.

Autologous bone can either be cancellous or cortical, with the former reported to
be easily revascularised and rapidly incorporated into the recipient [4ig®]. A
cancellous graft is suitable for ndmad-bearing application, however it does not deliver
substantial structural support immediately, requiring six to twelve months to achieve
similar strengths ta cortical graft following inplantation; hence cortical graft is
preferred for loaebearing applicationd109]. Accordingly, cancellous grafts are
recommended fdsonedefect site®f under 6 cm that do not require immediate structural
integrity [110]. Autologous cancellous bom@commonly harvested from ¢hiliac crest

since a large supply of bone can be extracted.

Autologous cortical bone can be grafted from the iliac crest, ribs and fibula, and
are ideafor segmental defects greater than 6 cm. Cortical grafts can be extracted with or
without their vascular segments, with pedicles thereof recommended for defects greater
than 12 cnj111]. Although cortical grafts can achieve immediate structural support, they
possess little or no osteoinductive properties and are mostly osteocondudtive
surviving osteoblasts providing osteogecépabilitieg110].

The main disadvantage of autologous bone is their limited quantityarttbnor
site morbidity. Quantities are further limited in individuals who have bone diseases that
lower the qualityof available bongsuch as in osteoporosis or arthritis. For these reasons,
alternatives to the gold standard were pursued.

Allograft is another common BGS approach, amasused in 35% of all bone
transplantatioim the United Statg4.12]. In allotransplantation, the graftobtained from
a donor or cadaver, artdus safety is a concern with regardshistocompatibility and
the risk of disease transmission. The benefits of allograft over autograft bones are no
donor site morbidity to the patient and increagedt availablity, although quantities are
still limited. The disadvantages in comparison to autografts include limited

osteoinduction that results from the processing and sterilisation of allggE3is
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2.3.3Synthetic Bone Graft Substitutes

In 1994, the use of synthetic bone graft substitutes in orthopaedic procedure surpassed
that of aute and allograftsn the United Stateld 14]. A wide range of synthetic materials

have been researched as replacement to autografts. These include metals, plastics, glass
and ceramics, each with their respective strengths and vsssae

2.3.3.1Metallic Alloy -based Implants

Metals were the first widg adopted orthopaedic materiai-choice in the last century,

in which metallic alloysattained a wider application as implants than pure metals due to
their enhanced mechanical propertiesd agood biocompatibility. The first alloy
devel oped for i mplantation i n [Albmwiths wa
stainless steel alloys introduced in the 1920$]. Stainless steel alloys are reliable with
regards to fatigue resistance, however, studies discovered that fatigue properties
decreased when subjected to corrosive medieh as the biological milieleading to
increased implant failurgl16]. Such alloys have poor pitting and crevice corrosion
resistance due to the chromium carbide forming on the grain boundaries that induces
crack initiation on the surfadd17]. Furthermore, there are cytotoxicity concerns with

the alloying elements used in stainless steels, particularly nidlkeh has been reported

to induce localised tumour formatighl8-120].

Later, cobalt and titanium alloys were introduced for their higher mechanical
properties and biocompatibility. Cobalt alloys were first used in the 1940s as medical
implants having demonstrated great corrosion resistance and excellent mechanical
properties for aircraft applications. Of interest is the cebatbomiummolybdenum alloy
that demonstrated high biocompatibility, which was attributed to its high corrosion
resistance that limits ion release. As such, cdimdied alloys succeeded stainldgsels
implants in certairclinical applications. However, both cobalt and chromiware later
classified as highly toxic elementand were found to be problematic in loAgrm
implants due to the releas# ionsas a result of metadn-metal contact. Thalloys have
a high density (9.8 gm/ci) are expensivend require a costly fabrication procesthes
further limit their applicatioi117].
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Similar to cobalt alloys, titanium alloys were also used in aerospace application
before employed as dental implants in the 1950s. Of interest is Ti6Aivium
aluminiumvanadium alloy) which has a relatively low density (approximately 4.5
gm/cn?) yet high strength, and hen@esuperior specific strength; a low elastic modulus
that minimises the effest of stress shielding; displaysxcellent corrosion and
biocompatibility, with bothn vitro andin vivoanalysegslemonstrating i t a rsafetymo s
and, where both stainless steel and coladlhys lacked in, osseointegratidfl7].
However, concerns have arisen due to the use of aluminium and vanadium as alloying
elements due to their aderious effect within the body.léminium is a growth inhibitor
to bone andx possible cause of Alh e i Mderdas vanadium is toxic to cejk21-

123]. Furthermore, Talloys are also costly and are difficult to forgempared to other

biomaterials

The two main concerns with méita implants, which are osseointegration and
ion release, can be obviatedth the use of ceramic coatings will be detailed in the
following section(section2.3.4), calcium phosphatg€aP)form a strong bonavith the
surrounding bone tissuand provides a barrier that mitigates metallic ion release. Plasma
spray coating is a commercialfvailable tehnique that can be used to coat metallic
substrates, but others are also being researched, such asgbékasal pyrosol methad
However, CaP decomposition, coating delamination and incurring cosfsdiems
encountered when coatingetatbased impnts.Other problemsassociateavith metallic
implants include interference with magnetic resonance imaging procedures, which is a
widely used diagnostic techniq{24-126].

In conclusion, despite possessing excellent mechanical propent¢sibased
implantsare limited bytherelease ometal iongnto the bodyahigh elastic modulus that
is counterproductive for lonterm applicationand a lack of bioactivity. It is worth
remarkingthat osseointegratioim metals(e.g. titanium and tantalunig only achieved
where a passive ceramic oxide laygeformed (e.g. Ti@and TaOs), and it is thisoxide
layerthatis conducive to the spontaneomscleation ofapatitic crystalsMoreover, the
formation of oxide layers in metals, such as @od Ttalloys, helps to minimise ion
releaseThe human body only possessastal ions but nanetallic structue. Thus,it can
be reasoned that ceramic materials are more suitable fphyiselogicalmilieu as well

as providing a favourable surface for osteogenesis.
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2.3.3.2Polymer-based Implants

As stated previously, bone is composed of both ceramic and polymensciAgise use

of polymershasbeen explored as potential BGS. Polymers can be classed either as natural
or synthetic polymers, of which both degradable and-demgradable forms exist.
Development of polymers synthesised from glycolic acid and etigdroxy acidsor
industrial applicationwere abandoned because f the resultiemy pol
instability. However, this instability was found to be attractive for medical applications
asit resulted in biodegradation, which candmeomplished bgynthesising polymers that

have hydrolytically unstablerikages formed between monomers. Said linkagesbe
cleaved in e presence of an aqgueous medig] can be as rapid as 1 to 2 months for
polylactideco-glycolide (PLGA), to over two years for pobtaprolactone (PCL)127,

128]. Thus, polymers provide a broad degradation range that can be personalised to
specific tssue repair rates. Polymers can further be tailored by varying molecular weight,
crystallinity and morphology, which again can be tunedlatdlsdesirable mechanical

properties and rate of degradat[d27, 128]

In addition to possessing desirable bioresorbable properties, polymers are
relatively inexpensive to manufacturegmpared to ceramics and metasd can be
processed by a wide variety of fabrication techniques. However, the drawbacks of
polymers are their inherently poor mechanical properties forbbeadng usage, and lack
of osteoconductivity. For examplen vivo results demonstrated nezompete
degradatiorof PLGA, with new bone generated bridging the defect $itewever, no
boneimplant intimate contact was observed, and hence the authors concluded that the
substrate behaved agti@sue spacéf129]. The failureto bond to the surrounding tissue
may be more problematic in lodetaring application wherthe prevalence of implant
loosening is greater. However, both the mechanical properties and osteoconductivity
drawbacks can be addressed by compositiegolymers. For example, PCL, a widely
researched BGS polymer, possess compressive strength tgpicalst polymers at
below 1 MPg130-133]. A remakable strength o7 MPa was recently achieved when
PCL was composited with hydroxyapatite i n addi ti on to i mpart:
properties[134]. However, this will need to be invegitedin vivo, as rapid strength
losses can occur as a result of degradation even with an initially high stf@Bgih
Moreover, and similar to metallic implants, degradation of the polymer products induces

a local acidic change to tiphiysiologcal milieu that can also have adverse effects on the
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surrounding tissueg.or example, previous work has shown PCL to induce inflammation
and apoptosigl36, 137]

2.3.3.3Bioactive-Glass

Bioactive -glasses (BG) are a group of synthetic glasses with uniqueHmyming
characteistics. The first bioactiveglasses were based on a feamponent network of
silica (SiQ), sodium oxide (N#D), calcium oxide (CaO) and phosphateC#) [138],
and have been extensivalgedin clinical applcations in the form of particulatesd
solids [114]. The bioactivity of BG can befavourably tailored by varying thglass

composition

In vitro studies have showihat bioactiveglasses induce osteogenesis by
stimulating the growth and proliferation of osteoblasts, as wslimsilatingmultipotent
bone marrow cell$139, 140] The chemical mechanism of bioactgkass reaction is
initiated afer contact with body fluids, and subsequentgpid ion exchange occurs
between the extracellular fluids (ECF) that results in the dissolution of Si, Na, Ca and P
ions. A siliconrich layer forms through polycondensation of the hydrated silica groups,
after which calcium and phosphategrecipitate therein from the ECE41, 142] The
newly-formed calcium phosphate layer provides a template for the formation of new bone
by attracting extracellular proteinand subsequently the cellular mechanism ensues.
Sodum ionsalsoplay a role in the exchange between the implant and [ECH. The
coating or incorporation of BG with metals and polymers have been thoroughly
researchedas typical biemetals and bigolymers do not possess the aforementioned
elementg139, 143, 144]

The action of BG enhances osteoblast activiyich in turnallows the defect site
to proceed with bone remodelling. vivo studies demonstrated the significant new bone
formation and high local benturnover achieved with bioacthgass. In comparison to
the control grougi.e. free of bioactive glassin which new bne formation peaked at
two weels and decreased thereafteacture sites filled with bioactive glass microspheres
continued to promte new bone formatigrby the eighth week after operation, twice as

much bone had formed than the control grfiigt].

As mentioned, the composition of bioactiglkas®s can be modified, with doping

of the aforementioned silidaased composition with copper, strontium or zinc promoting
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angiogenesis. Traditional bioactigiasses, including the widehgsearched Bioglass®,
exhibit poor mechanical properties, with stresgtomparable to cancellous bone, and
hence not suited for loaokaring application. Ceramifying the BG can obviate this issue,
as demonstrated by Roohdfsfahani et al. (2016)145], whereby a scaffold with a
porosity and compressive strength of 60 vol% and 139, vié3pectively, was achieved
using a proprietary glassceranic. In addition to possessing compressive strength
comparable to cortical boni, vitro andin vivoresults revealednhanced expression of
osteogeit-related genes, and no adverse effects when implanted. However, one
drawback of glasseramics is thathe bioresorptioons sacrificed[146]. Thus, further

research is needed to balance high strength with resorbability.

2.3.3.4Ceramics

Ceramics are brittle in natyrevith poor tensile amh fracture toughness properties.
However, their excell@ biological properties and no cytotoxicity cannotiisregarded

and for thoseeasos, there is ardent interest in producing BGS using cerafhis].

There are a number of ceramics that display bioresorbable characteristics with excellent
osseointegration, which is in contrast to metals. As mentioned, bioresorbability precludes
the need for a second surgery, thereby hglwurgeryassociated risks. The advantage

of ceramics over polymeemethat intimate bonding between ifapt and tissue can be
achievedsuperior strengttand the degraded products do not induce inflamm§1id@).
Furthermoe,the ceramic hydroxyapati{€ao(POs)s(OH)2) (HA) has been demonstrated

to induce bone regeneratiamits synthetic form{148]. HA belongs to a sufgroup of
nontoxic ceramics referred to as calcium phosph#@aP) which possess excellent
bioactivity and varying rates of bioresorbabilitpther ceramics are also biocompatible

and have been clinically used as orthopaedic implants, such as zirconium oxide and
aluminium oxide. These oxides generally have mechanical properties greater than CaP,
however, they are not bioactive. Thus, one aimCaP is to match the mechanical
properties of alumina and zirconia without loss of bioactivigy/calcium phosphates are

the focal materials researched in this project, they are given theisestion in this

chapter
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2.3.4Calcium phosphates

Calcium phospate ceramics are among the most widslljsed bioactive materials for
denta and orthopaedic applications. Thégpve been used in the form of granules,
cements and porous scaffolds, as well as coatings for metallic imdld8isThis is due

to their compositional resemblance to biological apatiterttat allowthe ceramics to

be osteoconductive, osteoinductive and resorijabl@, 151] Examples of CaP include
tetracalcium phosphate; andb-tricalcium phosphate (TCP), and hydroxyapatite. Each
CaPhasunique mechanical and biological characteristics, @rdbination of the two
referred to as biphasic calcium phosphates (BCP), are implemented to tailordscaffol
properties. Foinstance HA can be combined withCP, where the extent of dissolution
depends on the H£o-TCP ratio[152]. An additional attractive feature of CaP is their
ability to form a strong énd with the surrounding tissuehich consequentlyields a
strong interaction between implant and b@Rig. 2-10 andFig. 2-11). This is achieved

by their ability to elicita cellular event from the host akin tatlof natural bone, which
include osteoclasts and osteogenic célisreover,elements with a positive mechanical

or biological effect can be ionically substituted into the CaP lattice to achieve the desired

property, and hence extending their versatility.

Stoichiometric HA belongs to a general group of ceramics known as apatites,

represented by the formula
Me10(XOa4)sY 2

Where Me is a divalent cation, %@ a trivalent anionrad Y can be a monovalent anion

[153]. The chemical formula for hydroxyapatite isigk®Qs)s(OH)2, which is the double
chemical formula as a result of two formula units found in the unit cell of HA. There ar
two known polymorphs of hydroxyapatite: monoclinic and hexagonal. The former
polymorph, which occurs in the monoclinic space grB@pb, is easily destabilised in

the presence of contaminants. For that reason, the hexagonal form, with a space group of

P6s/m,is more prevalently encountered in biological apa{Bé$.

The lattice parameters of the hexagonal structuresaar@418 A, c = 6.884 A
(ICD PDF No. 9432). It contains crystallographically two cation sites, Ca(l) and Ca(ll),
and two separate anionic sites occupied by phosphate and hydroxyl grouparéHers
Ca(l) present in the unit cell, which are bonded to nine oxygen atoms. There are also six
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Ca(ll) present, which are surrounded by seven oxygen atoms, with the oxygen atoms of

the hydroxyl group situated either above or below the cationi¢s€ije

The structure of bone apatitedifferentfrom stoichiometc hydroxyapatiteéhat
is typically synthesised in the laboratoryhd former contains neapatitic carbonate and
hydrogenphosphate groups, substituted into theaWd XO4 group, respectively. These
nonapatitic components are structurally and physicaligtable and are also reactive.
The reactive nature provides particular physiochemical, biological, and chemical features
important for the formation and dissolution of the apatite crysiigsn thephysiological
milieu. The norapatitic substitutionglecrease the crystal size, which results in an
increase to the surface area compared to stoichiometri¢lB4]. In addition, bone
apatite contains traces of elements includmggnesiumcopper, zinc, fluoride and
potassiunj155]. Fig. 2-9 provides examples of where cationic and anionic doping could

OocCcur.
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Fig. 2-9. Schematic depicting the structural unit of hydroxyapatite, taken from the
perspective along theaxis of he hydroxyl channel environment. The figure illustrates
the positioning of the two calcium sites, the phosphate and hydroxyl group, and in
relationto one anotherThe schematic also provides examples of where possiiae
doping couldoccur[50].

Similarly, TCP has been extensively researched as granules, scaffolds and surface
coatings. TCRexists as different polymorphs, whielffects the rate of resorptigh56],
however, these materials are generaigchanicallyweaker than HAA comparison of

the compressive strengths between-Ad TCRPhoneycomb extruded scaffolds is the
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subject ofChapter 5. The difference in the prapties of hydroxyapatite afd TCP are
enumerated irffable 2-3. The properties, including solubility, thermal stability and
mechanicaproperties of calcium phosphatare a function of their crystal structure. The
bioresorpability of CaP is governed by their solubi[it$7-161]. The stability of CaP

was also vefied by computer simulationgl62]. Previous work has revealed that the
inclusiaon of the hydroxyl group yields a greater atomic order, and thus more [§f58)e

163, 164] Consequently, the increase in stability decreases the bioactivity and
osteoclastic resorption thergd60]. This cold explain why hydroxyapatite has a lower

rate of bioactivity tharb-TCP, as the latter does not have a hydroxyl group within its
lattice. Another study has shown that the biphasic compositiofiT@fP and HA yields
higher bioactivity with increasing comteof b-TCP [157]. Another factor are the lattice
constants of the material. Moreover, the properties of CaPs may be influenced by their
respective laite constants. Investigations into the effect of magnesiulbbstitutedd-

TCP revealed that doped calcium phosphate was more stable than in its pure form; which
was a reflection of a decrease in its lattice constants, and thereby resulted in a lower
solubility [165, 166] Conversely, ionic substitution of HA that leads to the expansion of
crystal lattice incresed its solubility167]. Other studies have shown that a decrease in
lattice constants produces CaP with greater mechanical propgt€@8s 169] As
previously, mentioned the Ca/P ratio also affects bioactivity, with a ratio of 1.5 reported
to be more soluble than 1.67, and values below of 1.0 are not recommended because of
their high solubility24]. Royer et al. (1993) also demonstrated that the Ca/P ratio impacts
the flexural strength of CaP; with optimal flexural strength observed between 1.60 and
1.66, with ratios outside this range exhibiting lower flexural strefigtf]. A peak in
strength at Ca/P ratio of approximately 1.67 has also lleemmented, with an
exponential decrease in strengthhagher ratiog171]. Crystal defects have also been
reported inb-TCP and inferred to contribute it bioactivity[172]. Other factors that

also influence bioactivity include the surface charge and the capacity of the binding sites
available for, for example, protein bindir[d73-179]. Therefore, the fundamental
properties of calcium phosphates has an effect on their biological and mechanical
properties. Comparing HA arfdTCP, the most frequently researched CaPs, the former
posseses a higher Ca/P ratio, shorter lattice constants and a hydroxyl group, which all

contribute to its relatively slower rate of bioactivity.
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2.3.4.1Stability in physiological systems

Calcium phosphate resorption is both-catld dissolutiormediated180]. The formation

and dissolution of CaP is affected by the particle morphology and crystallinity thereof.
Some CaP are insoluble in water with most béiagelysoluble in waterHowever,CaP
solubility can vary with pH, temperature and the composition of the surrounding body
fluid. CaP dissolutions occurs as a result of the exchange at the-dmjiddinterface
between implant anextracellular fluid for all CaP. Calcium, phosphate amdher ionic
impurities, are transferred from the solid to the aqueous liquid phase through surface
hydration of calcium and phosphate spedtegially, ionic transfer occurs from the liquid

to the solid phase, wheneapatite nanocrystals form on the sudaf the biomaterial
[153]; in the presence of proteins, tde novosurfacecan contain both mineral and
organic compounds. Thaissolution is affected by the degree of crystallinity, with low
crystallinity results in faster resorpti¢h81]. Moreover, increasing the surface area via
porosity can accelerate the ion exchange, and thus enhance resorption.

