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Abstract

Abstract

The mineral hydroxyapatite ( HA: ¢#8POy)s(OH), ) belongs to the most bioactive and
biocompatible materials available. The clinical application of pifkeis currently limited to
powders, porous bodies, and coatings on metallic substrates becatsspaufrimechanical
properties, particularly the low fracture toughness. Much efstdeen made to prepare HA-
metal composites via a conventional powder sintering process, howex@ngrovement of
mechanical properties was often accompanied by the deterioratsiructural stability and
biocompatibility, which resulted mainly from reinforcement phasesthaddecomposition
products of the HA phase. So far, HA-based biomaterials includignetal composites
have not clinically been used in load-bearing conditions. New desigrepts and processing
methodologies are therefore needed in order to optimize the microstructure apdotceithe
mechanical properties of HA-based materials.

Biological materials, e. g. mollusc shells, teeth and bones have excellemappysperties to

fulfill their functions because of their hierarchically orgadizstructures through a
dimensional scale from nanometer to submeter. Such biomineralssatgca of inspiration

for the design and development of new synthetic materials lmaséukeir structures and/or
processes. Dental enamel is composed of 96 wt % hydroxyapaditea amall amount of
protein and water. The functional success of dental enamel throaghitlif rare disastrous
mechanical failure makes it therefore attractive to be gsluffiem the materials science
perspective.

In this dissertation, dental enamel was chosen as a model sebstaterive microstructural
design and processing concepts for developing novel synthetic biomatdralgdtifate goal
was to fabricate HA-based biomaterials for hard tissuecepient including dental enamel
and tooth root. Therefore, the main work of this project consists ofny&stigation of the
microstructure, chemistry and thermal stability of dental enarf®l Fabrication and
characterization of HA-based biomaterials based on the conceptgeedidriom the
investigation of the microstructure of dental enamel; (3) Biquatihlility evaluation of the
fabricated HA- based products. Conclusions are summarized as follows:

(1) Microstructure, chemistry and thermal stability of dental enamel

The microstructure of dental enamel was revealed aftemetchi37 % phosphate acid for
60s. Dental enamel is composed of crossed groups of enamel rods. In each grodppdsame
with a diameter of 3-5 microns are arranged nearly lgaradn enamel rod consists of
nanosized apatite crystals. The enamel inter-rods form a neswvorGunding the enamel
rods. It indicates that this inter-rod network plays an importar@ noldetermining the
mechanical properties of dental enamel.

Enamel apatite is a nonstoichiometric hydroxyapatite wittbareate groups both at the
phosphate site (B-type carbonate) and the OH site (A-type carhoflatedetailed structure
of enamel apatite is not clear yet, although several stalatoodels have been proposed.
Variations of the chemical composition and molecular structure haye d®alyzed in this
work using electron microprobe, synchrotron radiation X-ray fluem®se and infrared
microscopy. Results showed that dental enamel is a gradieati@halhe mineral apatite
content decreases from the surface to the dentin enamel junc&dp. (Che amount of total
carbonate groups in enamel apatite increases on moving from theestaftthe DEJ while the
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Abstract

ratio of A-type to B-type substitution decreases from the sarfa the DEJ. Other elements,
such as K, Na, Cl and trace elements of Sr, Cu, Ni and Zmoat@omogeneously distributed
either.

The thermal stability of dental enamel was studied using infrspectroscopy and compared
with a single crystalline apatite of geological origin. Thiwestigation focused on the
hydrous species in c-axis channels of the apatite structuretuldRsispectral analysis of
dental enamel reveals two different thermal regions below and #&ffvé&. The thermal
behavior in the region below 600 K corresponds to the loss of adsorbedteedwater, and
combined with an increase of structural OH groups. In the secondalhegon (above 600
K), the similarity of the thermal response of enamel and gewolapatite suggests the
existence of a highly ordered system. This may be explaipedebformer dehydration and
atomic rearrangements in the channels of enamel apatite BEIOWC. Thermally induced
structural modifications of dental enamel were also studied usimgetmewders after heat-
treatment in air from 300 K to 1193 K for 1 h at each temperatteeval. Results from this
annealing regime showed that the loss of B-type and A-type caebimmat occurs near 373
K; the amount of B-type carbonate ions and the total carbonate contesasks on heating
while the amount of A-type carbonate ions increases from 573 to 9&Brst 50 % of the
carbonate ions were released from dental enamel aftetreaaithent at 973 K for 1h. The
incorporation of C@and CNO species in dental enamel was found in the temperatge ra
473-973 K and 673-1073 K, respectively. The content of i@@ental enamel increased from
473 K to a maximum near 773 K and thereafter it decreased. Thetiforro3-tricalcium
phosphate was detected in samples heated above 973 K for 1h.