In vitro studies revealethat the surrounding proteins play a role in the ionic
exchange mechanism. Their interaction with CaP is again dependent on particle size,
composition and textur e, [b8&1183JaRratems can t h
support or inhibit calcium phosphate nucleation and growth. For example,
phosphorylated proteins were found to nucleate and grow calcium phospysitds
[184]. In addition, proteins can adsorb onto the CaP substrate, and their adherence can
either obstruct ofacilitatethe nucleation sites of CaP, thereby indirectly affecting apatite
deposition. Biological testhaddiscovered bone cells, suak osteoblasts, adhere to the
surface of the CaP substrate, in order to initiate the differentiation phase. £arein
once again involved in thigrocesswhere integrin proteins form an adhesion between
cell and substrate. The osteoblasts then sedteterelevant molecules focell
differentiation to take pladd.53].

Several paramets of calcium phosphates influence cellular actiji5]. The
substraté surfae affecs cell interaction, with both surface charge and topography
contributing to cellular activityCells have been reported to sense and use topography as

guidance for mineral deposition by varying the rate of proteins secreted by osteoblasts
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Table 2-3. The formula, Ca/P ratio, crystal structure, symmetry, lattice constants, density solubility and stability of hydroxyapaditegndU
b-tricalcium phosphate (TCP) and tetracalcium phosphate (TTEBEQuld notbe precipitated from aqueous solutiofis)8, 186].

CaP Formula Ca/P Crystal Symmetry Lattice Density  Solubility at 25 °C pH stability range in
ratio Structure Paramters  (g/cm?) (-log(Ksp)) aqueous at 25 °C
(A)
HA Cao(PQy)e(OH). 1.67 Hexagonal P&/m a=b=9.43 3.16 116.8 9.512
c=6.87
b- Ca(PQy)2 1.5 Rhombohedra R3c a= b=10.43 3.07 28.9 *
TCP c= 37.39
U Cas(PQy)2 1.5  Monoclinic P2/a  a=12.88b=  2.86 25.5 *
TCP 27.28
c=15.21
b=126.20°
TTCP CayP209 2.0 Monoclinic P2 a=7.023 3.05 3844 *
b= 11.986
c=9.473
b=90.9
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Similarly, surface charge has also been evinced to improve osteoblast behaviour,
however,such advantage is shdrted as similar osteoblastic activities weneentually

observedrrespective of surfaceharge[183].

Indeed,the surface topography will vary as dissolutjpmogressesdue tothe
variation in free calcium and phosphate.ehte the cellular activity istemporal
dependentFurthernore, as the biomaterial contributes to the free calcium and phosphate,
the compsition of CaP (e.g. Ca/P ratiorglso impacts cellular activity, via the
mechanism described abo{section2.1). The solubility and other propertiegan be
controlled through ionic substitution. The HA lattice includes several exchangeable sites
that accommodate both anionic and cationic substit{ii®r]. Of interest are magnesium
and silicon substitution that promote angiogenesasd strontium for enhanced
osteogenesi®\n example of bone integrating to a siliedaped hydroxyapatite implant
are presented iRig. 2-10 andFig. 2-11.

Bone area ratio
N oW B

Implant

HA 10%SrHA

Implant

HA 10%SrHA

Fig. 2-10. Enhanced bone formation due to HA substituted with 10sut8atium. The
figure demonstratedtuidine bluestained photographs of the proximal tibiae w(i)
HA and(b) 10 wt% S¥HA implant three months post implantati¢h88].

Furthermoredopants can increasA solubility by distorting thé>Qy tetrahedra
[189]. For example, al@argeimbalance created by the replacement@i for SiOs
increases the electronegativity of the HA surface, which has been linked to increased

surface adhesion. Furthermore, and as mentioned afs®ation 2.3.3.3, silicon
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dissolution promotesa silicortrich layer that propagates bone bonding thereafier.
tricalcium phosphate, am vivo study found that dissolution was the predominant
degradation routg190], and hence the process phasedependent for calcium
phosphates. The process is also dependent on the size of fragments, whereby dissolution

is favoured in larger fragmenis91].

Cell-mediatedCaP resorption igriven by macrophagesteoclast activity. The
processs similar tothatobserved fonaturalmineralresorption (sectioB.1.2.3, wherein
a sealing zone is formeah the substrafeandhydrogen ions and lysing enzymase
secreted192]. Furthermore, the osteoclast activity can be inhibited when the release of
C&* exceeds a certain threshdlb3], and thus the initial calcium composition of the
CaP affects the rate of material degradation. In addition to calcium ions, dopants can
affect the ate of resorption. For example, fluoride and zinc have been revealed to inhibit
osteoclast behaviour. Conversely, the incorporation of carbonates can accelerate
osteoclast resorption. Once more, surface energy and topography are known to influence

osteoclat adherence, with a rougher surface enhances adherence th&¢of

Fig. 2-11. More histological evidence demonstrating new bone formation (delineated as
NB) due to hydroxyapatite scaffolds. The researchers also reported the process was
mediated by osteoblasts and osteoclasts (black arrdus].

In addition to the surfacéhebulk morphology influences bioactivity, namehe
previously discussegabrosity. It was surmisethat osteoinductivity of CaP scaffolds may
be due to thentrapment and concentration of growth factestsich are directly involved
in osteoblast differentiatiotny thecombination obothmicro- and macreporosity[187,
193]
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In summary, calcium phosphatpsssess exceptional biological responses, thus
making them aunique subgroup of ceramicsfor orthopaedic agdations Their
necessity is further highlighted by their use as the reinforcing phase in polymeric
scaffolds and coatings for metallic implant@imed at bothimparting desirable
mechanical and biological propertigSaP can also be used as cements,ufganand
scaffolds, hencefurther demonstrating their utilitas BGS Moreover, CaP can be
favourablytuned by ionic substitution to vary their biological and mechanical properties
As mentioned, different bone sites exhibit varying strengths and healing rates, and hence

the ability to tailor both is desirable.

To review, the ideal bone graft should be (i) resorbable, (ii) osteoindwitve
osteoconductiveand (iii) mechanicallgtrong. It is the latter point that has restricB=P
usage for loadbearing applicationAlthough, cense HA can be fabricated to possess
compressive strengilseveral folds grer than cortical bonehe strength decreases
significantly when pores aretroduced Consequently fabrication of porousCaP
scaffoldstypically resultsin compressive strengths significantly lower than what is
requiredfor weightbearing A few factors havealreadybeen mentioned that can be
researched to improve this, suchthe versatility of HA to be ionicalhgubstituted.
However, saffold strength islsoa functionof thefabrication techniquemployed and
thus consideration should be given thergiecently, techniques capable of achieving
structured porosity have demsirated promising compressive strength \aldene
following section explores the conventional fabrication techniques asedell astate

of the arttechniques

2.4 Porous Scaffold Fabrication Techniques

Porosity is a key component for attaining the ideal bone graft substitute, and there are a
variety of fabrication techniques used to generate porous calcium phosphate scaffolds.
Osteoconductive properties of CaP peetly attributedto scaffolds exhibitig macre

pores of above IDnm in size with a total interconnected porosity of at leasv6@%o.

These requirements correspond to that of cellular cerajp8&% 194] Examples of
cellular ceramic fabrication techques that are either widely researched for B@&Sf

interest to this work are described in this section.
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Fig. 2-12 delineates the processing steps involved in conventioaamic
fabrication techniques. The steps involved include mixing of the raw matesiaich
typically consist of a ceramic, orgaraclditives and solvents. This fisllowed bythe
fabrication step that shapéise admixture of raw materials inescaffold, and may
includethe incorporation gborestherein The final stage is a sequence of heat treatments
used to remove the organic @des and solvents, as well as sintering the ceramic
particles to achieve permanence.

De-binding &
Raw Materials Fabrication Sintering

' _‘ﬁa N *%ﬂ

Fig. 2-12. Schematic depicting the general processes involved in fabricating a porous

(g

scaffold.

2.4.1Gel Casting

Gel casting is a neamet porous forming technique that has been widely researched as a
CaP fabrication rout¢l95, 196] The process entails the situ polymerisation and
gelationof organic additives that are subsequently thermally degraded once dried. The
gelation of the additives results in rapid casting, amohterconnected porous structure
with typically spherical pores. Although the technique is rapid and simple, CaP with lo
compressive strengths have been attained thus far (below 2Q19P,a198), which

make it unsuitable for loadearing applicatio.

2.4.2 Sacrificial Technique - Foam Replication

The foamreplication method revolves around using a fd&®a material, typically
polyurethanespongethatis dipped into a ceramic slurf¥99]. The slurry comprises CaP
powder, organic additives and a solvent. The CaP slurry adheres to the foam template to
form a green body thas then drieddeboundand subsequently sintered to generate a

porous scaffold. The porosity and scaffold geometry are controlled by thelif@am
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material, hence tailoring scaffold features using this technique can be adbyexerying
the foam tempate. For example, if pore sizes of 5@8n are needed, then a polymer

template with comparable pore sizes is selected.

This technique is relatively simple, inexpensive and requires minimal components.
The poresattained are highly interconnected, and vagypore sizes can be generated,
albeitwith astochasti@rientation. $affolds fabricated by this method are mechanically
weak, asTable 2-4 demonstrates. It has been surmised that the stochastic porosity and
the high polymer content are the cause of the poor mexigmoperties. fie extraction
of polymer can lead to residualestses within the scaffolddditionally, the extraction

of polymer results in hollow strute;hich aremechanically weakl87].

Table 2-4. Examples of porosity, pore sizes and compressive strengths of scaffolds
fabricated viathe foam replication techniquéespite the techniques popularity, it
produces scaffolds with weak compressive strenijihte. porous titanium scaffolds were
fabricated using this approach with considerably low mechanical strengths.

Group Material Porosity Pore Sizes Compressive
(vol%) (mm) Strength

(MPa)

Lett [200] HA 50 200 0.85
Tripathi [201] HA ~70 100-300 1.3

Swain[202] HA 56 50-125 0.85

Wang[203] BCP* 77.1 200-700 1.18
Lee[204] Titanium ~70 Undisclosed 18

*Biphasic calcium phosphate

2.4.3Sacrificial Techniquei Porogens

Another sacrificial technique is the use of porogens, also referred to as pore formers,
wherein additives are used to generate the pore phase. In this approach, the porogens are
dispersed within a ceramic slurry, and the extraction thereof, whether thrmrgtal or

solvent extraction generates the pores. This approach can in its simplest form be
combined with dense ceramic fabrication processes, for example powder compaction

technigues, to generate porous structures. In addition, porogens have bsed itili
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conjunction with other porous fabrication techniques, such as fosstimg[205] and
additive manufacturinf06], to further tailor the pore morphology, including pore sizes
and interconnectivityexamples of were porogens haween used are tabulatedTiable

2-5. Drawbacks of using porogens is the lack of control with regards to their dispersibility,
as some have been known to agglomerasetting in unwanted pore sizes. Moreoyer

the possibility ofimpartingresdual stressess of concern

Table 2-5. Examples of porogen usehydroxyapatite fabricatiorPorogens are used to
alter the pore architecturef scaffolds, and have been incorporated in various fabrication
techniques.

Group Technique Porogen Agent Comments

Liu [207] Cold Pressing PVB* Impart desirable pore sizes 1
an otherwise dense ceramir

fabrication technique.

Liu [208] Slip Casting PVB* Impart desirable pore sizes 1
an otherwise dense ceramir

fabrication technique.

Dash[209] Gel Casting Naphthalene Used naphthalene to furthe

tailor pore morphology

Zuo[205] Freeze Castinc PMMA** Experimented with PMMA of
varying particle sizes

Koh [210] Ceramic Carbon Black Impart desirable pore sizes 1
Extrusion an otherwise dense ceramir

fabrication technique.

*Poly vinyl butryal

**Poly(methyl methacrylate)

2.4.4Gas Foaming

Gas foaming was developed to avoid using large polymer quantitjo&mdsolvents
The process entails the pressurised use of an inert gas, such as nitrogen, to generate gas
bubbles within a polymer mould. The advantages of this technique include high mac

pore sizes generated and high porosity values. Howewuerto the lack of control over
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the formation of the gas, it is difficult to control the pore architecture of the scaffolds.
Consequentlyforming interconnected porosity, and controlling pali@ameter is a
challengg211, 212]

2.4.5Freezecasting

Freezecasting involves the sublimation of a CaP slurry to geaeparosity. In this
technique, the solvent, which acts as a temporary binder, is first frozmmpacthe
ceramic particles and forms distinct frozen phases. Upon sublimation, the frozen phases
are removed thus generating pores. The advantages cédw@ique include periodic
porosity, interconnectivity and high compressive strengt®k3]. However, the
disadvantages of freexasting include limited porosity geometry and limited macro
pore sizes. Furthermore, concerns have been raised whether the uecbaiq be

industrially scaled, and if larggzed scaffolds can be generaf2ti4].

2.4.6Injection moulding

Hydroxyapatite has been fabricated using ceramic injectiondimgu{CIM) [215, 216]

CIM is widely used in numerous continuous manufacturing applications, including
metals, glass and elastomers. The process involves injecting heated ceramic particles
enveloped by thermoplastic polymers into a mould, after whicgréeen body is allowed

to cool down. The advantages of CIM are complex shapes can be fashioned; varying
porous architecture, including graded porosity can be formed; and industrially scalable
with a high degree of accuraf¥17, 218] Currently, porosity ofess than 40 vol% has

been achieved, with an elastic modulus of approximately 2 [@F&, which make
scaffolds fashioned by CIM unsuitable for ldagaring application@rabecular: 6.9 GPa;
cortex: 25 GP§219])).

2.4.7Solid Freeform Fabrication

Solid freeform fabrication (SFF) are considered to besthte of the arfor fabricating
materials, including metals, glass and polymers. There are several SFF techniques that

use different means to form thrdenensional, pmus structures in an additive manner;
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the commonality being the use of a compuatieled design for generating structures layer

by layer. This allows for complex geometries to be obtained, with a relatively high spatial
resolution SFFapproacksinclude heuseof alaser to sinter CaP powders laysrlayer

[220], or an inkjet prirthead that deposits inks that bind adjacent CaP powadosm

green bodief221].

Of particular interest is robocasting, or also referred to as direct ink writing. The
technique is a modified version of ceramic extrusion, Wwheascerant paste is extruded
through a computenumericallycontrollednozzle. The paste is deposited lapgtlayer
and can achieve relatively high spatial resolution. This technique has been demonstrated
to attain high compressive strengths for [222], as well as bioactivglass[145], that
are comparable to cortical bone. However, like other t8ERniques, robocasting is still
in its infancy, and more work is needed to address existing issues, such as cost, fabrication
of largesized saffolds and industrial scalabilifit05, 214]

2.4.8Summary of Fabrication Techniques

To summarise, there are several techniques that can be used to fabricate calcium
phosphate scaffoldsith desirable porosityin all of the aforementioned techniques, the
process starts with CaP raw powders that are then shaped and sintered to attain
permanence-urthermore, all of the techniquese polymers in varying capacitjesich

as binders, pore formers, or foam templat&svever, as mentioned, polymers can have

a detrimental effect on the final scaffold. Indeed, polymers are nefuedhost
fabrication techniques, however, minimising polymer content will facilitate downstream
processesOne fabrication technique that hast been thoroughly explored is ceramic
honeycomb extrusiotdsing this methogdnterconnected pores are generated by physical
means, thereby minimisirtge need fopolymess and chemistry knowledgén addition,

the interconnected pores can be achienedcontrolled mnner and tailored with respect

to size and morphology. The following section will present the rationale for using ceramic

honeycomb extrusion for fabricating bone graft substitutes.
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2.4.9Processing Parameters

2.4.9.1The effect of the Raw Ceramic Parder on the Finished Product

The fabrication process of most bioscaffolds commenatstiae raw ceramipowder

and the processy parameters applied therettieats the final scaffold propertieg\
powder consists of particles with a relatively largdame area per weight, which confers

the advantage of easily being sintered when subjected to high temperatures; forming a
single, large coalesced bo[#23]. The selection criteria for powders depend on the final
properties of the finished articlesleed. For most research, the goal is to achieve a high
strength scaffoldomparable to that of natural boraed for that the particimorphology

and chemical purity of the powder are important. For powder morphology, spheroidal
particles are favoured disey are likely to attain a higher sintered density than acicular
morphologied224, 225] with a previous studfurther demonstratinthe incorporation

of the latterinto a spheroidal particulate systelecreasethe mechanical properties as a
direct resulf226]. It is worth noting that acicular have the potential to achieve a high
sintering density, but this requires a technique capable to orienting the particles in a

manner that improves particle contfz27].

Another particle property to consider is the particle size distribution. Similar to
morphology, the goal is to achieve a particle size distribution that can mevpariscle
packing. A powder consisting of unimodal particle size results in over 30% voids spaces,
and hence is not considered ideal for pacK®28, 22]. Spath et al. (2015) have
circumvented this problem by adding 25 wt% relatively finer particles, which resulted in
a higher particle packing, and consequently, improved the mechanical strength of their
HA scaffolds by 55% compared to the strengthsofgle particle fraction230].
Cunningham et al. (2009) examined two powders and reported a higher solid loiicling
their HA slurry when the powderexhibited awider particle size distributiofi231].
Kaviani and Zamanian (2015) revealed that the incorporation ofsiaed HA particles
into micronsized HA particle, resulted in freezasted scaffolds with higher mechanical
strength[232].

Regarding the patrticle size themselves, this will depend on the fabrication
techngue. For example, Zamanian et al. (2013) investigated the effects of raw powders
with particle sizes of 1.69 and 3nth on freezecasted scaffolds, and discovered that the

latter yielded scaffolds with higher compressive strengths, across sinteringaamgser
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ranging from 1250 to 1350C; with increases ranging from 37.5% to ~25(P83].
Michna et al (2005) demonstrated that by increasing the particle size via calcination from
nano to microrsized a higher hydroxyapatite solid loading could be achieved during slip
formulation [234]. The same was observed by Ryabenkova et al. (2017) when the
compaed two different powds thathad particle sizes below 100 nm: they found the
finer powder (crossectional area of 182 rfinexhibited a terfold increase in initial
viscosity compared to the relatively coarser powder (esestional area of 410 rfin

thereby resulting in a \eer solids loading235].

Furthermore, the starting powder purity will also need to be considered, as this is
correlated to thermal stabilif236] and mechanical properti§g37]. Stoichiometic HA
possess a calciuo-phosphate (Ca/P) ration of 1.67, afuat,example, reducing the ratio
results in HA powder with higher tendency to transform into tricalcium phosfigfe
239]. Prior studies have demonstrated that a stoichiometric hydroxyapatite powder
exhibits higher mechanical properties over a-stmichiometric hydroxyapatite powder
[237]. Chaudhry et al. (2011) demonstrated that the Ca/P ratio of HA powders effects
their propensity to decompose into tricalcium phosphate. A Ca/P ratio of 1.39 was found
to decompose into TCP at 950, whereas no sign of secondary phases where observed
at 750 and 850C by XRD. In contrast, theiHA powder with a Ca/P ratio of 1.42
displayed no evidence of TCP at 10QD; furthermore, they revealed the higher Ca/P

resulted in scaffolds with smaller gnasizeg[240].

However, Merry et al. (1998) found no significant difference in flexural strength
between stoichiometric and nastoichiometric HA[241], whereas Raynaud et al. (2002)
evidenced a higher flexural strgth with HA with a Ca/P ratio of 1.65 compared to the
stoichiometric 1.67242]. Mostafa (2005) reported that a powder possessing Ca/P ratio
of 1.58 achieved a sinteg density of ~ 90% and a compressive strength of 87 MPa;
whereas a powder with a ratio of 1.67 achieved a maximum sintering density and
compressive strength of ~75% and 58 MPa, respec{i2é8B). These studies suggest that
there are other factots consider alongside the Ca/P raflthe presence of hydrogen
phosphate in the starting raw material is indicative of calaeficient hydroxyapatite,
and has been noted to expedited phase decomposition during sifRédai6].

In summary, the particle properties will met be considered holisticallyith

regards to both particle morphology and purity. Thus, characterising the powder using
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scanning electron microscopy to determine morphology; surface areasisntly
determine surface area; particle size analysis to determine particle size and distribution;
as well as xay diffraction and vibrational spectroscopy will be neetbedetermine the
phase purity thereof. Such characterisations will elucidate theenat the raw ceramic,

and help identify possible traits that can be modified to maximise the mechanical

properties of the scaffold.

2.4.9.2Solids Loading Depends on the Fabrication Technique

Most fabrication techniques entail the use of organic additives detigke the
hydroxyapatite, and thereby allowing it to be shaped. Thus, there is a limit to the
maximum amount of hydroxyapatite within the admixture, and this is frequently referred
to as solids loading. However, a balance is needed between achievigly solds
loading, which minimises defect occurrence and article shrinkage; with the organic
additives to allow the HA to be shap@28]. With all other factors being equal, previous
studies have demonstrated that a higher solids loading yields higher compressive
strengths, but at the expense of porogt3, 247249. The maximum sads loading

that can be achieved will indeed depend on the fabrication techniques working viscosity,
t he s ol ve nbordisg abilities aml gy rother additives us¢2R3]. Solids
loading used for fabricating porous CaP scaffolds vary grefatiy) as low as 5 vol%

[250] to 60 vol%[251], but generally the values are betweerb30/01%[209, 252257

2.4.9.3Removal of the Organic Additives

The organic additives employed to achieve a workable rit&erial will need to be
removed to obviate the formation of defects in the finished product. If a solvent is
incorporated then drying thereof will be required. Depending on the solvent this can be
achieved at room temperaty@239, 258, 259] or ovendried at, for examplat 70 C

[260] or 110 C [200]. The duration can varfyom three day§261] to asshortasone
hour[260], with a drying duration ofC24 hours numerously us¢239, 258, 26264].

Where a polymer is incorporated, then extraction thereof will be required. Of the
available methods, the thermal approach is most frequently utiliseekelah high

temperatures are used to buut the organic additived229]. Here, process

48



considerations include the temperature of burnout, the dwell time and at the heating rate.
The temperature at which to extract the polymer will depend on the degradation
temperature thereof, which thermal gravimetric analysis could be used to help elucidate.
Investigating the literature revealed that the temperatureti@iotion varied from 250 to

900 C [265, 266] however twoformer studiesforegonea dedicateddebinding stage

[267, 268] anda multistage temperaturapproachhas been previously incorporated
[269-271]. Hitherto heating rategaried from 0.3 to 15C/min[261, 272] however the

latter is seldom uskwith numerous researchers opting for a rate d/8nin or below

[255, 265, 270, 27275]. Regarding the dwell time, this ranged from {265] to 20

[276] hours, with a dwell time of 4 hours or less most frequently sel§25&d 269, 275,

277). The dwell time is a function of additive content and the thickness of the lgoelgn

For instance, producing a large grdmdy will require more time for additive extraction

due to the distance the binder travels thef2RP]. In summary, a range of thermal
parameters have been previously used, and verily TGA and other thermal techniques will
be needed, for example dilatometry anffiedential scanning calorimetry, to facilitate the

decision making.

2.4.9.4Achieving Permanence of the Hydroxyapatite Scaffold

The process of sintering is needed to produce a single, coalesced body from a particulate
system. Previous studies have achieved whils temperatures as low as 600 [201,

278]. Different dwell periods and heating rates have hken used, ranging from 1 to 10
hours[201, 279, 280]and 1 to 10C/min [278, 281] respectively. Indeed the sintegi
parameters will depend on the processing stages proceeding the sintering stage, such as
the purity of the raw powder, and size of article to be sintered. Previous studies have
suggested that higher sintering temperatures (above 10POesults leads tbetter
biological properties, such as osteocalcin, bone sialoprotein, and osteonectin protein
production; and cell proliferation is higher too; whereas Type | collagen production was
comparable between both sintering temperaty282, 283] However, at elevated
temperatures the problem of phase transformation is encountered, which has been
previously reportetb occur at temperature as low as 70D[284], but occurring more
frequently at temperatures above 1130209, 239, 281]As previously stated, the phase

purity of the raw powder affects the phase stability of the ceramic at elevated
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temperatures, with other studies sintering until 1300or above without evidence of
phase decompositid@13, 232, 247, 285]

2.4.9.5Chemical Structural Analyses for Determining Phase Purity

It is evident that thephase composition of hydroxyapatite requires monitoring,
particularly when subjected to high temperatures whers susceptible to phase
transformation. Determining phase composition could be achieved through different
methods. Althogh thermal analyseprovide anintimation[286-288], particularly when
scanning for events over a wide temperature range, physicochemical characterisation
techniques are kter suited thereto. Two of the most frequently used physicochemical

techniques used to determine phase purity are XRD and FTIR.

XRD is employed to confirm the phase composition of HA because it is able to
provide a unique pattern thereof with respedtstarystal structurerig. 2-13 presents an
XRD pattern of bone apatite (a), nasiaed crystals, crystalline HA (b) and a highly
crystallised HA (c). The figure illustrates a highly crystallised HA has peaks at
approximately 26, 28.5 29.5, 32, 32.5, 33, 34.5, 35.5, 39.5 and 40. Thus, a
pattern conforming thereto confirms the presence of HA. To fuiltbstrate this point,

Fig. 2-14 presents examples of commonly secondary phases fowsidtared HA:b-
Tricalcium phosphate (ap-tricalcium phosphate (b) and tetracalcium phosphate (c)

XRD patterns.
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Fig. 2-13. XRD pattern of bone apatite (a), nasized crystal HA (band a highly
crystallised HA (c]289].
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As the figure illustrates, the CaP display an Xpadtern distinct from HA. For example,
b-TCP possesses a single intense peak at@lobserved in HAFig. 2-14 (a)); a-TCP
exhibits a main peak at 30.that is not displayed by HiFig. 2-14 (b)); and TTCP has
anintense peak at 3@hat is also not observed in the XRD pattern of (f#y. 2-14 (c)).
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Fig. 2-14. Representative XRD PatternfTricalcium phosphate (§290], a-
tricalcium phosphate (fR91] and tetracalcium phosphate (@92]. The figure
illustrates the similarity and differences in peak position and relative intensity of said
calcium phosphates to HA.
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There are, however, examples of peak proximation, and in some cases an overlap, and for
that reason a second physicochemical techniqueéd facilitatein verifying the phase

composition of the analysed material.

A second technique that is widely used Ire tliterature is FTIR. This is a
vibrational spectroscopic technique that is relatively simple, yields reproducible data and
only requires small amounts (micrograms) of sample for andB88. FTIR elucidates
the functional group present in the sample, which for stoichiometric hydroxyapatite are
the phospate and hydroxyl bands. An example of a hydroxyapat#etsgm is presented
in Fig. 2-15, with a frequency ranging from 4000 to 500 %mor a wavelength ranging
from 2.5 to 20 microns. The figure illustrates a solitary peak at approximately 3570 cm
1 which pertains to the hydroxyl stretching mode group. The remainder of the troughs
are found at frequencies below 1500tm090 and1040 crhtroughs are the triply
degenerate ¥ antisymmetric phosphate stretching mode; 960! dmand is the v
nondegenerate phosphate symmetric stretching mode; 63@&dhe hydroxyl libration
mode vibrating; and 601 and 561 ¢@are assigned to the triply degenerai@hosphate
bendng modg294-304]. Carbonate groups may also exist in HA between 1650 and 1300
cml; the presence thereof reveals a-stwichiometric HA[299]. Hydrogen phosphate
is another possible contaminant found in HA, which has a vibrational mode at
approximately 866 crh[246], which is characteristic of calcium deficient Hi244, 245]
Furthermore, the disappearance of the hydroxyl bands at +36%307]and ~630 cm
11306, 307]that is associatewith dehydration, is indicative of a phase transformation to
an anhydrous calcium phosphate, posdiblCP. Another previously encountered bands
include at ~ 112Q308-311] and ~ 945 cm [307, 309, 312] which have also been
ascribed td-TCP, and verified by XR[B08-310]and EDX[309]. Regarding TTCP and
a-TCP, a broad band between 1200 to 950" ¢tvas previously been attributed thereto
[298, 313] Hence, FTIR is a valuable characterising technique determining

stoichiometric HA.
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Fig. 2-15. A representative FTIR trace of hydroxyapatite adapted f&84]. The
figure illustrates the frequency positions of the bands pertaining to hydroxyapatite.

2.5The Case for Ceramic Honeycomb Extrusion

Extrusion is a widely usedearnet fabrication technique foindustrial production of
metals, polymers, glass and ceramics withoastantcrosssectional geometryThe
technique isfavoured for itssimplicity, low capital and running costs, and can be
integrated with other technologies, such as a mixer to streamline thesgpfcpaste
formulation and shapinf14]. Table 2-6 presentghe shaping parameters of extrusion
as well as twatherscommonly usedor ceramia. It can be seen that extrusion provides
a compromisdetweerthe other two shaping techniques, whergtdustriallymedium
sized articles witlguite complex geometrieandhigh green densitiesan be obtainedt

a high productivity rate, whilst requiring low plant complexity and production costs. For
this reason extrusion is favoured for the fabrication of bricks, cerapijmes heat
regenerator applicatiomnd catalytic supports for catalytonverters.n the lattertwo
they are &voured as they are said to genehaggh strength and a high level of porosity
[315, 316] and thus it was hypothesised thhese propertiesould be translated to

bioceramic fabrication.
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Table2-6. Table presenting the shaping parameters of extrusion andttvessthat are
commonly used: drgressing and slip casting. Adapted frosh [314].

Dry Extruding Slip Casting
Pressing
Avg. solvent content beforghaping 5 wt% 17 wt% 28 wt%
Avg. solvent content after shaping 5 wt% 17 wt% 18 wt%
Duration of shaping process Low Medium High
Shaping energy consumption High Medium Low
Green Density High Medium-High Low
Green Deformability Low Medium High
Shrinkageafter firing Low Medium High
Drying energy consumption Low High High
Geometry of shaped article Simple  Quite complex  Complex
Article size Small Medium Large
Article thickness Constant Variable High variable
Productivity Very high High Low
Automation level High High Low
Plant complexity Medium Low High
Specific production costs Medium Low High

2.5.1Aspects of Ceramic extrusion

A schematic outlining the steps involved in ceramic extrusion is presenkegl 2+16.

Having formulated an extrudable ceramic paste,deramic extrusion process consists

of loading a ceramic paste into a barrel and then passing it through a shaped orifice,
known as the extision die. From here, the shaped body is then cut into the desired length

that will be dried and subsequently sintetddnce, there are two aspects to the extrusion
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process: the extruder and the ceramic pasteief introduction into the extrusion faset

is provided belowandmore will be detailed iChapter 4.

2.5.1.1Extruder

The extruder consists of a propulsion system, the barrel and the honeycomb die. The
propulsbn system can either be piston or auger (screw) driven, and each possesses
advantages and disadvantafds}]. The piston extrudes more suitable for a laboratery

scaled extrusion, when compared to an auger extruder, for the following reasons:
1 Smaller material batches are requijred
1 Lower moisture content is needed because less plasticity is required
1 Easier taactuate the propulsion system
9 Lower contamination rates

i Easier to clean

The main disadvantage of piston extrusion is the reduced throughput rate, as time is
needed for loading the ceramic pastd@tween extrusions, as well asalengthe new
paste However, this is less of a concern for laboratecgle settingsAs such, piston

extrusion was employed for this research project.

The barrel $ where the ceramic paste is contained prior to extruammhhas the
die attached at one enthe extrusion @ is the part of the system thmbvides the green
body with the uniform crossectional shapdhe die can range from a simply cylindrical
orifice for fabricating ceramic rods, to a honeycomb die for fabricating a porous green
body.

2.5.1.2Ceramic Paste

The ceramic paste, or ceramic body, consists of ceramic particépersded within a
polymeric gel. It is the gel that imparts plasticiyd hencallows the ceramic paste to

flow through the extruder. A simple ceramic paste comprises ceramic powder, Ibicider a
water; although additional organic additives can be used to facilitate extrusion, such as

lubricants and plasticisetsHowever, every additional component complicates the
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extraction processsthe nonceramic componentseed to beemovedand each onill

have its own extraction conditions that will need to be accommof#28t The ultimate
goal of formulating a ceramic pasts inmostfabricationtechniquesis to achieve a
body with a high ceramic content, whichill reduce cracking duringlownstream

processs
Raw Materials Fabrication
Waterf— |
. E —4 -
Binder HA Barrel Cxtrudate
Sintered Body De-binding &

Sintering

Fig. 2-16. Schematic depicting ttstages in thextrusion process

2.5.2The Case for Structured Porosity

Compressive strength is used as an indicator of mechanical performance for CaP
scaffolds,as it is the pringle form of stress loatdlearingbones are subjected {817].

A scaffold with aligned poregFig. 2-17) is purported to achieve higher mechanical
strengths than scaffolds with stochastic pdFégure 2-18) because fothe orientation of

the struts. #chastieoriented strutare subjected to various mechanictiesses under

axial loading due to themrandomorientation[105, 194, 318]This was recently verified

using Xray tomography[319]. For example, in a stochastic porous architecture under

compressive loadin¢e.g. foams)the structure is strong in some regions and weak in
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others, and it is the weak that reduces the overall strengthe Tveak regions are due to
struts orientegerpendicularly to the loatiatwill exhibit flexural stresswhich ceramics

are known tdhave a lower tolerance for than compressive sttlesseby resulting in early
failure. For an aligned porous structure, subjecting compressive load theretoinethidts
struts exhibiting only compressive strestndeed andjust as cortical bones arsych
scaffolds are anisotropic, where applying the load perpendicular to the aligned struts
would result in flexural stressas the strutsand hence lower strengttompared to
parallel compressive loadingThe anisotropic mechanical properties of extruded

scaffolds are examined @hapter 5 andChapter 6.