(2) Fabrication and characterization of HA-based biomaterials based on the
concepts derived from the microstructure of dental enamel

It has been shown that two of the distinctive microstructurdurfes of dental enamel are
nanostructured HA and micron-sized enamel rods surrounded by a netwen&noél inter-
rods. The preparation of nanostructured HA ceramics and HA-metalork composites
mimicking the microstructural features of dental enamel wasessfully fulfilled in this
dissertation using a new high pressure and temperature compaction process.

Nanosized HA powders were compacted at high pressure and temperngiutbe aim to
obtain nanostructured HA ceramics for replacing or filling mgsiental enamel. The HA
grains remained on the nanosized scale when the densification temperas below 708C.
Grain coarsening into micronsized HA crystals occured in samples compg2téd=a, 700
°C. XRD patterns and IR spectra indicated that with increasingaction temperature the
crystal growth and perfection was accompanied by the release ofandtarloss of carbonate
groups. The microhardness of the nanostructured HA ceramicsalmag 5.0 GPa and
fracture toughness was in the range 0.6-1.0 MPa depending on the compaction
conditions, similar to those of dental enamel (microhardness: 3.0-5,0r&8are toughness:
0.52-1.3 MPa-r’r‘F). Moreover, the optical nature of the nanostructured HA ceramicgeba
from transparent to translucent, and to opaque depending processingonendibis change
in the appearance could be explained in terms of crystal grdwethiekease of water, and the
loss of carbonate groups from the apatite structure.

HA -metal composites with different volume ratios were consaddift pressures from 1.4
GPa to 6.0 GPa and temperatures from %@ 1000°C. The investigation of the fracture
surface of HA-Ti, HA-Ag and HA-Au composites indicated that mhetal component was
infiltrated into the boundaries of HA grains to form a metallibMoek. Dimples resulted
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from pullouts of HA grains from the metallic network and transgla cleavages inside HA
grains were found in three HA-metal systems. In HA-Ag comessd well developed silver
network was formed compared with the HA-Ti and HA-Au systah5 GPa, 808C. This
microstructure is quite similar to dental enamel cut perpendi¢alsenamel rods. XRD
patterns of HA-metal composites indicated no detectable decormoposrbducts of the HA
phase and the reaction products of HA with metal phase, unlike thentiomadly sintered
HA-metal composites where HA decomposed into nonapatitic phasestrlietural stability
of HA in HA-metal composites is ascribed to the short sintdiimg during the high pressure
and temperature processing. The flexural force of HA-metal catepawmeasured using 3-
point bending test with a rectangular bar (dimensiddsnmx 1.2mmx 0.5mm) is about 2-3
times of the conventionally sintered HA ceramics. Toughening meshann HA-metal
composites were also discussed in terms of crack deflection amdthibrg, interfacial
bonding.

(3) Biocompatible evaluation of fabricated HA-based biomaterials

The effect of the metal content in HA-metal composites fateicat 2.5 GPa, 80T on the
microstructure, mechanical properties and biocompatibility of HAaAd HA-Ti composites
was also evaluated. The microhardness of HA-Ag and HA-Ti compad&tereased and the
bending strength increased with increasing metal content. Ostisolsialated from calvaria
of neonatal SD rats were cultured on sections of HA-Ag, and HAehmnposites. After
cultured for 3 and 7 days, cells differentiated and attached on tieeiatg|awith extensions,
indicating good biocompatibility of HA-metal composites, howevergctieresponse showed
negative effect with increase in Ti and Ag content. From both, thehanéal and
biocompatible aspects, up to 25 vol % metal component can be incodooratA-metal
composites in order to improve mechanical properties and biocompatibility.

HA-based biomaterials fabricated at high pressure and tetuperaased on new design
concepts derived from the microstructural investigation of dental eraiow for promising
applications in the field of hard tissue implant, especially in iskepnt A translucent
nanostructured HA ceramic can be used to replace dental enamieéatél-tnetal composite
with a metallic network is suitable for dental root implamisconcept of a whole tooth
replacement with nanostructured HA together with HA-metatwork composites is
proposed.