L S 50 i

Fig. 2-17. An example of acaffold with structured porositprepared by robocasting
[320].

Figure 2-18. Figure illustrating an example of a stochastic porous structiaiericated
via the polymer spongeplication method201].
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Perusal of the literature reveals that techniques capable of fabricating aligned
porous scaffolds yield remarkable compressive strangthich are presented ifable
2-7. Such techniques include freezasting androbocasting;however, honeycomb
extrusion would require less expertise, lower capital and running costs, and is cpable
achieving largesized saffolds for large segmental defects. For example, varying the
porosity in freezecasting would require knowledge siblventfreezingkinetics,whereas
in extrusion this can beasilyaccomplished by changing the ¢eeg. from squarshaped
pores to hexagwmlshaped)Furthermore, additional steps are required in fremzsting
compared to extrusion, such as freezing aanbdlimation, whichmakes the process
considerablyslower than extrusidn On the other hand, robocasting is fast, which is
beneficialin both research and industrial setsngnd can generate complex structures
provided they can be modelled using a compaiged design softwareHowever,
considerable expertise is required, from knowledge of generatimguteraideddesign
modek to maintaining the electrical components of the instrupamnth expertise may
hinder the realisationof robocastingif not available Nonethelessthesetechniques
illustrate the potential ofincorporatingstructured porosityor attaining high-strength
scaffolds, and by comparisonhoneycomb extrusion islraady a well-established
techniqueLastly, the low production costingd extrusion will be of particular interest

to countries with rising healthcaegpenses

Table 2-7. Physical properties of fabrication techniques that are capable of forming
aligned pores.

Technique Material Macro-pore Porosity Compressive
size (um)  (vol%) strength
(MPa)
Ceramic co-extrusion HA 270 27 240
[210]

Freezecasting[213] HA <600 47 145
Robocasting[222] HA ~300 ~50 140
Robocasting[145] SFHT ~900 -60 139

glass

1 For example, using water as a solvent requires cooliing3®°C, and at a generously
fast rate of C mint, will take 20 mins. This is in contrast to extrusion where a green
body can be generated in less than 30 s.
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2.6 Summary of the literature review

A risein bone trauma prevalence that require extensive reconstructive surgery has seen
the field of bone graft substitution becoming increasingly important for the treatment of
bone defectsAs mentioned, bonewe important for mobilitandregulating other @ans

due to their ability to store calcium ions and produce red blood édileugh metals
wereoriginally used as substitutesconcerted effort has focused on using ceramics that
are bioactive Calcium phosphatesre capable of inducing bowgowth by exploiting
boneds i nher eieat, andhe ipdtentialytoobviate the eded for a second

surgery.

The literature has shown that porous calcium phosphate scaffolds exhibit poor
mechanical strengths. However, recent work has illustrated thatdtng an aligned
porous architecture can yield strengths comparable to cortical®eranic honeycomb
extrusion was identified as a technique capable of generating aligned pores. Extrusion
offers many advantages compared to other techniques, naawelgdstings, rapid

processing and low skills required to operate.

Despite its advantages, the literature has revealed that ceramic honeycomb
extrusion has not been thoroughly explored for fabricating bonegyradtitutes. Thus,
there lies the potentidbr novelty in this field.The currentproject investigated the
viability of honeycomb extrusion for hieving highstrength scaffoldswith the aim of
understanding the relationship between processing parameters and raw material,selection

to the qualityof the final product.
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Chapter 3. Characterisation

3.1 Physical Characterisation

Physical characterisations were primarily applied to the raw materials. Powders are
available in different morphologies and sizes, hence characterisation thereof with respect
to physical properties are needed to understand their effect on subsequent processing
stages. The aim herein was to understand which physical attributes were a prefigure
towards fabricating a scaffold with desirable properties. Physical characterisation was
also employed to determine paste density and the bulk porosity of sectioned scaffolds;

the former was performed to compare the paste density to the theoretical results.

3.1.1 Particle Size analysis

Particle size analysis was performed using the MastersizeE3060r om Mal ver n,
wet-mode.A photograph of the instrument is providedFig. 3-1. The parameters and
measurements were performed by the Mastersizer 3000 seffmavided by the

manufacturer with the instrumentyhere the following parameters were set:

Number of measurements per run: 5;

Background measurement: 1 minute;

Laser obscuration: 120%, as recommended by the manufacturer;
Stirrer speed: 3000 rpm,deced to 2000 rpm during live readings;

Ultrasound: 70%.

Table 3-1 presents the refractive indices used for the different materials, as well as the
absorption indices. For the latter, an absorption index of 0.01 was used for translucent

powder; 0.1 for white powder; drl for pale coloured powders.
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Table3-1. Refractive and absorption indices of the samples analysed.

Materials Refractive index Absorption index
As-received HA 1.65[321] 0.1
Calcined HA 1.65[321] 1
Y-HA 1.65 1
b-TCP 1.62[322] 0.1
Bioglass® 1.59[323] 0.01
Canasite 1.54324] 0.01

A clean 600 ml beaker was filled with 500 ml of distilled water and placed on the
apparatus stage. The instrument was then initialised and following a one minute gap, the
backgraund measurement was performed. If contamination was detected during the
background measurement, then the run would be stopped and the system would be
cleaned before resuming. Once satisfied with the background measurement the samples
were loaded incremenbausing a laboratory spatula, until an obscuration level of ~ 15%
was attained; which was within the-20 % range recommended by the manufacturer for
wetmode. Ultrasound was applied to the system f8rrinutes, before commencing
measurement following one minute resting period to prevent air bubbles generated by
the ultrasound from being recorded. After the measurements, the system was subjected to
another round of ultrasound, before a second measurement was taken. If the results were
inconsistent wh the first measurement, then another round of ultrasound and recording
was performed. This continued until consecutive consistent data were optelmeu
was indicéive of successful soft agglomeration breakdown by the ultrasolinid
strategy was adopted to ensure the recordings obtained were not those of soft
agglomerates. Results were only accepted if the residual weight of the data was below

1.00, as recommended by the manufacturer.
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, Measurement cell

Fig. 3-1. Particle size analysis set uyghich was used in watode.

3.1.2 Density measurements

A gas helium pycnometer (Accupyc Il 1340, Micromeritics, UK) was utilised for powder
density, paste density and do#éd bulk porosity measurements. The software, 1340

Accupyc, was used to set the parameters and control the instrument.

Powder density:As recommended by the manufacturer, between %2 and % of the crucible
was filled with the powder to be analysed. Loading of the powder was performed on a
scale and the mass was recorded. The crucible was then inserted into the chamber of the

apparatus.

Paste density:Paste density was empirically measured to validate the theoretical paste
density, and thus as a means to quantify the final paste composition. The high shear
energy mixer generates excessive heat, causing the distilled water to evaponate in so
instances, and thus resulting in possible variation to the water content, which needed to
be verified. In addition, as measurements were performed in triplicates, the analysis also
serves as a means of determining paste homogeneity with respect teit@mploence
samples were taken from different sites of the formulated pEsbde 3-2 represents a

calculation example of a paste composition ithbonass and volume percentage:
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Table 3-2. Example of paste composition presented as both mass and volume

Component Composition Density Volume
) (glcm?) (cmd)
Hydroxyapatite 241 3.22 74.8
Methycellulose 17.9 1.34 13.4
Distilled water 90 1 90
Total 348.9 178.2

To calculate paste density Trable 3-2, the hydroxyapatite and methycellulose densities
were empirically determined by the pycnometer, and the theoretical density for distilled
water at ambient temperature was used. The mass ofdividual components was then
divided by their respective densities to obtain the volume, which was then summated. The
total mass was then divided by the total volume to determine paste density.

The protocol was similar to the powder protocol, extieptequilibrium pressure
was increased as the system failed to e
seconds); this could be as a result of the paste samples absorbing the helium slowly. The

parameters can be foundTable 3-3.

Bulk Porosity: Adjustments were made to accommodateréatively small size of the
scaffolds. The weight of the scaffoldgas once again measured on a scale, and
subsequently placed into the crucible, along with a stainless steel rod with a height of 4.5
mm and diameter of 10 mm, which was used to compress the helium. Although not
required, this was done because nearly fillirggchucible results in greater measurement
sensitivity[325]. Furthermore, thapproach was consulted with the manufacturég w
confirmed the approach was common practice. The volume of the rod, which was pre
determined by the pycnometer, was then subtracted from scaffold measurements.
Thereafter, the new volume was used to calculate the density of the porous scaffold. The

following equation was used to determine the bulk por&sity
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P
Z <
Wherer ais the apparent density, whereby the volume was measured by a vernier caliper

(Fig. 3-2); andr is the true density, whereby the volume was determined by the
pycnometer.

Using the steel rod resulted in an increase in air pressure, which caused the
scaffold to ricochet within the crucible. To accommodate for this purge and reading

pressures were reduced to prevent cracking of the scaffolds. The parameters can be found
in Table 3-3.

ds

Fig. 3-2. CAD model depicting the dimensions measured to obtain the apparent density
of scaffolds.

Table 3-3. The helium pycnometer parameters for the different sample types.

Analysis  Number of Purge fill  Numberof Cyclefill  Equilibrium
type Purges pressure cycles pressure rate
(psig) (psig) (psig/min)
Powder 20 12 20 12 0.0050
Paste 20 12 20 12 0.5000
Bulk 5 5 8 8 0.0050
porosity
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3.1.3Surface Area

Surface area was performed using the 3Flex from Micromeritics, UK., which utilises the
BrunauerEmmettTeller (BET) theory. BET uses physical adsorption to measure the
surface area of powders using a set gas. At their liquefaction temperature, the molecule
of the gas will adsorb onto the surface of the sample. As the pressure of the gas rises, so
does theaumberof adsorbed molecules on the surface until a monoloyer of molecules is

formed. The quantity adsorbegithen used to quantify the surface area.

The experiment procedure for surface area analysis can be divided into two steps.
An initial sample preparation step was performed, which was followed by the analysis
itself. For sample preparation, first, the mass of the 12 mm diameter glasgRigbes
3-3), followed by mass of the tube with sample, were recorded. A glass funnel and drink
straws were utilised to aid the deposition of the powder to the base of theiggssith

the purpose of minimising powder adherence to the inner side walls of the tubes, and thus

minimising data error.

Fig. 3-3. Image of a glass tube. The powdered samples had to be inserted in a way to
ensure the powder reached the base of the tube without adhering to the side walls.

The tubes were attached to the sample degas system (VacPrep 061) thereafter, where the
samples wre vacuumed and heated feb 4ours, at 0.1 mbar and 300 °C, respectively.

This was performed to remove unwanted particles and moisture from the surface of the
powder that may interfere with the measurement. Following this, the samples were gassed
for 30 seconds, before removing the tubes from the system. The final step was to attach
the tubes to the 3Flex instrument before commencing theFigsB-4 is a photogrph

depicting the degasser and the surface area analyser itself.

65



. J

Surface area
i analyser !

Fig. 3-4. Surface areanalyser satp, portraying the degassewhich was used to
removecontaminants and moisturand the surface area analyser itself.

A multipoint BET analysis, with relative pressures of between 0.05 and 0.4 was
performed. Evaluation of the results were performed and the results were inspected for
evidence of experimental errors. The BET surface area data was only accepted if the Y
intercept was positive; the BET C value (BET constant) was between 5 to 300; and the
correlation coefficient of the regression line was 0.999 or greater; if the test was applied
correctly, the data reduction plot will be linear. All the aforementioned paresvetee
i n accordance with t H348] Aeaexamplaa suohraeplotGss g u

illustrated inFig. 3-5. Each sample analysis was repeated a further two times.

0.014

0.012 A

0.010 A

0.008 A

1/ Q(pAlp

0.006 A

0.004 A

0.002
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Relative Pressure

Fig. 3-5. Example of a BET transform plot (data reduction method). The plot isfthat
the asreceived hydroxyapatite powdesed inChapter 5
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3.2 Chemical Structural Characterisation

The chemical structure of ceramics and
biological and mechanical properties. Hence chemical analyses wei®yed to
elucidate the chemical structure thereof, particularly as the materials are subjected to heat
and other procedures that could result in phase transformation. All chemical analyses
were carried in powder form. For measuring the chemical strucfigi@tered samples,
segments of the extrudate were sectioned
Buehler, UK), then crushed with a percussion mortar, and ground using a pestle and

mortar, in order to obtain fine powders for analysis.

3.2.1X-ray Diffrac tion (XRD)

XRD techniques can be used to identify the phases present in samples, from the raw
material to the final product. In XRD,-Kays are generated and targeted towards the
sample. These incident-rays are scattered upon striking crystal planes rdsva
detector, which records the incident angle and the intensity thereof. Depending on the
crystal structure, the-Xays are scattered accordingly to generate-aayXspectra that is

used to identify the material.

XRD was performed using the SiemensD6 Powder Diffractometer (Munich,
Germany), with a voltage and amplitude of 35 kV and 30 mA, respectively. The desired
powder was loaded onto the sample holder as illustrated below. A microscope glass slide
was used to ensure that the powder was levétievoid erroneous XRD patterns. The
sample holder was also tilted at approximately 45 ° to ensure that the powder was stable.
Subsequently, the hold€Fig. 3-6) was inserted into the instrument where analysis

ensued. Each sample analysis was repeated at least once.

The XRD Wizard software was used to set the parameters of the instrument, and
the information was transferred to XRD Commander, which was the softwateto
initialise the instrument, as well as commence analysis. The following conditions were

opted for XRD analysis:
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Scan Type:Locked Couple

Scan Mode:Continuous Scan

Parameters:

Start (°): 20 Time per Step (s): 2
Stop (°): 70 Divergence Slit: 2
Step sie: 0.03 Antiscattering slit 2

Number of Steps: 1667

Data analysis was performed using PDBoftware (ICDD, USA) for confirmation. All
the powder diffraction files (PDF) listed in the forthcoming results chapters were obtained

from this software.

Sample
Holder

Powdered

Sample

Fig. 3-6. Photograph of the sample holder containing a powdered sample ready for
XRD analysis.

3.2.2Fourier-Transformation Infrared Spectroscopy (FTIR)

FTIR spectroscopy is a form of vibrational spectroscopy that determines chemical
structure based on the vibrations of the atoms of a molecule. When infrared radiation is
passed through a sample, the energy is absorbed by the molecules, and is transferred into
kinetic energy. Provided there is a net change in dipole moment of the res|eitd

energy results in a change in amplitude of molecular vibration. Different bonds will
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absorb infrared radiation at different frequencies, which is then used to identify the overall

chemical structure thereof.

FTIR analysis was performed using theitier from Perkin Elmer, USA, and
operated using the Spectrum softwasbich was provided by the manufactureirst,
the powder samples were mixed with potassium bromide @Br ratio of 2:200 mg
using an agate pestle and mortar. Once sufficientked and the admixture appeared
homogenous, the samples were pressed into a disc using a 10 mm stainless steel pellet
die; the force was first applied at 1 ton for 1 minute, and then increased to 10 tons for a
further one minute. Samplg¢Error! Reference source not found) were then inserted
nto the sample holder, which was then tr:

was closed to minimise external irfexence.

A total of four background measurements were taken, which were subtracted from
sample measurements. The following settings were chosen for all FTIR measurements:
wavenumber range from 4000 to 400 gmesolution of 4 cm; anda total of four sans

per run.

3.2.3X-Ray Fluorescence (XRF)

XRF analysis was used to determine the elements present in the raw glass powders.
Unlike the calcium phosphate, the synthesised glass powder underwent a vigorous
processing step, and the technique was used to determine if the glass powder was

contaminateds a result.

XRF analysis was performed using Panaly
its accompanying software (Super Q Launcher). Powder samples were placed in the 37
mm plastic sample cups, which were suppo
subsequengl placed in the instrument, and analysis ensued, which was performed under

helium. The same software was used for sample analysis.

2 The potassium bromide disc approach was used to expand the scanning range to below
600 cm! for this particular instrument. Potassium bromide wsesd to form the disc as

it has a transmittance of 100% in the range of 4000 cm!, which was needed to
identify the functional groups present in hydroxyapatitetaticalcium phosphate.
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3.3 Thermal Characterisation

A crucial step in the fabrication process is the firing of the extrudate. The process is
precedediy drying and déinding; all of which require delicate thermal treatments to
prevent premature failure. Hence, the thermal behaviour of the different raw materials

needed to be clarified in order to optimise the thermal processing stages.

4.4.1 Dilatometer

Pusirod dilatometry is a method for determining dimensional changes as a function of
time or temperature. The instrument was employed to elucidate the shrinkage behaviour
of the starting materials when subjected to elevated temperatures and to ensurg sinterin

temperatures used will densify the ceramics.

Pellets of 10 mm diameter and approximately 1.5 mm in thickness were fabricated
using a pellet die and press. The pellets were pressed at 0.6 tons, and subsequently
transferred to a rectangular alumina crieifor safe transportation. Stainless steel
tweezers were used to insert the pellets into the sample holder of the dilatometer (402 C,
Netzsch, Germany). The pushrod of the dilatometer was activated, and brought into
contact with the pellet at its centfighe force applied by the pushrod to the pellet was set
to 30 cN, which was sufficient to hold the pellet and sensitive enough to record linear

shrinkage, without fracturing the pellet. Once this was achieved, the furnace was closed.

The parameters were minolled using the Proteus® software. The temperature
parameters of the analysis were: a heating and cooling rate of 5 and 10 K/min,

respectively; and a starting temperature of 25 °C.

To ensure that the pellets will not react with the alumina sample rhatae
pushrod at elevated temperatures, separate pellets were first sintered in alumina crucibles
using a muffle furnace, at the designated temperatures. Pellets were subsequently
inspected to ensure no reaction had taken place. As a result, the maximbemmgsi

temperature for the samples were set to either 1350 or 1400 °C.
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4.4.2 Differential Scanning Calorimetry (DSC)

DSC is a ther mal anal ysis technique tha
changed by temperature, where a sample of a known masatézltand its heat capacity

is tracked as changes in heat flow. DSC allows the detection of phase transformation in
calcium phosphate, as well as other glass thermal events, such as crystallisation, glass

transition, and melting.

Before commencing DSC @4 C Peguses, Netzsch, Germany) analysis, the
protective gas flow, argon gas, was set to a rate of 90 ml/min for thirty minutes in order
to rid the system of humidity or reaction products. An 80 ul alumina crucible was placed
on a scale and the measuremwas tared, where thereafter the powdered sample was
deposited into the crucible via a micro stainless steel spatula. The typical weight for
ceramic samples was 37 mg, which is within the recommended weight supplied by the
manufacturer (3@0 mg). Once theample was weighed, the crucible was transferred to
the DSC sample holder, and the furnace was closed thereafter. An empty alumina crucible
was used as reference, and the experiments were performed using a purge gas flow of 50

ml/min. Air was used as bothe purge and analysis gas during measurements.

The Proteus® software provided by Netzsch was used again to control the
experiment. The heating and cooling rate were set to 5 and 10 K/min, respectively, with

a start and end temperatures of 25 and 1@)0&spectively.

4.4.3 Thermal Gravimetric Analysis (TGA)

TGA analysis was performed to determine the change in sample mass as a function of
temperature, using the Pyris TGA 1 from Perkin Elmer, UK. The instrument was used
primarily for determining a suitabl@nder burnout temperature profile, as the instrument

had a maximum analysis temperature of 1000 °C.

Again, a similar protocol to that of the DSC was used, except for the purge gas
was either air or nitrogen, depending on the experiment; the flow exeothwas set to
100 ml/min, and samples weighed betweer8@0ng. The Pyris software was used for

controlling and analysing the data.
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4.4.4 Simultaneous Thermal Analysis (STA)

The STA was performed using the SIPBOO from TA Instrument, USA, which allows
for simultaneous DSC and TGA analysis. Unlike the Pyris TGA 1, temperatures of above

1000 °C could be used for analysis, which was udefidnalysingglass samples

The sample protocol was similar to that of the aforementioned DSC protocol, except
for the puge gas was either air or nitrogen, depending on the experiment, and the flow
rate thereof was set to 100 ml/min. Furthermore, the control and analyses software were

Q600 and Thermal Advantage, respectively.

3.4 Microscopy

Microscopy was used to provide qualitative analysis of the samplegeBbsticroscopy
analysis were performed using ImageJ from National Institute of Health, USA.

3.4.10ptical microscopy

Optical microscopy was employed to examine the physical propertid® clectioned
scaffold, with respect to cell length and strut thickness. Optical images were taken using
Mot i c E6s -BmiBrdséopke fitted with Moticam 3 attachable digitah@unt
camera, and calibration and images were taken using the Motic IRagesoftware.

4.4.5 Scanning Electron Microscopy (SEM)

SEM analysis was performed to examine sample microstructure. The technique uses a
beam of higkenergy electrons that are focused towards the sample. The electrons interact
with the mat eedcatérad electonsoare £ollextaddo irmhalge the surface.

All of the samples that were analysed were-nonductive, and thus were coated
with gold, using a gold sputter (SC 500A, Emscope, USA). Specimens were adhered to
aluminium stubs (Agar ScientifidJK) via either a carbon adhesive and/or a silver
conductive paste (Acheson Silver DAG, Agar Scientific, UK. 3-7). In the case of
powdered specimens, an air guasaised to level the specimen andvoid charging of

the images.
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Fig. 3-7. Example of SEM sample mounting prior to gold coatargl the use afarbon
adhesive or silver paste to adhere the sample to the aluminium stub.

Sputtering was performed under rough vacuum-Q005 torr) and argon gas, and
the deposition current and coating time were sdiStmA and 3 minutes, respectively.
Once coatedhe samples were transferred to the SEM (Inspect F50, FEI, Netherlands),
where the SEM was used in secondary electron mode to provide images of the sample.
The working distance was set to approximately 10 mm. The spot size and voltage were 3

and 5 kV, respaively, and were consistent throughout the research.

Energy Dispersive Xay Spectroscopy (EDS) (KIAXN 80T, Oxford
Instruments) was employed to provide elemental analysis of specimens. For EDS
mapping, the measurements were taken at a resolution pa@&éisition time of 50 or
greater; energy range of 20 keV; number of channels was set to 2048; a process time of

4 was opted for; and a pixel dwell time of 20 ps.

3.5Rheology

Rheological analysis has been proven to be a good indicator of ceramic paste
extrudability, and can be measured using instruments called rheometers. The sample is
loaded onto a rheometer and is then subjected to acaifolled shear rate or shear

stress The ratio between shear strés&hnd shear raté gives the viscosityh):

(3.1)

:1\|§
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With the units being pascal second (Pa.s), pascal (Pa) and reciprocal sgéydndt(e
viscosity, shear stress and shear rate, respectiVeére are ifferent rheometers and

each are able to perform viscosity measurements through different modes. For extrusion,
a paste should exhibit shethinning properties, which both a capillary and rotational

rheometearecapable of characterising.

A capillary rreometer (CR) is similar to extrusion in that the material is forced
through a given die by a pistoAn illustration thereof is provided ifig. 3-8. The
instrument works by either controlling the shear rate or the shear stress of the instrument.
All rheological analysis using the capillary rheometer were performed using the former
mode. The shear rafe) is a function of piston speed, and bore adrdernal diameter

The following equation relates the parameters:

—— (32)

Where D is borénternaldiameter; s is piston speed; and d isidiernaldiameter. The

shear stress (U) is calculated as:
Yo

W —— (33)
>

Where L is the capillary die length:; r is the die radius; ¥ the difference in pressure
between the barrel and atmospheric pressure. Essentially, the user sets the shear rate
range, and the instrument calculates the speed of the piston that @odesp the set

shear rates. As the material flows through the capillary rheometer, a pressure transducer
situated in the bore measures the pressure developed during a test. The pressure measurec
is then used to determine the shear stress of the matediat the set sheaate, using

equation (3.3)
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Fig. 3-8. Schematic depicting a capillary rheometer and its componestag this
method, the material of interest is forced through a capillary die vistami The speed
of the piston equates to the shear rate, and a pressure transducer is used to obtain the
resultant pressure from the pdetermined piston speed, and subsequently used to
obtain the shear stress. The ratio of shear stress to shear ragetgeveiscosity. The
temperature can also be altered to provide a temperatargrolled analysis, in order
to understand the effect of temperature on viscosity.

Where CR uses presstoidven flow (Poiseuille flow), rotational rheometers (RR)
achieveshearing via drag flow (Couette flow). In RR, samples are placed between parallel
plates Fig. 3-9) and are subjected to torsional shearing. The dlagaiis calculated by

dividing the velocity of the parallel plates by the distance between plates:

o

5 -I' (34)

wherev is the angular velocity, anld is the height of the sample measured (i.e. gap
between the parallel plates). For a standard vigcosasurement, the gap is fixed and

the angular velocity of the plate increases, and the shear rate increases accordingly. The
force applied is measured by a transducer, and takes theseaigmal area of the sample

into account to give the shear stes

The benefits of RR over CR are better sensitivity, and small sample sizes are
required. In addition, RR can be used in oscillatory (dynamic) mode to determine
viscoelastic properties of materials. In this mode, the rheometer applies a sinusoidal force

that progressively increases in either amplitude (i.e. force) or frequency (i.e. speed). From
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this, viscoelastic properties such as the storage (i.e. elastic) and loss (i.e. viscous) moduli
can be determined. The st or aigedhe stifindss bfus (
the ceramic paste, and is derived as:

co 4 v

iig (3.9

Where Myis the torque amplitudapi s t he angul ar amplitude o
angle, which represents the time dependent behaviour of the strain to the sinusoidal stress
applied; r is the radius of the parall el
used to provid information regarding the shear modulus and plasticity of ceramic pastes.
The former is akin to the elastic modulus, but as the RR applies a torsional force rather
than an axial force, it is the shear stiffness that was mea3uredtorage modulus was

used to correlate the ceramic paste to the quality of the extrudates.

RN

—

Fig. 3-9. Schematic depicting a rotational rheometath parallel plateqt 1 angular
amplitude of oscillation; h is the sample gap height; r is the radius of the parallel

plate). The parallel plates are coloured as grey, with blue representing a sadwgiey

this rheological approach, a sample is placed between two pla@satly, the lower

plate is stationary, and the upper plate rotates. The viscosity in rotational rheometry is

a function of the ration between the velocity of the plate and the geometric gap height

(h).
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4.4.6 Capillary Rheometer Procedure

Rheological measuremts of the pastes were performed using the Rosand RH200 15 mm
twin bore capillary rheometer (Malvern Instrument, UK), and the experimental procedure
was selected using the FlowmasterE softw
length and angle of Inm, 16 mm and 180, respectively, was used. Before each
measurement, the samples were kneaded by hand and loaded into the barrel at ambient
temperature, where thereafter manual compaction was performed using the piston of the
instrument. Once the samplesre loaded to a reference point{BB0 mm), the analysis

was commenced. A pitest compression of 0.5 MPa was incorporated into the test
procedure for reproducibility. In the event a test was performed under controlled
temperature, the sample was lefttle bore for 15 minutes to ensure the sample was

homogeneously heated.

4.4.7 Rotational rheometer Procedure

To compliment the capillary rheometry analysis, a rotational rheometer was employed in
oscillatory mode, which is also referred to as dynamic mecalaaialysis (DMA), to
elucidate the mechanical behaviour of pastes. Tests were performed using the rotational
rheometer (MCR 302, Anton Paar GmbH, Germany), which was equipped with an 8 mm
parallel plate geometry, and controlled using the Rheoplus softRaoe to analysis, the

warm up protocol was performed, as recommended by the manufacturer. A trimming size
of 1.025 mm was selected, and samples were trimmed using a plastic spatula. Following
sample trimming, the rheometer reached the gap size, whihevto 1 mm, and analysis
ensued. Once a test run was finished, the Peltier surface and geometry were cleaned using

distilled water, and then dried before commencing the next run.

4.4.8 Extrusion measurements

The MOOG SmarTEST ONE controller, whichwasusedtact uat e t he ext
was also used to record the force feedback as a function of piston distance travel, and thus
produce the forceisplacement curves. The recording was commenced once the loaded
paste underwent compaction and vacuuming. Samplas performed at a recording
frequency of 100 Hz.
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3.6 Mechanical Characterisation

Mechanical analysis was performed to measure the maximum compressive strength of
the sintered scaffolds, which in the |[|it
mechanical properties. Tests were performed using the Roell Z050 from Zwick, UK, and
operated byhe testXpert Il software. Compressive strength was used as the benchmark
mechanical test. The testing was performed using a 20 kN load cell (Xforce K, Zwick;
0.5% resolution). Two cylindrical cone boron nitride toolings were adhered to teagpla

of the instrument via a doubteded adhesive, which were employed to ensure that the
platens will not be damaged by the samples. Once thisloras a spirit level was used

to ensure that the setup was level, and using the software, the new distaveen the
toolings was referenced and set to z€ig. 3-10illustrates the setup for the mechanical
testing, andrig. 3-11is a closer image demonstrating the position of the scaffold between

the conical boron nitride toolings.

\ZOk

o 'Load Cell
-i p|r|t Ievel

Boron
Nitride
toolingg

Fig. 3-10. Mechanical test setup.

Due to the different shrinkage behaviour exhibited by the samples, and to

incorporate a level consistency, all mechanical analysis was performed on 3 x 3 sectioned
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Fig. 3-11. Photograph of the mechanical setup, illustrating the conical boron nitride
toolings used. The figure demonstrates the typical position of the upper and lower
tooling to the scaffold before commencing the test, and the ceostion of the

scaffold.

cubes, and a minimum of eight samples weral Use each material. The samgde
apparent test surface area were measured using a digital Vernier @&tjp8&r12), and
theinformation was entered into the software. The sample was then placed in the centre
of the bottom toolingKig. 3-11), and the top tooling was manually brought closer to
expedite the test. Prior to testing, a-pgst of 5 kKN at 1 mm/min was used, which was

incorporated to improve the contact between the tooling and sample before the actual test.

Fig. 3-12. CAD modelllustrating which dimensions were used for the area in order to
determine the compressive stress.
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Compressive Strength (MPa)

Deformation (%)

Fig. 3-13. Stressdeformation curve to illustrate how the maximum compressive
st r e mg) was dgtedmined. The curve is that of a BG2 sample sintered af@300

A stroke rate of 1 mm/min was also used for the main$estpleanalysisvas concluded
following a brittle fractureas determined by a sharp decrease in compressive strength,
which an example thereof can be observedrin 3-13. The maximum stressas
determined as the maximum strength exhibited byfiteefracture was recorded. The
surface of the toolings were wiped cleaned thereafter, before the start of the next test.
Where possible, remnants of the fractusedffolds were collected and used for post
compression SEM analysis.

3.7 Statistical Analysis

Graphpad prisnfv7, Graphpad, USAyas used for both t test and eway analysis of
variance ANOVA) statistical analysesUnless otherwise stated, the statistical
significance is given by P< 0.0Prior to thisaD 6 A g o-Pdaisamn omnibusormality
testwas performed, as well asF test to determine variandéthe data was not normally

distributedand of equal variang¢hena norrparametric test was performed.
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Chapter 4. Fabrication Process

The chapter herein details the fabrication process, and guides the reader through the
rationalefor parameter selection. The processing stages are (i) mixing, (ii) extrusion and
(i) thermal treatment. Moreover, this section details the screening used to determine
which binder to use, as the subsequent chapters will be centred on the ceramics. The
extrusion section will detail thextruder setuand theempirically-determinedextrusion
parametersThe chapter concludes with tlie-binding protocol used throughout the

project which again were empirically determined

4.1 Binder Selection & Mixing

The purpage of the binder is to temporarily bind the ceramic particles, and to impart green
strength until the particulate system can be sintered. Accordingly, the green strength
forms part of the desirable characteristics for binders, with other characteristigs be

easy burrout, a solvent with compatible polarity, and low cost.

Binders typically comprise 4 6 mass% of the admixture. They can either be
organic, for example starch, or inorganic, such as sodium silg28¢ Inorganic binders
have a high égradation point and leave residues, which can be undesirable where the
formulator requires complete extraction of binder. There are processes where the
inorganic residues are not detrimental, and indeed processes were the residue adds to the
properties: ér example organometallic binders where inorganic residues facilitate
densification223]. Furthermore, binders can be categorised as aqueous-agueous,
wherein the former is soluble in water. This is desirable, as in contrast to other solvents,

water is cheap and ndoxic.

Perusal of the literature revealed that most extrusion woskpggormed using
organic binder, which included polyvinyl alcohol, ethylene vinyl acetate and cellulose
ether derivatives. The benefit of using organics are easyduiyravailability and wide
range of viscosity grad¢223]. Due to the availabiltof distilled water and the desire to
work with nontoxic binders, it was decided that aqueous organic binders would be

utilised for the plasticisation of the ceramic bodies.
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A common organic additive brand used i
ran g e , devel oped by Dow Chemical. Met hoce
properties, such dsibricity, norrionic thickeningand wetting propertiesvhen mixed
with distilled water. Previous studies have successfully fabricated honeycomb extrudates
sdely with MC as the additivE326, 327]

MC are cellulosalerived ethers that are classed as polysaccharides and industrial
gums[328]. Table 4-1 lists examples of other watsoluble binders commonly used in
ceranic fabrication. Althoughcellulose ethers are commonly used, in the interest of
prudence, a total of three binders were screeBeutlers with a higher green strgth
than the MC used (Methocel E F4M, Dow Che
extrusion trials using this grade resulted in sheathmay reducedthe viscosity of
extrudates to the extent that deformation occuthedetowhen handledTypically, a
positive correlation exists between aosity and green body strengtigth properties
increase with increasing molecular weiB29-331]. As such, carboxymethylcellulose
(CMC) and guar gum (GG) were selected (Sigma Aldrich, Germfomydheir high
viscosities This was based on the data obtained fiicable 4-1, which illustrates that

both binders possess relativelyhigh viscosities.

Table4-1. Examples of watesoluble binders [229]. The table illustratédse variety of
viscositiesavailable of which high viscosity grades were desirable for extrusion.

Viscosity Grade

Binder V.low Low Medium  High V. High

GumArabic

Poly(vinylpyrrolidone)

Poly(vinyl alcohol)

Polyethylene oxide
Starch
Methylcellulose

Carboxymethlycellulose

Hydroxypropylmethylcellylose

Xantham gum

Locust bean gum

Gum karaya

Guar gum
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Fig. 4-1 are SEM images of all three polymeric binders, where it was determined that
each binder exhibited a distinct morphology. In theireazived states, MC and CMC

appear to comprise both lineand branched polymers; whereas, the GG powder consists

of smaller particle sizes that are branched to a higher extent.

Fig. 4-1. Scanning electron microscofin secondary electromodg micrographs of
(a) MethoceE , (b) guar gum andc) carboxymethyl cellulos&G exhibited a distinct
morphology from MC and CMC.

4.1.1Paste formulation

Paste formlation is a complex procedurén adlition to composition selectigrthe
processing parameters are equally wrdeed, as they include mixing speed, mixing
time, temperature and humidity control, and mixing technique. During paste formulation,
the binder and water combine to form a gel whereby the inorganic particulates are
suspended within. Although the constitiseot the paste were limited to three ingredients:
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ceramic, binder and distilled water; difficulties still arose, which will be discussed in this

chapter.