Vi



Chagter 1 Calcium EhosEhate minerals

Chapter 1

Calcium Phosphate Minerals

1.1 Importance of calcium phosphates in biological and geological systems

Calcium phosphates are an integral component of geological and bablsgstems. They are
found in virtually all rocks, and are the major structural componeneébrates. Calcium

and phosphorus are widely distributed elements on our planet. The daycef the Earth
contains about 3.4% of calcium and 0.10% of phosphorus [Weast, 1985-1986]. Combinations
of oxides of these two elements with or without incorporation oémgite different calcium
phosphates. All calcium phosphates are only sparingly soluble in, vaaigrsome can be
considered to be insoluble, but all dissolve in acids. Although orthg=jP@yro-(RO;*),

and poly- ((P@,") phosphates can be formed in the calcium-phosphorous system. Only
calcium orthophosphates are interested mainly because they amneajive component of
human calcified tissues. Hence calcium phosphates are importgeriatsain the fields of
biology, geology, industry, medicine and dentistry. Their formation, funciiot applications
depend on their structure, composition, solubility, and stability.

1. 2 Calcium phosphate biominerals

Biological mineralization (biomineralization) is the processnefivo formation of inorganic
minerals. Over 60 different biominerals have been identified. Thegaan@osed commonly
of H, C, O, Mg, P, S, Ca, Mn and Fe elements of the 20 to 25 esstatr@nts required by
living organisms. In invertebrates (e. g. echinoderms, mollusks, arthragtods the mineral
phase is usually calcium carbonate, predominantly in the formhefreilcite or aragonite or
both. In vertebrates, the inorganic phase consists of one or moreotypessphate minerals
(predominantly calcium phosphates) depending on the nature of caioifidae. normal (e. g.
bones and teeth) or abnormal or pathological (e. g., dental calcairgand urinary stones,
soft tissue calcification, etc.). In several pathologicallyciiad tissues, the mineral is
non-phosphoric such as calcium oxalates (whewellite and weddelb@iyns urates, uric
acid, cysteine.

Apatites in normal calcified tissues of teeth and bones have been sdigpoform either
directly or indirectly by way of precursor calcium phosphate$ siscoctacalcium phosphate
(OCP), amorphous calcium phosphate (ACP), and brushite (DCPD), [Les,GE984].
Several types of phosphate minerals co-exist in some pathdltgstge calcifications, e. g.
DCPD, OCP,B-tricalcium phosphate¢(TCP), and apatite in dental calculi, urinary and
salivary stones [Mann, 2001]. In some cases of pathological tissuo#icasibns, the
phosphate minerals co-exisit with non-phosphate minerals. The genetarence and
co-existence of phosphate minerals in human tissues is summarized in Table 1.
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Table 1 Phosphate biominerals and their occurrences [Le Geros, 1984]

Minerals Formula Occurrences

Enamel, dentine, bone
Apatite or apatitic | (Ca, Na, Sr, K} (PQy, CG;, salivary stones,
calcium phosphates| HPOy)s (OH, F, Cl}» dental calculi

soft-tissue calcifications
Salivary stones,
Whitlockite, (Ca, Mgy(POy)s dental calculi,

calcified cartilage

Octacalcium : .
phosphate CaH2(POy)s-5H,0 Dental and urinary calculi
Brushite Dental calculi,
CaHPQ-2H,0 concretions in old bones,
chondrocalcinosis
Calcium o
Pseudo-gout deposites in
pyrophosphate CaP,0;-2H,0 synovium fluid
dihydrate
Struvite MgNHPO,-6H,0O Urinary stones
Newberyite MgHPQ@ 3H,0 Urinary stones
Amorphous calcium . . Non-visceral calcifications
variable composition . . .
phosphate associated with uremia

The apatites of human teeth and bones have been idealized as ¢gldraxyapatite (HA),
however, differences in composition and in other properties make the ball@gpatites
different from pure calcium hydroxyapatite and from each other.bldiegical apatites are
micro- or nanocrystalline of variable composition, and therefore dggaeous even within
each category and even within each calcified tissue (e. g., Erdengne and bone). Some
characteristics of biological apatites are: (a) non-stombiry, the Ca/P ratio ranges from
1.54 to 1.73 compared to 1.67 for pure calcium hydroxyapatite; (b) impuagissructural
substituents and surface contaminators, e. g, Mg”™, F, HPQ?, CQs?, etc.; (c)
co-existence or preexistence of possible precursors such as DCPD, OCHPand AC

Biological apatites are uniquely similar in that they all aontarbonate in varying amounts
as a substituent for phosphate and OH groups in the apatiteistructey differ in crystallite
sizes, shapes and other physico-chemical properties such as ahusceptibility to acid
dissolution) and thermal stabilities. Apatite crystallites ahplgical tissue calcifications
(for example, salivary stones, dental calculi) show largeitaltiys size than those of bones
and dentine but less than those of enamel. Considering that biolagatée is basically a
calcium hydroxyapatite, impurities can substitute for thé"daQ*, or OH, while others
may be predominantly surface-bound. The incorporation of carbonatenthesg and
biological apatites is coupled with the incorporation of Kamaintain charge balance. In
biological apatite, predominantly GOsubstitutes for P§ and about 10% of the amount of
CO5* for OH. The incorporation of C§) in the apatite structure gives rise to the reduction of
the crystallite size and changes in the morphology from needles taxaglicrystals as well
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as a contraction of the a-axis and an expansion of the c-axish&hecal stability is reduced
as well. Contrary to the carbonate, the effects of fluoride incdiporan the properties of
biological and synthetic apatites are: (a) increase in diistsize; (b) decrease in strain due
to an increased stability of the apatite structure; (c) cargraof the a-axis and no significant
change of the c-axis when compared to unsubstituted calcium hygaixe; (d) increase in
chemical stability; and (e) increase in thermal stability.

1.3 General principles of biomineralization [Mann, 2001]

Although little is known about the details concerning the molecularaatons during
biomineral formation, there are some general principles thaeas®nably well established.
In biologically induced mineralisation, biominerals are depositegidvgnturous precipitation,
which arises from secondary interactions between various metghmoesses and the
surrounding environment. The minerals formed in this biomineralization gg@re closely
associated with the cell walls and are crystallochemidadiierogeneoudn contrast to
biologically induced mineralization, biologically controlled biominisation is a highly
regulated process that produces materials such as bones, shebethnithdt have specific
biological functions and structures. These biominerals are dissimed by reproducible and
species-specific crystallochemical properties, which include:

Uniform particle sizes

Well-defined structures and compositions

High levels of spatial organization

Complex morphologies

Controlled aggregation and texture

Preferential crystallographic orientation
High-order assembly into hierarchical structures

From a fundamental point of view, biomineralization processes arergalvby the gene pool,
driven by bioenergetic processes and adapted to environmental influnsesompletely
unknown how these generic processes operate. However, the embeddetionsgale
reflected by the specific control mechanisms in biomineradizahvolving the regulation of
chemistry, space, structure, morphology and construction. A general maidel
biomineralization involves of both vesicles and organic matricepadsntial intra- and
extracellular mineralization sites respectively. Vesickee often involved in the long-range
transport of ions or mineral deposits to the extracellular rafte latter can be used as
prefabricated building blocks for the construction of higher-order mineral BBsem

1.4 Phase diagram of Ca(OH),-H3zPO4-H,0O system

In the ternary system Ca(OHhIsPO-H,0, there are eleven known calcium phosphates, with
Ca/P ratios from 0.5 to 2.0: monocalcium phosphate monohydrate (MCRMjcaicium
phosphate anhydrous (MCPA), dicalcium phosphate dihydrate (DCPDlgiglicgohosphate
anhydrous (DCPA), octacalcium phosphate (OdRdicalcium phosphate(TCP), two
forms of a-tricalcium phosphate afTCP), amorphous calcium phosphorus (ACP),

3
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hydroxyapatite (HA), and tetracalcium phosphate (TTCP). Witlstistitution of halide for
the hydroxide ion, fluorapatite (FA) or chlorapatite (CIA) is aledi. Whitlockite can form in
the presence of magnesium ions, and carbonate apatite in the pres@acbonate. The
calcium phosphates are listed in Table 2 and 3 indicating theirichieformulas with their
abbreviations, crystal space groups and lattice parameters, anditygubducts [Fernandez
et al., 1999 ; Dorozhkin and Epple, 2002].

Phase diagrams show the thermodynamically stable phases andngindication of the
conditions required for synthesis. However, the actual phase that formn amgegiven
conditions is often dictated by kinetic rather than thermodynaomsiderations. The phase
diagram for the system Ca(OFhlsPO,-H,O at normal temperatures and pressures is given in
Fig. 1 (a) and (b) [Chow, 1991]. In these Figures, the HA cuitvew $he log[Ca] and log[P]

of the solutions in equilibrium with this phase as a function of thevalde. Since the
isotherms define solution in equilibrium with respect to HA, theg dismarcate the regions
of undersaturation (low region) and supersaturation (upper region).olti®lisy product is
calculated from the data obtained in the solubility measuremeimg warious dissociation
constants of phosphoric acid and ion-pair formation constants [Chow, 1991].