4.1.1.1Trials to Optimise Mixing Strategy

The aim of formulating a ceramic paste is to achieve an extrugsste whilst
minimising the norceramic components. One aspect was to determine whether the
mixing order influenced the ceramic paste. Mixing was performed in polypropylene
containers, which comprised a cup and lid that were compatible with theslnegin
energy mixer (Speedmi xer E DAC 3UhemkngzZ, S\
instrument was a bladess mixer that minimised contamination and the generation of air

pockets.

It was discovered that mixing the dry components first (i.e. the cerardic an
binder powders) resulted in an increase in ceramic solids loading. This was because
mixing the binder and water first caused the binder to geleltech increasedhe
viscosity of the systenand therebynade it difficult for the ceramic powders to peast
andbe suspended therein. Hence, the dry components were first added and mixed prior
to the addition of distilled watefrig. 4-2 (a), is a reprsentative image of a paste
exhibiting phase separatiowherethe bnder formed a ceramiitee gel; which would
yield poor extrudates due to the inconsistent viscosities produced due to the different
phasesBy mixing the dry components first, it ensureth@mogenous distribution of
ceramic and binder, and the subsequent addition of water resulted in a homogenous
coating of the ceramic particles by the binder. Indeenteasing thenixing duration or
shear speerhay have eventually homogenised the @dsiwever, prolonged mixing or
greater speeds caused partial evaporation, and attempts to compensate for the water loss
thereafter proved difficult. The addition of water was performed incrementally until a
clay-like paste was formulated. Excessaounts ofwater, asFig. 4-2 (b) portrays,
results ina creardike formulation that areinaiitable for ceramic extrusion.drce the

incremental addition approac
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Fig. 4-2. Images depicting exarigs of poorly formulated pastgg) is an example of
binder phase separatiomhich would be difficult to extrude as the different phases of
the paste would possess different viscosities, and e a constangxtrusion
force,the different phases would flow at different rates and yielo extrudatesand
(b) is a creardlike paste unsuitable for extrusipwhich would seep through the
honeycomb die when poured into the vertical extruder.

4.1.1.2Trials to Optimise Composition Ratio

Determining the ideal mixing order was necessary to ensure efficient binder coverage of
the particlesThe next step was to determine the maximum ceramic particles that could
be suspended. The higher the ceramic proportion the more desirable the formulation is,
as it would alleviate the difficulties durirte thermal treatment steps (as discussed in
section4.3). However inadequate amounts of organic additivesulted in miniature
globules forming Fig. 4-3 (a)). Subsequent addition @fater resulted in progressively
larger globules formingHig. 4-3 (b & c)), until a single, coalesced paste was formed
(Fig. 4-3 (d & €)). By increasing the water content, the viscosity of the admixtase
reduced, thereby allowing adjacent globules to coalesce. However, excessive amounts of
water resulted in a slurry with a credike consistencyKig. 4-2 (b)), which would not

be feasible for extrusioas it would seep through the honeycomb die when poured into
the vertical extruderThe transition from a solveqteficient to asolventexcessie
admixture was highly sensitiveequiring incremental additions of 0.8 mass% of water

to prevent extreme transition@nce this was understood, formulating a coalesced
ceramic paste using MC, CMC and GG were achieved. The next step was to rhiéplogica
characterise the different pastes and determine their suitability for extrusion.
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Fig. 4-3. Examples of the effects of inorgawiganic raios on the paste morphology.
Thepresence of globulea-) were indicative of a poorly coalesced paste and
unsuitable for extrusigrwhereas d & €) are examples of coalesced pastes suitable for

extrusion.

4.1.2Rheological Propertiesof the Ceramic Pastes

Ceramic jastes are required to ggess shedhinning properties. Shedininning is where
initially the paste does not flowhen subjected to low forceut with increasing shear
rates (which is proportional to shear stresses) the paste will eventually flow; until the
stress is removedhen it will behave once again like a solid. This type of property is
suited for extrusion as when the pressure is applied the ceramiayviafitev through

the die, resulting in a given shapend once the pressure is removed, said shape is

maintained and resists collapsing.

Sheatthinning can be determined using rheometers. The rheometers are
programmed to apply an increasing shear rate to the sample, and the resultant viscosity
behaviour is meased. There were two rheometers used in this project: capillary and

rotational.

4.1.2.1Capillary Rheometry

For ceramic extrusion, the admixture of inorganic and organic components should exhibit

sheasthinning propertie§332]. Rheological aalysis of MC, CMC and GG pastes all
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demonstrated she#ninning properties.As illustratedin Fig. 4-4, all possessed a
relatively high shear viscosity that decreased exponentially with increasing shear rate,
until reaching the sheanfinite region, where further increases in shear ttaéelsnoeffect

onthe viscosity.

60

—— Methocel
= — CMC-H
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Fig. 4-4. Flow properties of MC, CMC and GG, as measured by a capillary rheometer.
All binders exhibited sheahinning behaviourCapillary rheometry was used to verify
the sheaithinning nature of the formulated pastes using daiféibinders (n = 1).

Further analyses revealed that all three binders were capable of displaying shear
thinning properties at different shear rates, temperatures and solid loadings, as displayed
in Fig. 4-5 (a), (b) and(c), respectivelyChanges were seen in the viscosity when the
solids loading and temperature were varied. 4-5 (b) demonstrates the increase in
shear viscosity with increasing solids loading, at a given shear rate range; whigyeas,

4-5 (c) demonstrates the increase in viscosity with increasing temperature. In the latter,
the difference in viscosity between pastes at ambient temperature andrpestased at

40 °C was indiscernibJenowever, thalifference was much more pronounced at 50 °C.

In the case of MC, several attempts were made to measure the shear viscosity at 60 °C,
but the paste could not be made to flow. Indeed, by increasing the temperature one would
expect the paste to age and hard®wever, the probable cause is likely to be the thermal
gelation that MC undergoes at approximately 6(03&3]. In a solution, thermal gelation
occurs when the bonds in the polymer crosslink and convert the solution to a solid gel

[334], consequentlysolidifying the structure. Colgd with a ceramic suspension, the
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material stiffened to such an extehft it could notbe effectively extruded by the

capillary rheometer. Therefore, it was concluded that processing should not exceed 50

°C. This further highlights a benefit of using G@s it is a notthermally gelling

polysaccharidg335]. In fact, GG has been demonstratedetfectively increase the

thermal stability of other polysaccharid¢335]. Nevertheless, apillary rheology

revealed that the speeflextrusion temperature and solid loading were not an i$sue

attaining sheasthinning characteristics, and hencaiitable for extruding at room
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Fig. 4-5. Examples of how at varying shear ré, solids loadingb) and
temperaturegc), the pastes were able to maintaing sh#anning capabilities.
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4.1.2.2Rotational Rheometry: Dynamic Mechanical Analysis

Predicting paste properties for extrusion are traditionally performed using capillary
rheometry. To compliment the rheological data obtained from the capillary rheometer, a
rotational rheometer in dynamic mechanical analysis (DMA) mwdse utilised to
elucidate further information regarding the rheological properties of the paste. Rotational
rheometers have higher sensitivity than capillary rheometers, and can quantify events that
would otherwise need to be extrapolated using data @otdiom the latter. DMA has
conventionally been performed using mechanical testing machines. However, these
require considerably larger sample sizes, aade alower resolution compared to
rotational rheometers. Furthermore, they do not provide shedriegsas, but rather
normal forcesThus, rotational rheometry offers several advantages over conventional
met hods for measuring DMA. To the aut ho
rheometers in DMA mode for characterising pastes for extrusion hageo previously
attempted.

DMA was principally employed to obtain the shear modulus and yield stress of
pasteswhich pertain to the stiffness of the pastesyvell as to qualify thelgstic regions
thereof Similar experiments, such as varying solidading Fig. 4-6 (a)) and
temperatureFig. 4-6 (c)) were again conductednd the results concurredith the
capillary rheometerdos findings. Fo+ sim
strain curved Increasing the solids loading of the pastes was found to increase the
stiffness, and decrease the plasticity region. Using the stireés curve inFig. 4-6 (a)
as an example, at solidloading of 62.5m%, ceramic pastes displayed an initial stiff
behaviour (elastic region), succeedy plastic behaviour. As the ceramic content was
increased by increments ofA%, increases in the paste stiffe@gere observed, and as
well as decrease to the plasticity; urilolidloading of 68.8 wt%, where the pastes
exhibited a limited plastic behaviour. This was expe@s@n increase in ceramic content
requires more binder coverage to obviate parfpetticle contactFig. 4-6 (b) is a plot
of the shear modulus as a function of solids loading, whereby it can be observed that the
relationship is a gming exponential at the measured solids loading range. The data
obtained is akin to that of Liu and Chou (20(836], where it was demonstrated that

3 Typically shear modulustress curves are plotted, howevergythare not easily
interpreted by those unfamiliar with rheology.
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steep increases in viscosity where an indication of the solids loading approaching the state

of maximum packing.
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Fig. 4-6. Torsional Dynamic Mechanical Analysis (DMA) of the pastes at varying solids
loading (a) and Peltier platetemperaturgc). Plot (b) is the shear modulus as a
function of solids loadin¢gn=1).

These preliminary rheologicaharacterisations were performed to provide an
insight into therheological properties of the chosen binders. Capillary rheometry
highlighted that paste flow remained sh#anning, irrespective of binder, solids
loading, shear rates and temperatures ADbh the other hand, demonstrated that paste
mechanical properties varied, such as yield stress and shear modulus; insganees,
the difference was over an order of a magnitude. Therefore, depending on the desired
extrusion outcome, pastes canthiored to the desired stiffnesy varying the solid
loading, or controlling the extrusion temperatubace extrusion has been performed,

only then can it be understood what the desirable mechanical properties are.
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4.1.3Thermal Properties of Binders

Once tle binder has been used to impart plasticity to the ceramic particulates, it will then
need to be removed from the admixture before sintering of the ceramic can occur.
Thermally degrading the polymeric binder is one means of achieving said task, whereby
theadmixture is subjected to sufficient heat that results in the degradation of the binder,
and thus its extraction from the admixture. The ideal binder should be removed before
sintering of the ceramic occurs, as to not impede the densification theigot:7 is a
dilatometry curve of three different types of hydroxyapatites that were examined, which
is used to exemplify that different HA raw materiakhibit different shrinkage. Despite
subjected to the same heating parameters, all possessed varying sintering behaviours,
which were ascribed to the difference in particle and chemical properties of the starting
material. In this illustration, the sinteg onset ranged from 510 °C (HA3) to 1050 °C
(HA2). In light of this information, a binder that completely degrades by°&80@ould

be ideal, as it can accommodate a wide range of hydroxyapatite materials.

Thermogravimetric analysis (TGA) was employed determine the thermal
properties of the binders, and the results are presenkégl #+-8. The salient feature that
the analysis demonstrateasthat only MC and GG underwent complete degradation,
whereas approximately 10 mass% of the CMC remained at 1008igCH8 (a)). As
mentioned, CMC pssess a higher molecular weight than MC, and hence a higher burnout
temperature was expected. However, the same would be true of GG, which is also a high
molecular weight binder. The CMC analysed was a high viscosity grade, and thus the test
was repeatedn a CMC with a lower molecular weighHowever, the lower viscosity
grade also did not completely degrade within the instruments temperature limit (1020
°C).

4 Also purchased from Sigma Aldrich
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Fig. 4-7. Examples of sintering profiles ofrte different hydroxyapatite sampless
different hydroxyapatites possess different sintering profiles, the degradation behaviour
of a binder will need to be determined to ensure that it is compatible with the ceramic

(n=1).

Alternative to the molecular weight, it could be deduced that the chemical composition
of CMC was the cause of the increase in thermal stability, as CMC is known to be mixed
with sodium monochloroacetdtg37], and thus may contain inorganic functional groups
that necessitates a relalivdigh degradation temperature. As a result of its high thermal
stability, it was decided that CMC as a binder will be precluded from further studies.

Another noticeable featureas the multtmodal degradation observed in all

samples, which is an indicati that the polymers have a heterogeneous stru@ag

It can be observed that the first MC degradation step occurred at approximately 250 °C,
whereby ~ 80% of the polymer was degraded; followed by a second degradation step
commencing at approxintely 370 °C, where the remainder of the polymer was degraded;
complete binder degradation had occurred by 490 °C. Similarly, the first GG degradation
had occurred from the start of the test until 125 °C, whereby 9 mass% of the binder was
degraded; the send degradation step occurred between 235 to 315 °C, in which

approximately a further 48 mass% loss was observed; the third degradation step occurred

5 HA3 is the same hydroxyapatite material referred to-#20dn Chapter 7. HA1 and

HA2 are hydroxyapatite batches that were initially used for this girdpeit were then
discontinued by Plasma Biotal. The inclusion of this figure is to illustrate the variance in
sintering properties with different hydroxyapatites.
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between 320 and 460 °C, where a further 32% mass loss was observed; the final

degradation step that leddomplete degradation occurred at 465 °C until 510 °C.
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Fig. 4-8. TGAof(a)Met hocel E, guar gum and two var.i
inair; (Met hocel E and guar gum (¢)andeampleioher t
discoid pellets déound under nitrogen atmosphefiée experiments revealed on MC

and GG completely degraded in the presence of air, but not under inert(gasés.

MC and GG were ab examined under inert gasid. 4-8 (b)), where it was
discovered that incomplete degradation had occurred. The data demonstrate that MC does
not completely degrade under both nitrogen and argon atmosphere; and similarly, GG
does not completely degrade under nitrogen atmosphere. Approximd%laid 25%
of binder mass remained for MC and GG, respecti\raty.4-8 (c) portrays discoid HA
pellets fabricated using GG that were heated to &0Qrfder nitrogen atmosphere. The
figure highlights the char residue coating the pellets, which account for the incomplete
degradation observed iRig. 4-8 (b). Therefore, it was concluded that an oxidising
atmospheravas needed to eliminate the carbonaceous coating and achieve complete

degradation.
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4.2 Extrusion

Following binder screening, the next step was to investigate the addfigrformance
for horeycomb extrusion, and correldakeresultsto the precedingnalysis. This section
begins by describing the extrusion kit used fidsricating the extrudates, followed by

examining the effect of extrusion speed on extrudate quality.

4.2.1Extruder Design

Extrusion was performedsing astainlesssteelextruder thatvas designed-house The
actuation of the piston was controlled by a senydraulic press (Schenk 250). Initially,

the extruder comprised a barrel, a piston and a honeycomb die, as illustiagpdif.

An aluminium support was designed to allow visual access to the extrudate, as well as

cutting thereof.

< 1| W Aluminium
5

support

Fig. 4-9. CAD model of the initial extruder setup.
4.2.1.1Die Design

A 60 mm die was designed and manufactured for the fabrication précessiputder

aided design (CAD) model of the honeycomb die is illustrateBign 4-10. The die
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comprised feed holes with a diameter of 1.2 mm, with a distance of 1.52 mm apart; the
channels were 10 mm in length; and the pins that di:fimeepore shape were 10 mm in
length, a width of ~ 1 mm, and a gap of ~0.6 mm between adjacent pins. The die was
attached to the barrel by a combination of die flanges and a ring. 8 mm screws were used
as fastenerdHg. 4-11).

%.

Fig. 4-10. CAD rendering of the honeycomb die.

Fig. 4-11. Image of the die, ring and flangetup

4.2.1.2Compression and Vacuum Plates

The initial setup was too inconsistent in produangcessful extrudates. The extrudates
presented with typical extrusion defects, such as delamination. Many attempts were made
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to see if the paste formulation could be varied to improve the quality of the extrudate,
however, this proved unsuccessful. It vilasndecided that the extruder setrgguired

additionalcomponents

The revised approach was to incorporate a compression plate to the extruder. This
allowed for a preextrusion step of evenly flatterg the paste, in order to ensure equal
pressure is applied across the cresstional area of the paste during the extrusion run.

In addition, a vacuuming element was incorporatecemovetrapped air that may have
been introduced, for example, during knegd The new designs accommodated@s

to ensure a seal was formed during vacuuniig. @-12).

The preextrusion step entailed compressing paafgainst the compression platen
(Fig. 4-12 (a)). This compaction was performed manually by lowering the piston until
forces of between 480 kN were eached. Subsequently, a diaphragm pump was
switched on for 30 seconds to -de the content of the extruder. &mm
polytetrafluoroethylene tube was used to connect the pump to the vacuum plate via the

vacuum inlet.

Fig. 4-12. CAD models of the compression plégtop and(b) bottom view, and the
vacuum platéc) top and (d) bottomview, which were used to ensure the paste was
levelled prior to extrusion, and remove air pockets within theepasspectively.

Following the preextrusion step, the compression plate was removed and
replaced with the dieand extrusion ensued. The revised approach was successful in
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improving the consistency of extrudate quality, by removing air pockets, as svell a
ensuring the paste was evenly levelled before forced through thieiglid-13 depicts
the levelled surface of the extrudate following the aforementiopreeextrusion

procedure.

Fig. 4-13. Image of the compressed paste before extrugidevelled paste before
extrusion ensured theastes entered the die uniformly.

4.2.2Extrusion Speed

The speed of extrusion was found to influence the quality of the extrudate. At lower
speeds (4100 mm/s), the extrudate had a tendency to warp, as illustratgd.id-14.

The degree of warpage was decreased with increasing speedseta thespeed of 250
mm/s was settled for after trialling at speeds nagdiom 1 to 600 mm/s. Wpage during
extrusion could have occurred due to improper die alignif22%|, however, careful

alignment and measurement was useersure this was not the case.