@) (b)

Fig. 1 Solubility phase diagrams for the ternary system, Ca{8kPOs-H,0, 37°C showing
two logarithms of concentrations of (a) calcium and (b) phosphatdumstzon of the pH in
solution, saturated with various salt in the solubility isotherm [Chow, 1991].
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Table 2 Abbreviations, formulas, and solubility products of calcium phosphates.

CalP Solubility
Compound name and abbreviation Formula atio at 25C,
'lOg(KsP)
Monocalcium phosphate monohydrate (MCPM) G&E,),-H,O 0.5 1.14
Monocalcium phosphate anhydrous (MCPA) cHE,), 0.5 1.14
Dicalium phosphate dihydrate (DCPD, “brushite”) By 2H,0 1.0 6.59
Dicalcium phosphate andydrate (DCPA, “monetite”) HE&, 1.0 6.90
Octacalcium phosphate (OCP) HBaAPOy)e-5H,0 1.33 96.6
a-tricalcium phosphateat TCP) a-Ca(PQ,), 15 25.5
B-tricalcium phosphateg3¢TCP) B-Ca(POy)2 1.5 28.9
amorphous calcium phosphate (ACP) Ca(POy)y-nHO 1.2-15  metastable
Calcium-deficient hydroxyapatite (CDHA) @3(HPQ,),(PO)6x(OH),x ~ 1.5-1.67 ~85.1
Hydroxyapatite (HA) Ca(POy)s(OH), 1.67 117.2
Tetracalcium phosphate (TTCP) ARO),0 2.0 37-42
Table 3 Crystallographic data of calcium phosphates
Compound  Space group Unit cell paraméters i Density [g/cm]
MCPM triclinic P1 a=5.6261(5), b=11.889 (2), c=6.4731(8) 2 2.23
0=98.633(6)3=118.262(6)y = 83.344(6)
MCPA triclinic Pt a=7.5577(5), b=8.2531(6), c=5.5504(3) 2 2.58
0=109.87(1)=93.68(1),y = 109.15(1)
DCPD monoclinida  a=5.812(2), b=15.810 (3), c=6.239(2) 4 2.32
$=116.42(3)
DCPA triclinic Pt a=6.910(1), b=6.627 (2), c=6.998(2) 4 2.89
0=96.34(2),3=103.82(2) y=88.33(2)
OCP triclinicPr a =19.692(4), b=9.523 (2), c=6.835(2) 1 2.61
0=90.15(2),3=92.54(2) y=108.65(1)
a-TCP monoclinic a=12.887(2), b=27.280 (4), c=15.219(2) 24 2.86
P2./a B=126.20(1)
B-TCP rhombohedral a=b =10.439(1), c = 37.375(6) 219 3.07
R3cH y=120
HA monoclinic a =9.8421(8), b=2a, c=6.8814(7) 4 3.16
P2,/b 3=120 (monoclinic)
or a=Db=9.4302(5), c = 6.8814(3¥3120 2
hexagonal (hexagnal)
P6s/m
TTCP monoclinic a=7.023(1), b=11.986 (4), c=9.473(2) 4 3.05
P2, y=90.90(1)

[a] a, b, c are given iA anda, B, yin °. [b] Number of formula units per unit cell. [c] Prexagonal unit cell.
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The isotherms of other calcium phosphates, indicating their regpadiubility, are also seen
in Figure 1. They show that the amount dissolved at equilibrium dependtheon
thermodynamic solubility product of the compound and the pH of the@alut pH = 7.0,
the solubility decreases in the order of TTCR-TCP ) DCPD) DCPA ~OCP) B-TCP)
OHAp (HA). The pH dependency is due to the fact that orthophosphoricsdeadh a weak
acid and a polybasic acid; the concentrations of HPE,PO>, and PG@ change
dramatically with the pH of the solution.

The composition at the intersection point in the isotherms of twossdiknown as the
singular point. This point indicates that two solids are in equilibrutin each other and with
the solution. The singular point for DCPA and HA occurs at pH = 437 &€ as indicated by
the arrow in Figure 1.

1.5 Calcium phosphate minerals
1.5.1 Monocalcium phosphate monohydrate (MCPM) and moncalcium phosphate (MCPA)

MCPM (Ca(HPOy),-H0) is the most acidic and water-soluble calcium phosphate compound.
It crystallizes in a triclinic space groufd with two formula units per unit cell. The structure
determination [Dickens and Bowen, 1971; Jones and Cruickshank, 1961] show that the
presence of --- CafPQy)" Ca(HhPQy)" Ca(HPOy)" --- chains parallel to the c-axis. Layers of
(H,PQy) ions and water molecules lie between sheets of £ chains. MCPM
precipitates from highly acidic solutions and at temperature abo®€&C, it transforms into
monocalcium phosphate anhydrate, G&®&,), (MCPA ). Because of its comparatively high
acidity and solubility, MCPM is never found in biological calcifications.