Fig. 4-14. Examples ofiwo warpedextrudatesSud deformation resulted in small )
cracking during thermal treatmentShese extrudates wereldha nd Met hoc el E
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4.2 .3ldeal Extrudable Paste Formulation

As discussed isection4.1, pastes with varying properties can be formulated. However,
following extrusion trials, it was evident that not all formulations produced an extrudable
paste. Furthermore, variations weleserved between MC and GG, whereitleal paste
formulation of theformerrequireda higherstiffness, which was achieved by increasing
thesolids loading. Using DMA, failed pastes (pastes that extruded but were too soft), and
pastes resulting isucceskil extrudates were compared; characterisation was performed
on pastesncemixed.DMA revealed that GG pastes witlsl@ear modulus of ~0.4 MPa
produced successful extrudat&sg( 4-15). On the contrary, MC pastes of comparable
modulus resulted in soft extrudatdsig. 4-16). It is plausible that M(pastes were
affected by the shearing of the extruder to a greater extent than those formulated with

GG. The paste composition of said pastes are enumeraladm4-2.

Table4-2. Paste composition of the extrudates portrayeBign 4-16 andFig. 4-15.

Binder Constituents (vol%)
HA Binder Distilled water
Met hoce 38.3 7.8 54.0
Guar Gum 34.4 5.7 59.9

Fig. 4-15. Images of an ideal extrudatiom (a) top-down view andb) isometric view.
Delamination, small tears, flow warpage, or other deformations were not observed.
This particular extrudate was formulated using HA and guar gum.
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Fig. 4-16. Examples of extrudates with a low shear modulbgse pastes were difficult
to handle due to their softness.

For successful M@xtrudates, the shear modulus needed to be in-peg=l
regionbefore extrusioprather than the suimega pascal range. These values ranged from
5-30 MPa, depending on paste composition and ceramic raw material. It is uncertain as
to the cause of the adiseepancy between the two binders. Without adepth analysis
between the two to understand the chemical composition and chemical structure thereof,
and how said properties affect the rheoldgyg. storage modulus, loss modulus, yield
stress)a completeconclusion cannot be drawn. It is possible that the manufacturer of
MC tailored the proprietary formulation to be loaded with a high ceramic content, as a
high ceramic loading will minimise the shrinkage during firing. As a result, the higher
demand forglids loading increased the shear modulus, as outlinéigid-6. This value
of shear stiffness was able to be extruded using the current setapulalide impractical
for other extrusiofrbased fabrication techniques that opeediewer pressures, suas

robocasting.

Additional differences were observed between MC and GG pastes by DMA. GG
pastes presented with a wide plasticity region, whereas MC demonstrated no appreciable
plasticity. Moreover,in-situ extrusion recordings revealed an indiscernitiiéerence
between the maximum extrusion foréeg 4-17), despite the difference in solids loading
and DMA properties; albeit a difference in extarsbehaviour was descried following

peak extrusion force. The maximum solids loading achieved with GG was 34.4 vol%,
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whereas MC pastes were able to achieve 42.0 vol%. For this reason, MC was regarded as

more favourable, and was the primary binder for pinggect.
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Fig. 4-17. Figure to illustrate the difference between Methocel and guar gum pastes
during (a) extrusion(n=1) and (b) DMA testgn=3). The data demonstrates that pastes
with higher shear modulus detected by DMA manifested in pastes with a steeper
gradient in the forcealistance data observed during extrusion.

In summary: extrusion was performed following compaction arairitey of the
pastes; a speed of 250 mm/s was discovered to mitigate warping of the pastes; and DMA
analysis revealed that successful MC and GG extrudates required a shear modulus within
the mega pascal and suoiega pascal range, respectivelhe disparities in DMA
chaacteristics highlight the versatility of extrusion in accommodating pastes with

varying rheological properties.

4.3 Thermal Treatment

The final stage of the fabrication process will be to achieve permanence through
densification. Prior to this, drying antiermal debinding are required to extract the
organic components on the extrudate. Accordingly, this section of the ctapteibes
thedrying and debindingthat the extrudates were subjected to.
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4.3.1Drying

The green bodiewere composed of 2% 35 mas$6 water, which makes the drying a
critical step. Drying is a complex process that involves evaporation, fluid flow through
permeable pores, and shrinkage. The former two induce macroscopic stresses (e.g. due to
capillary forces) that lead to cracking. Fastaporation results in high macroscopic
stresses and hence | arge differential st
mi grationo, whereby the solvent <carries

cause macroscopic stresses.

Preliminarytrials in drying the extrudates in a furnace at temperatures as high as
100 °G down to 50 °Cfor 24 hours at 5 °C/min resulted in the formation of cracks, of
which some only became evident during subsequent thermal stages. It was concluded that
these tenperature ranges resultedfast detrimentaldrying. The best results were seen
when extrudates were dried at room temperature. This was performed by phecing t

extrudates in aontainer for 248 hours prior to binder extraction.

4.3.2Thermal De-binding

Similar to drying, excessive presswan be produced from inside the green body during
de-binding. Binder composition ranged betweeh @&wt%, which issignificantly less

than that of water, but nonetheless incorrect handling can lead to crackibopdiey of

the extrudate was performed thermally. TGA was once again perfornsedtcessfully
extrudedpastes to elucidate changes in binder degradation within the admixture. It is
known that in the presence of inorganic powder, the degeoedatnifts to higer
temperatureas the binder is adsorbedtorthe surface of the particlesehtce higher
energy is needed to counteract this adherf22&. Moreover, TGA of pastes provided

a quantitative means of determining the paste composiiiba. solvent ad binder
exhibited discrete temperature ranges for their respective extraction, and thus mass
changes during tisediscrete ranges equated thereite final mass remained after the
analysis equated to the ceramic solid loadimge TGA values correlatedo the
theoretical amount, despite the partial evaporation observed during mixing, and thus
reaffirmed that the theoretical value could be accepted.
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Fig. 4-18is an example of a TGA trace depicting pastes formulated using MC and
GG. As can be observed, the initial mass loss was due to the water evaporation. The
bimodal degradation observed in the raw MC powder was once more observed in the
admixture, but the mtimodal degradation observed in GG was less pronounced in pastes
thereof. It can also be observed that the second MC degradation step occurred at a later
temperature, and completely degraded by 750 °C. This was likely due to the extraction of

binder thaiadhered on particles.
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Fig.418Exampl es of a TGA trace of pastes f

gum.TGA analysis of the pastes revealed the binders to degrade at higher
temperatures, in contrast the asreceived binder powddgn=1).

At 500 °C, an imperceptible amount of GG remainEdy.(4-18). This was
confirmed by SEM micrograph$-ig. 4-19 (b)), where it was revealed that the binder
remained on the particle surface at 500 °C. Attempts to analyse samplesrmtkabove
this tempeature were unsuccessful, as samples were too weak due to insufficient green
strength, and crumbled during sample preparation. However, SEM analysis of sintered
scaffolds did not present with noticeable MC or GG residue, thereby indicating binder
extraction occurred above 500 °E€ig. 4-19 (a) is included to highlight the difference in
paste morphology at 400 and 500 °C, where the adhered binder camerbéo start
degrading in the l&dr.
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Fig. 4-19. Scanning electron microscopy (in secondary electron nodeograpls of
a sectioned part of a hydroxyapatite extrudate formulated using guar gum subjected to
temperatures ofa) 400 and(b) 500°C. The micrographs revealed that guar gum
remained adhered at said temperatures.

De-binding and sintering had to be performedwo separate muffle furnaces,
due to the acerbic nature of the binders and laboratory restrictions. Based on paste TGA,
the extrudates were thermally-deund in air at a maximum temperature of 400 °C,
where the majority of the binder was eliminated. Edates were placed on an alumina
crucible and inserted inside a muffle furnace situated inside a fume hood. However, the
furnace could only reach temperatures of 1100 °C, which was below sintering range.
Thus, the extrudates were transferred tdifferentmuffle furnacecapable of reaching
higher temperatures once-deund at 400 °C. Dbinding at 400 °C was opted for as a
small amount of binder was left to impart enough strengpivéeentthe structure from
collapsing during the transfer.

The heatingrate at which to thermally deind the extrudates was empirically
determined. Initially, a heating rate of 5 °C/ min was trialled, bFigs4-20 illustrates,
this resulted in cracks forming, which were later exacerbated by sinteridgn@iag at
3 °C/min was an improvement, however, cracks formed on extrudates after sintering. The
ideal heating rate was 1 °C/min, where improvements to theitytefithe structure were
observed. The results suggest a rate above 1 °C/min was excessively fast and initiated

cracking. The same was true for both extrudates formulated using MC and GG.
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Post-drying Post - debinding Post-sintering

(a)

5°C min™!

(b)

3°C min™'

1 °C min!

Fig. 4-20. Images ofguar gumformulatedextrudates that were subjected to different
heating ratesThe figure illustrates that 1 °C/min resulted in crdoke extrudates,
whereas higher heating rates of 3 and 5 °C/min durindpidding resulted in cracks.

As a result a ramp rate of 1 °C/min was used with the followingbaeling
protocol:

 Heatto 200 °C for 1 h;
9 Heatto 300 °C for 1 h;
9 Heat to 400 °C for 3 h;

1 Cool down to room temperature at 5 °C/min.

Fig. 4-21 are front images of the extrudate depicteBig 4-20(c), used to illustrate the
effects of the slow heating rate on the extrudates. After sintering, a small number of struts
fractured, but this was superficial.

Post-sintering

Fig. 4-21. Front images of the extrudate frdfig. 16 (c)at different stages of the
heating cycle.
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4.3.3Sintering

Following drying and ddinding, the final hermal treatment was sintering, whishan
irreversible process whereby a particulate system is transformed into a single, coalesced
body. The transformaton ncr eases the systemO0s densit
processenhances the strength. In conventional sintering, which is used herein, the driving
force for this densification is a reduction in free energy, which is achieved by decreasing

the surfae area.

Sintering parameters were determined by dilatometry analysis, and fabricating
discoid pellets. The latter was opted for the hybrid materials that contained glass
(Chapter7),as t he material would have reacted
pustord and thus, damadehe instrumentindeed, dilatometry was preferred where
possible as it provided a mocemprehensive detail of the sintering characteristics of
materials Fig. 4-7). As detailed in the subsequent results chapters, sintering analyses
revealed that all samples except for one were densified by 1200atagite, Chapter
7). Accordingly, it was established that sintering of the biomaterials wéxe performed
in air at either 1200, 1250 or 1300 °C. Moreover, these temperature values were widely
used by other researchefsection 2.4.9.4, which allowed for comparison of, for
example, mechanical properties. Sintering was performed at nominal heating and cooling
rates of 5 and 2.5 °C/min, respectively, unless otherwise stated. An example of a sintered

extrudate is illustrated iBrror! Reference source not found.

4.4 Summary of Chapter

The chapter herein highlights the steps involved in the fabrication of the scaffolds, and
the rationale for the parameters chosen. Furthermore, the chapter illustrates the feasibility
of fabricating extrudates using simply a binder and distilled watetinBigpolymeric
binders were also successfully fabricated into honeycomb extrudates, emphasising the
versatility of the technique to accommodate different rheological properties. The
extrudates were then subjected to a slow thermal treatment in ordetidatenihe
occurrence of defects. Key findings determined duttregptimisation procedure were:

1 An idealmixing strategyfor the order of mixing, and preveng partial

evaporation of water. The order of mixing established was the mixing of the
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ceramic pwder and binder first, followed by incremental addition of distilled
water;

1 High extrusion speeds minimised the paste flow warpagk an extrusion
speed of 250 mm/s found to produce warpfrge extrudates

f DMA analysis revealed paste stiffness in dinger of 16 MPa for guar gum
pastes, and0' MPaf o r Me twere suigabléfor extrusion;

9 Methocel E was the most suitable for t|
at 500°C, which was a temperatupeior to hydroxyapatite particle sintering.
Furthermorea higher solids loadingasachievedvi t h Met hocel E ( 3
compared tguar gum (34.4 vol%)

1 A slow debinding rate of 1 °C/ min minimised defect formation during de

binding and sintering.

The chapter wasentredon binders and their effecté extrusion. The following
chapters will primarily focus on the effects of the raw ceramic powcng
Met hocel E as the Dbinder, the extrusion p:

treatments determined herein
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Chapter 5. Fabricating Calcium
Phosphate Porous Scaffolds via

Extrusion

In the previous chapter, the effects of the binder and the extrusion parameters were
detailed. The present chapter is first of three that centres on the raw ceramic powder,
beginning with two most widely usedal ci um phosphates: Hy d
tricalcium phospate; and their effect on scaffold properties. The two materials were
subjected to similar pr oc e slI€Rsoaffoldsthatywas , e
performed only at 1200 °C to preveahe anticipategbhase transformation. Included in

this work are characterisation of the starting powders, the formulated pastes and of the
densified scaffolds. The purpose of this preliminstydywas to gain an understanding

into the effects of the stany powder on the final product fabricated via ceramic

honeycomb extrusion.

5.1 Introduction

Hydroxyapati-Tei da&lAqi uanm-@gHpare theh most estudied and
surgically used calcium phosphates due to their advantageous profg@®@eg-or this
reason, both were chosen for the initial study of fabricating calcium phosphate via
honeycomb extrusion. HA, G#PQs(OH)., and b-TCP, Ca(PQ)2, vary in their
chemical composition, where HA has a hydroxyl group incorporated into its crystal lattice
a n dTCB does not. Broadly speaking, HA scaffolds possess the higher stiarigttso
exhibit significantly lower bioresorpability, which is unsuitable fonse bone grafting
applications[340, 341] This is believed to be as a consequence of the difference in
chemical composition of said materials. Indeed, other factors contribute towards the

properties of the scaffold, such as gagticle properties and phase purity of the samples.
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As previously mentioned, the use- of ¢
TCP and HA remainselatively unexplored This chapter explores the potential of
ceramic honeycomb extrusion for the fabet i on of {TOR shaffodiglfhea nd b
characterisation of the raw materials, and their effects on paste formulation dottiscaf

properties are detailed below.

5.2 Experimental Procedure

5.2.1Raw Materials

Commercially available hydroxyapatite (Purum graBd, g ma Al dr i c-h, uU.
Tricalcium phosphate (batch 340S, Plasma Biotal, U.K.) were used for this study. The
Met hocel E binder Ghager 4 Bistillecewateri was uset as the

solvent.

5.2.2Method

The mixing, extrusion, and d@nding processes employed for this study were as detailed

in Chapter 4. A onestep sintering strategy was used for densifying dkgudates
whereby samples were sintered to the designated temperature at a heating rate of 5
°C/min, with a dwell time of eithehtee or five hours, @ha cooling rate of 2.5 °C/min.

The characterization techniques used are all documen€ubipter 3.

5.3 Results

5.3.1Raw Powder

Theeffects of the raw powder on CaP scaffolds have been well documented. Suffice it to
say, as the raw powders are the starting point of the fabrication process, their
characterisation is needed to understand the effects on subsequent processing stages. For
example, ceramic particles are available in a myriad of morphologies, and hence it is

imperative that their properties are elucidated.
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5.3.1.1Physical Properties of the Raw Powders

SEM analysis was employed t ofCRandaHANrane t h ¢
powdes used, whereby star k dAiTCPfpewder commised we r ¢
a mixture of equiaxed, nanand microrsized particles, which were negpherical in

shape, as illustrated Fig. 5-1.

Fig. 5-1. Scanning electron microscopy (in secondary electron moderographs of
the TCP startingoowderat different magnifications

On the other hand, the HA raw powder consisted of 1s&rexd primary particles that
formed neasspherical agglomerates, as delineatdeign5-2. Higher magnification SEM

analysis Fig. 5-2 (d)) placed the size of the primary particles at below 10 pm.

The starting CaP powders were also analysed for their density, surface area and
particle size distribution, and the results arereerated imable 5-1.  T-i@P pbwder
exhibited ahigher density and a wider particle size distribution, but a markedly lower
surface area than thef the HA powderboth of which were statistically significarithe
tabl e clearl y dE0OR@rrides weetlazger.iébRTER particle size b
distribution was found to raegrom 05 to 40 um, whereas the HA powder ranged from
0.1 to 13 pm The HA powder was then subjected to vigorous comminution options

available to the instrument (stirrer speed and ultrasound), but to no avail.
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Fig. 5-2. Scanning electron microscofin secondary electron mogmicrographs of
the HA starting powdeat different magnificationsl' he particle sizes appeared to be
markedly smaller than that ¢fTCP.

Table5-1. Physical properties of the-TCP and HA powderd.he density was measured
using a helium pycnometer (n =, BET using a BET surface analyser (n )3 8nd the
particle size distribution using a particle size analyser (n = A} plus/minus signs
represent the standard deviation.