MCPA is the anhdydrous form of MCPM. It crystallizes underilaintonditions as MCPM

but at temperatures above 1D The structure of MCPA determined via X-ray and neutron
diffraction techniques isPi [Dickens et al.,, 1973]. Its structure can be described as
hydrogen-bonded PQgroups in layers joined together by hydrogen bonds on one side and
C&" on the other side. A striking feature of the structure is the @awerof HPQ, ions held
together into infinite chains by very strong, centered, O-H-O hydrogen bonds.

1.5.2 Dicalcium phosphate dihydrate (DCPD) and dicalcium phosphate andydrate (DCP

DCPD (CaHP@®@2H,0, brushite) has the monoclinic space gréaipThere are four formula
units per unit cell with the asymmetric unit CaHfFPZb,L,0. The structure contains columns,
parallel to the short diagonal of the (010) face of the unit cell. &dlemns are joined
together to form corrugated sheets [Curry and Jones, 1971]. It casibyeceystallized from
aqueous solutions. DCPD transforms into dicalcium phosphate anhydrege@ratures
above 8C0°C.

DCPA (CaHPQ, monetite) is the anhydrous form of DCPD. The room temperature ¢o
DCPA is triclinic, space groupi. The low temperature form has space gr&ypand the
transition temperature is between 270 - 290 K. DCPA like DCRDbeacrystallized from
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aqueous solutions but at 18D.
1.5.3 Octacalcium Phosphate (OCP)

OCP (Ca(HPOy)2(POy)4-5H0) is often found as an intermediate phase during the
precipitation of the thermodynamically more stable calcium phosphateg. HA) from
aqueous solutions. OCP is triclinic, space gr&up with 2 asymmetric units per unit cell
[Brown, 1962]. It consists of apatitic layers separated by hgdralyers. The presence of the
apatite layer explains the similarities of the latticeapaeters with those of HA. An apatite
layer consists of alternating sheets of phosphate ions interdpsitte C£* ions; and the
hydrated layers consist of more widely spaced phosphate afididba with a slightly
variable number of water molecules between them. OCP is of lgidagical importance
because it is one of the stable components of human dental and wafary. It plays an
important role in the in vivo formation of apatitic biominerals. A can®CP inclusion, also
known as central dark line is seen by transmission electrorocopy in many biological
apatites and in some synthetically precipitated HA [Marshall and kayi©®81].

1.5.4 Tricalcium Phsopahte (TCP)

B-TCP B-Ca(PQy),) is the true calcium orthophosphate of the stoichiometric compuositi
Ca(POy),. B-TCP has the rhombohedral space grdrH with 21 formula units per
hexagonal unit cell. It can not be precipitated from solution, but miylwe prepared by
calcinations of calcium deficient hydroxyapatite (CDHA) at temperatabeve SOC:

Cay(HPOy)(POy)sOH - 3Ca&(POy)2 + HO

Near 1125°C, it transforms into the high-temperature phasgCP. Being the stable phase at
room temperaturg3-TCP is less soluble in water thanrTCP. Pure3-TCP never occurs in
biological calcification. Only the magnesium-containing formlech whitlockite @-(Ca,
Mg)3(POQr),) is found in dental calculi and urinary stones, dental cariesjasglistones,
arthritic cartilage, as well as in some soft-tissue deposits [Le Geros, 1994].

a-TCP @-Ca(PQy),) is a metastable phase at room temperature, preparedBfioGP at
above 1125C. a-TCP has a monoclinic space grde/a, with 24 formula units per unit cell.
a-TCP is more reactive in aqueous systems flR&ACP and can be hydrolyzed to a mixture of
other calcium phosphates.

1.5.5 Tetracalcium Phosphate (TTCP)

TTCP (Ca(POy)20) is a monoclinic phas®?2;. Its solubility in water is higher than that of
HA. TTCP cannot be precipitated from aqueous solutions, and thus capeopigpared by a
solid-state reaction above 130€, for example, by heating homogenized, equimolar
quantities of DCPA and CaG@ dry air, or in a stream of dry nitrogen [Elliot, 1994]:

2CaHPQ+ 2CaCQ - Ca(P0y)0 + 2CQ+ H,O
7
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TTCP is not very stable in aqueous solutions; it slowly hydrelyge HA and calcium
hydroxide.

1.5.6 Hydroxyapatite, Fluorapatite and Chlorapatite [Hughes et al., 2002]
Crystallographic structure

The term apatite defines three unique minerals, fluorapatitey[&a)sF2], chlorapatite
[Cao(POy)sCly], and hydroxyapatite [GaPOy)s(OH),]. The atomic arrangements of the 3
apatite phases differ principally in the positions of the occupmritee 00z anion positions, i.
e. fluorine, chlorine and hydroxyl groups, for the three end-memlessectively. The lattice
parameters and the atomic parameters for well charactesaenples of fluorapatite,
hydroxyapatite, and chlorapatite are shown in Table 4.

As noted in Table 4, the atoms lie on or near four (00I) planes in the atomic areang€a®,

P, 01, 02, and the X anion (where X = F, Cl, OH) lie on (or aredbsed about) special
positions on the mirror planes at z =1/4 and 3/4. Intercalated apm@t@ly halfway between
these planes are Cal (in a special position at z = ~0, ~1/2) and @eral position with z
values of ~0.07 and 0.57. The atomic arrangement of apatite is fornteceefpolyhedra.
The structure variations among the three anion endmembers is pertiapsifgerstood by
examining variations that occur in the three polyhedra concomitantswbstitution of the
three column anions.

The PQ tetrahedron

Phosphorous occurs in apatite in tetrahedral coordination, with the IcBnatmm in 6h
position. Typical of such rigid polyhedra is that the,;POlyhedron is essentially invariant in
the three apatite structures. Figure 2 displays the, BRfrahedra for fluorapatite,

hydroxyapatite, and chlorapatite, and illustrates the invariantieegpolyhedron among the
three end members.

03)

0(2)

Fig 2. Drawing of PQ@ tetrahedron (left) and Cal and Ca2 polyhedra for the threeeapatit
structures. Each overlay is a superposition of the analogous polyhaurshe fluorapatite,
hydroxyapatite, and chlorapatite end-members, drawn to the sateeasid with coincident
central cations (Hughes et al. 1989).

The CalQ@ polyhedron
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In the apatite structure, ten Ca ions in the unit cell eristvo ployhedra. Cal, with the
central cation in the 4f (1/3, 2/3, z) position, is coordinated by nine oxggEms in the
arrangement of a tricapped trigonal prism. Cal, with z valuesOnaad 1/2, bonds to six of
those oxygen (¥ O1, 3x O2) in planes 1/2 unit cell above and below the central cation,
forming a trigonal prism. Three more oxygen atoms @3), essentially coplanar with Cal,
are bonded trough the prism faces to form the tricapped trigonal prism.

The Ca2@X polyhedron

Caz2 in the 6h special position of space groug®cbonds to 6 oxygen atoms (01, OR08)
and one column anion (X). The major structural response to substitutiba tifree column
anions occurs in this polyhedron. Figure 2 displays the superposition dhrée Ca2
polyhedra for pure anion end-members, and illustrates the laris #fat occur in the
positions of the X anions in the [002] anion column.

The Ca2 cations form triangles on the planes at z = 1/4 and z(Ei§/8). Each of the three
Ca atoms at the corners of the triangles is bonded to the Icamwa in the [00z] column.
Fluorine lies on the planes at z=1/4, 3/4 (at O, O, 1/4; 0O, 0, 3/4) wRHQsonds lying in
(001). The OH anionic complex and Cl anion are too large to lie ongideptane defined by
the Ca atoms, and the OH or Cl anion associated with the glahgpiaced above or below
the plane. Such a displacement locally destroys thenPg&/mmetry by eliminating the mirror
plane, as only one of the two mirror-symmetric sites above awoavlibe plane is occupied.
However, except in rare cases, over the crystal as a whole rearor-related site is
half-occupied, thus preserving the averaggr@@ymmetry.

Fig. 3 Schematic illustration of t
anion positions in the (00z) pla
The F anions are positioned in 1
center of the Ca2 triangles. The OH
anions (illustrated) and CTlare
located above or below this posit
(Elliot, 1994)

The polyhedral components of the apatite atomic arrangement cotbioem the atomic
arrangement pictured in Figure 4. That [001] projection shows the paokitige three
polyhedra described above to yield the atomic arrangement of apatite.
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Monoclinic hydroxyapatite and chlorapatite

Although the ideal apatite atomic arrangement is described oe gpaup Pgm. the pure
hydroxyapatite and chlorapatite end-members actually crystalhz the subsymmetric
monoclinic space group KFB. Early structure elucidation of the two end-members
demonstrated [Kay et al, 1964, Elliot et al, 1973, Hunslow and Chao 196&h¢h@H and