Sample  Density BET (m?%g)? Particle Size Analysis (um)
(grcn) D1o Dso Doo
b-TCP 3.11° 8.97° 2.9 1.36° 017 3.65° 026 13.6° 141
0.01
HA 2(.)95)4° 107.91° 6.1 0.45° 0.4 2.49°0.02 7.57° 0.17

2An unpaired-test was performed to deterraithe statisticadignificance. A significance
was found between the TCP and KA density and BET data (p < 0)J05
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5.3.1.2XRD and FTIR Analyses of the Raw Powders

XRD and FTIR analyses were also performed on the starting calcium phosphate material,
and the results are portrayedHig. 5-3 andFig. 5-4, respectively. XRD analysis of the
b-TCP powder conf i r-TeP phasesHRDF:8d0%k730d)nwdtleatrace b
HA phase (PDF: 0D89-4405), as highligletd by the red asterisk fg. 5-3 (a). The
starting powder was confirmed as HA (PDF-@94405), and no secondary phases
were detected. In contrasto  tTEBR pattern, the HA powder presented with a poorly

defined XRD pattern that had broader peaks and lower peak intensities.
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Fig. 5-3. XRD pattern of théa) 6-TCP and(b) HA starting powder. Thblueasterisk
indicates @ HA secondary phase n-TQF. No additional peaks were found in HA, as
confirmed by the included powder diffraction file.
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Exami ni ngCP powder via FTIR analysisFig. 54 (a)) revealed
c h ar ac tTER phesphate barfids at 1120, 1100, 1045, 972, 945, 605 and 553 cm
An additional peak at 3570 chwas also identified, which pertains to a hydroxyl group,
thereby corroborating with the XRD data in the trace presence of a HA phase. FTIR
analysis of the HA starting powddfi(. 5-4 (b)) revealed charactetis HA phosphate
peaks at 1089, 1038, 962, 875, 603 and 56%. dhgain, analysis of the raw powder
presented witlan ill-defined spectrurFurthermore, the hydroxyl group at 630 twas
not detected, and thpeakindicative thereof at 3570 chwas minué.
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Fig. 5-4. FTIR spectra othe asreceivedb-TCPand HA. Both samples presented with
a hydroxyl group at 3570 cfnindicating that the aseceivedb-TCP was not phase
pure.Additionally, HA possessed andefined spectrum in respect&el CP.

5.3.1.3Thermal Properties of the Raw Powders

Thermal analyses were employed to determine a suitable sintering temperature for the
starting calcium phosphate powders. Sintering is required for densification of a
particulate ceramic compact. Dilatometry analysis can elucidate sintering characteristics,
such as the onset of sintering, and hence, was employed to determine temperature points

that can be used to form dense CaP scaffolds.

Fig. 5-5 depids the dilatometry and differential scanning calorimetry (DSC)
anal yses of {TIC® a9 wdeTcCP mafahat unflierwent an initial
shrinkage, which was attributed to sample dehydratonl thereafter proceeded to

expand by 2% from ~ 100 °@ 850 °C, and subsequently began to sinter (highlighted by
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the vertical red line). From the onset of sintering, the shrinkage proceeded until ~1220
°C, where a minute decrease in the rate of shrinkage was observed until ~1260 °C. A
transient and sharp expsion of 1% ensued, which was followed by a gradual expansion
until the end of the teskig. 5-5 also displays a DSC curve were an endothermic trough

reaction occurred at approximately 1220 °C.

Linear Shrinkage (%)

T S E——
0 200 400 600 800 1000 1200 1400

Temperature (°C)

Fig. 5-5. Dilatometer (solid line) and Differential Scanning Calorimetry (dogeskn

line) curves of the TCP starting powder. The solid red line highlights the sintering
onset.The transient expansiabservedn the dilatometryat ~1220 °Gs believed to be
due to phase transformation, which corresponded to an endothermic event inGhe DS
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Fig. 5-6. Dilatometer curve of the HA starting material. The solid red lines are used to

highlight the onset and end point of sinteri@@mpared tab-TCP, HA had a lower
sintering onset, and a greataraximum linear shrinkage.
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Fig. 5-6 delineates the HA powder dilatometry results. The material presented
with linear shrinkage from the outset, with amtial but gradual shrinkage of
approximately 1% until ~ 650 °C, where the rate of shrinkage markedly increased until ~
850 °C. During this temperature range, the HA material exhibited shrinkage of ~ 20%,
resulting in a total shrinkage of approximatelyf2 At 850 °C, the material underwent
no further shrinkage until the end of the analysis. The data did not present with phase
transition characteristics, and therefarderred thatemperatures of up to 1300 °C will

produce a phasgure sample.

5.3.1.4Summary of b-TCP and HA Raw Materials

In summary, the calcium phosphate starting material were characterised to determine
their particle characteristics, purity and thermal properties. Particle analyses revealed
di stinct mor p RTCP powdereanisingwif koth nahorared micresized
particles; whereas HA was comprised of nano patrticles that had a high tendency to form
micronsi zed aggl omer ates. Chemi callCPanthldA yses
starting materials were nonstoichiometric. Finatlygrmal analyses demonstrated the
relatively lower sintering onset and endpoint of HA, as well as the noticeably higher total
shrinkage. Moreover, dilatometry and DSC analysis revealed a thermal event occurs in
b-TCP at approximately 122°C.

5.3.2Paste Propeties

The calcium phosphate powders were mixed
a plasticised ceramic paste, and their respective compositions are displagbtkib-2.

An arbitrary ratio of ceramic powd&s-binder 10:1 was used. The ratio was successful
for formul at i-nGQGP, haweyer a HAepaste ould got e formed. After
several attempts, it was found that more distilled water was required for formistea pa

using the HA, thereby resulting in a paste vaittower ceramic solitbading.
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Table5-2. The contents and mass% of & CP and HA pastes.

Material Paste composition (mass%o)
Ceramic Binder Distilled Water
b-TCP 62.2 6.2 315
HA 57 6 36

The pastes were loaded into the barrel of the extruder and then extruded. The
average forces r edglCP andldA phstes threughtthe haheyecogb t h
die were 19.3% 3.05 and 44.01 4.0 kN, respectively. Therefore, the force required to
extrude the HAwamorethard ou bl e of t ha4{TCPrpasteui red f or

5.3.2.1Rheological analysis: DMA

Dynamic mechanical analysis (DMA) was also conducted on the two calcium phosphate
pastes that werdrmed, and the results are displayedrig. 5-7 in the form of a shear
stressst rain curve. TTHCPanel Hapadtes wereh@®@A5uMPaand f b
25.8° 2.9 MPa(n=3), respectively. Furthermore, the HA paste was also found to have a
lower plasticity regionas indicated by the plastic region following the elastic region

illustrated inFig. 5-7.
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Fig. 5-7. Plot of the dynamic mechanical analysis performe@&drCP and HApastes
Formulation of the latter resulted in stiffer pastes, with a smaller yield siires$)
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5.3.3Scaffold properties

Following extrusion, the extrudates were driedpbdend and then sintered. Both sets of
extrudates were subjected to the same drying aitiihaing protocol detailed i@hapter

4. I n order to avoi d-TGPhegtrsdatestwera ong fimtarech att i o
1200 °C, whereas the HA extrudates were sintered at 1200, 1250 and 1300 °C. After
si nt er i-TMCH remainbdewhite, whereas the HA egttes transformed from a

white particulate structure to a blue densified structeige.5-8 are optical microscopy
images that demonstrate thecelld st r ut -$QPrandtHA.ur e of b

(b)

Fig. 5-8. Optical microscope images depicting the cell and sttutctureof the(a) &-
TCP and(b) HA scaffoldsBoth scaffoldsmaintaineda symmetrically squareell
shape.
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As illustrated, symmetrically square cell shapes were fabricated using both materials.
Optical mi croscopy was used to measwure t
TCP at 1200 °C resulted cell lengths of approximately 750 pum, and strut widths of
approximately 400 um. The HA cell length and strut width were approximately 650 and
360 um, with no significant changes to theesias the sintering temperature waised.

Thus, the HA scaffoldanderwent a higher degree of shrinkage following sintering than
b-TCP. This corresponded well with the dilatometry datgign 5-5 andFig. 5-6, which
suggested that HA possessed a higher degree of shrinkage

5331 XRD and FTI R anailTgkkSafoldsf HA and

Chemical analyses were performed to determine the effects of the prpuimessing
steps, on the scaffolds, particularly sintering. For these analyses, parts of the extrudate
were sectioned off, and crushed and ground into powders using percussion and pestle
mortas, respectively. Analysing in powder form allowed for a morenbgenous

analysis of the scaffolds, rather than justghperficial chemical structure

5.3.3.1.2XRD

XRD was employed to determine the phase purity of the calcium phosphate scaffolds,
and the corresponding results are portrayeeign5-9. The XRD pattern of the sintered

b-TCP powderFig.5-9(a)) was <conf i r mel@P (RDBF: 0d001a/$0d). pur e
The trace hydroxyapatite peak at 31that was detected in the-eeceived powder was
absentFig. 5-3 (a)).

The XRD pattern of all three sintering temperatures used for the HA scaffolds are
portrayed in Fig. 5-9 (b)). By sintering the raw material at 1200 °C, an improvement to
peak crystallinity was observed, as evidenced by the sharper peaks. Increasing the
sintering temperature to 1300 °C resulted in a noticeable increpsak intensity, albeit
an unremarkable difference was observed when between 1200 and 1250 °C. However,
small peak®f tetracalcium phosphate (TTCP) @Q:)O) were detected in the samples
sintered at 1300 °C that were not previously evinced (PDB26.137).
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Fig. 5-9. XRD pattern of théa) 6-TCP, which was phase purand (b) HA scaffolds
sintered at the respective temperatures. The red asterisks higbégks pertaining to
tetracalcium phosphatevhich were only observed at 130D, hence indicating

scaffolds thereoiverenot phasepure.

5.3.3.1.2FTIR

FTIR analysis was also performed on the sintered samples, and the results are depicted in
Fig.5-10. T @P sample sintered at 1200 °C consisted of the same phosphate groups
observed in the asceived powder, however, the hydroxyl group pertaining to HA at
3570 cm' was no longer preseitFig. 5-10 (a)). Furthermore, th@eakat 1045 crit

divided into two, as can be seerFig. 5-10 (a).

According to the FTIR data, sintering of the HA scaffolds resulted in several
chemical restructurirggpf the material. First, the emergenceaaghinutepeakat 945 cm

lpert ai n-TQPghospbate group appeared, which became more evident by 1300
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°C. Furthermore, the trace hydroxyl group at 357¢ eras also more evident in samples
sintered at 1200 and 1250 °C when compared to trecased powder Despite the

hydr o x y | groupo6s not i ce’athd GH grayp pharacteasticallg a t
found in stoichiometric HA at 630 chremained absent. Moreoveseak shifting to

higher wavenumbers was observed in the large intepsiy from 1038 to 1045 crh

Lastly, with increasing temperature, tipeakscan be seen to narrow and decrease in

intensity, whichindicated anncrease ircrystallinity with increasing temperature.
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Fig. 5-10. FTIR spectra of théa) - TCP and(b) HA sintered sampleé phase puré-
TCP was obtained when sintered at 1200 as the hydroxyl band at 3570 ¢mwas not

detectedhereat whereas the HA presented wih additional phosphate band
(denoted a®-TCP) when sinteredART as received).

5.3.3.2Physical Properties of Scaffolds

The scaffol dsé resul tant bul k porosity

investigated, and the measurements are recordeabie 5-3 andTable 5-4. As Table
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53del i neat es ,-TCP ati20@°C ied tg a hulk porogty of 53.6 vol%. The
b-TCP scaffolds were examined to deTlicCBr mi n.
extrudates were only sintered to one temperature, this ewide opportunity to
examine the compressive strength thereof both parallel and perpendicular to the cell
direction. Applying the load parallel to the cell (i.e-a&is) resulted in an average
maximum compressive strength of 23.6.7 MPa; whereas examining the scaffolds in

the perpendicular direction (i.e-d&kis), resulted in a compressive strength of°7148

MP a . T-mGPsscaffolls fabricated by ceramic honeycomb extrusion displayed

anisotropic mechanical strengths.

Table5-3. 5-TCP bulk porosityn = 3)and compressive strengih = 8) sintered at 1200
°C.The&d érepresents the standard deviati on.
when tested in the-Bxis (perpendiculato cell alignment).

Sintering Temperature Dwell Time Bulk Porosity = Compressive Strength

°C) (h) (vol9%) (MPa)?
1200 3 53.6° 1.7 A-23.6° 5.7
B-7.4° 1.8

2A statistical significance was determined using an unpaitest {(***; p< 0.05)

The HA scaffolds were sintered at various temperatures and dwell times, and the
results are depicted Table 5-4. It was observed that increasing $irgering temperature
resulted in strengthemj of the mechanical propertia&hen sintered with a dwell time
of three hours, the compressive strength increased by 109% between 1200 and 1250 °C,
and by34% between 1250 and 1300 °C. Whereas with a dwellofirfiee hours, an
increase of 130% was observed between 1200 and 1250 °C, and 50% between 1250 and
1300 °C. Thus, both exhibited a greater increase between 1200 and 1250 °C, than between
1250 and 1300 °CA oneway Anova test revealed a significatitference between all
three data setsncrease in strengtbetween sintering at 1200 and 1250(p2 0.(1),
and also between 1250 and 1300(pC< 0.05) where found to be significantVith a
dwell time of five hours a significant difference was obsed between the values
sintered at 1200 °C, to those sintered at 1250 (p< 0.01) and 1300 °C (p< 0.0001); however
between 1250 and 1300 °C the data was found to be statistically invaAabtar
parametric, unpairedtest was performed to determine whettkee difference between

the dwell times at each of the sintg temperatures, revealed only a significant
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difference was observed between the values obtained at 1200 °C (p< 0.05). This suggests
that increasing the dwell time produces less variationtan Ragarding the bulk porosity,
althougha general trend appeared, in that increasing the sintering temperature resulted in
a decrease in thereof, em@y Anova tests revealet statistically significant decrease

only betveen values sintered at 12@Xo the other two sintering temperaturés both

dwell times(p< 0.05) the bulk porosity values between 1250 and 1300 °C were found
not to be statistically significanfA nonparametric,unpaired ttest revealed the data
between dwell times at each sintgri@emperature to be statistically invariable.

Table 5-4. HA bulk porosity as determined by the helium pycnometer method (n = 3;
plus/minus sign indicates the standard deviatianjj maximum compressive strength in
the Aaxis, at varying sintering temperatures and dwell tifres >8; ¢°6indicates the
standard deviation)The statistical analyses are reported in the paragraph above.

Sintering Temperature Dwell Time Bulk Porosity Compressive Strength

(°C) (h) (vol%b) (MPa)
1200 3 48.1° 3.9 10.6° 2.3
5 50.9° 5.3 8.5° 1.2
1250 3 37.9° 1.2 22.2° 5.0
5 40.2° 2.3 19.6° 6.3
1300 3 35.2° 3.2 29.8° 8.6
5 32.5° 0.1 29.4° 8.9

5333Mi crostructur al PTG Sraffoldses of H/

Following the compression tests, fragmented samples were examined using an SEM to
explicate the relationship between the microstructure and compressive strength, as well

as b examine the grain morphology.
5.3.3.3.1Fracture Surface

SEM analysis was alsoooducted to further elucidate the effects of the processing
procedureon the microstructureSEM micrographs at the fracture site of the samples

were taken, and the results are displaydéign5-11 andFig. 5-12.

SEM analysis elucidated -TCR samples dent ur e
loading was subjected in different directions. In thexds, the scaffolds were found to

principally fracture at the midpoint of the struts, as illustratedrigy 5-11 (a). It was
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observed that the propagation of the main crack peaallel to the load directionn
contrast, no principle crack was observed when the load was applied perpendicular to the
cells. Instead, struts that were perpendicular to the loading direction collapsed on top of
each other. The results are illustratedrig. 5-11 (b), where it was discovered that the
perpendicular struts remained whole but with recesses of where the parallel struts were
previously adjoined. The recesses suggesiedislodgement of the parallel struts. With
regards to the mode of fracture, higher magnifications revealed that bothantker
transgranular fracturegere detected in both loading axes, as illustrateeign5-11 (c

& d). In addition, SEM images revealed the scaffolds exhibited both aadomicron

sized pores.

B-axis

Fig. 5-11. Scanning electron microscopy (in secondary electron jnodeographs of

the b-TCP fractured surfaces, representative of samples subjected to loading i the A

axis(a & c) and the Baxis(b & d). The micrographs illustrate thdifferent fracturing

behaviour occurred when the scaffolds were subjecteifferent compression loading
axis. In the Aaxis, struts were found to fracture longitudinally at the midp@it
wherea when scaffolds were subjectedoading in the Baxis, the scaffolds were

dislodged resulting in recessf@y. Both presented with mixode fracturing at higher

magnification.
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Fig.5-12ar e mi crographs of t heTORAnxmodact ur
fracturing was observed. Furthermore, SEM imaging revealed that the sintering
temperatures selected resulted in complete densification of the HA scaffolds, where the
presence of micrpores were considerably more scatférg. 5-13 are SEM micrographs
used to clearly highlight the difference in the level of porosity between hydrokgapat
andb-tricalcium phosphate scaffoldicrostructureat the fracture sites

3 hour 5 hour

Fig. 5-12. Scanning electron microscopy (in secondary electron jnodeographs of
the fractured HA sitewhen compression loaded in theakis Compared tab-TCP, HA
hadundergonesignificant densification, thereby resultingsoa ce micro-porosity.
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Fig. 5-13. Scanning electron microscopy (in secondary electron jnodeographs of

the calcium phosphate fracture sites sintered at PE)Ovhencompressionested in

the Aaxis The figure is used to highlight the difference in the level of poragiigh
were seldom observed in HA

5.3.3.32Gr ai n Mor phol el@RScaffbldsHA and b

Imaging of the calcium phosphate grains were also examined, and the resultbreeeé out
inFig.5-14andFig.5-15. The mi cr ogr ap-fGP exhibiteéguainsizks t h a
of lessthan 5 um, including grains that underwent abnormal growth. Moreovef, mix
mode cracksHig. 5-14 (a)) and intergranular porosityig. 5-14 (b)) were observed on

the surface. Such features were found in bothrdl Baxis samples.

(a) (b)

500 nm 2.5um

Fig. 5-14. Scanning electron microscopy (in secondary electron jnodgographs of
t h erCHsurface, depicting the gramorphology of the samplsote the lack of
secondary grain structures, which were observed in the HA graigs%-15).
Furthermore micro-cracks were observed on ther CP grains, which were not
observed in HA.
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