Cl anions are displaced above or below the Ca triangles attz3#4/at any individual anion
site. In (0 0 z) columns in hydroxyapatite or chlorapatite in wigehvacancies or impurities
occur. The OH or Cl column anions are ordered either above or belawirttoe planes in a
given anion column (Fig. 5). Importantly, in any individual column in the jpin&ses, all
anions are ordered in the same sense. The sense of orderingnieng.above or below the
plane) in any individual column is transmitted to the adjacent coluomg . Tilting of
polyhedra caused by the ordering in one column causes the adjacent etbmgb to be
ordered in the opposites sense (e. g. below or above the planepytdeubling the b-axis
length. The symmetry thus degenerates t@ll?2 consequence of anion ordering. Most
chlorapatite and all natural hydroxyapatite, however contain enioyglrities or vacancies
in the anion columns (as in Fig. 5) to destroy the ordering ilcdhann. Thus, they exist in
the putative Pgm space group. Hunslow and Chao [1968] have reported natural monoclinic
chlorapatite, and in a particularly insightful study, Elliot lef1®73], illustrated the structural
details of monoclinic hydroxyapatie. Despite the monoclinic natur@ydfoxyaptite and
chlorapatite at room temperature, the phase inverts to hexagouelusdr at elevated
temperatures [Bauer and Klee, 1993].

Apatite end-members contain column anions associated with rplenoes at z = 1/4 and z =
3/4 in each unit cell. In fluorapatite the F atoms are locatdtieom mirror planes, where as
in hydroxyapatite and chlorapatite the anions are disordered abutrerror plane, with OH
displaced ~ 0.3% above or below the plane and CI displaced -Al.&bove or below the
plane. Because the anion sites in any column are separated lay2oohyapproximately 3.A.
There is extensive interaction between the occupant of theeadljaite in the same anion
column along, creating a Markovian sequence of anion occupants.

10
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Fig. 4 The atomic arrangement
apatite projected on (001) pla
X represents F, Cl and OH. C
unit cell is also outlined with bl
lines.

P4+

L i) - C' a"
Fig. 5 Anion columns in hexagol
fluorapatite located omirror plane
g e ' at z = ¥, ¥ in successive unit ce

Column  “OH” depicts thre
successive  hydroxyls in F
disordered 0.35 A above the mil
planes and three successive hydrc
disordered below the mirror plan
with the sense of ordering reverse«
an F anion impurity. Colum *“CI
depicts three successive Cl ani
disordered below the mirror plan
the vacancy at z = £/, must exist i
order to reverse the sense of orde
as F and OH species are prohibi
Radi: F=OH=14A, CI=18A.

B B B B B B B
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Figure 5 depicts anion columns in fluorapatite, and near-end membesxyapatite and
chlorapatite, and illustrates the nature of interaction in the arobmimas in binary and
ternary apatites. The spherical atoms are drawn to scaléumtcite the same in fluorapatite,
with F atoms lying on the mirror planes. The hard-sphere moldstsab fluorine atom at
each successive anion site. In hydroxyapatite the hydroxyl®eated ~0.35A above and
below each mirror plane. To achieve #werage disordered @ structure, half the hydroxyls in
any column must be located above the particular mirror plane hatid below; this
arrangement requires reversal sites in which the sense ofingrdabove or below) is
reversed. Figure 5 illustrates such a reversal site, witlhoarike impurity allowing a reversed
sense of the ordering; a vacancy would also allow the same. Wghohtimpurities the
hydroxyl groups at a reversed site would be separated byA;2aid the hydrogen atoms
associated with the hydroxyl groups would be by 8.&hich is clearly impossible. Thus
with sufficient F or vacancy reversed sites, reversal of terimg of the hydroxyl groups is
facilitated and hydroxyapatite inverts from;R2to P&/m symmetry. Incorporation of large
Cl anion (1.81A radius) in the anion columns adds additional constraints to the structure
Because the lager Cl anion is displaced by Alt#low or above the plane as depicted in Fig.
5, the reversal from CI ordered above the mirror plane to Cl ardelew the plane can only
take place in combination with a vacancy, assuming that no adjusim#ré anion site is
required. Thus, for pure chlorapatite, the hexagonal phase must haheosteiric vacancies
to cause anion reversals in the anion columns.

1.5.7 Amorphous Calcium Phosphate (ACP)

Crystalline hydroxyapatite is generally considered to befithed, stable products in the
precipitation of calcium and phosphate ions from neutral to basic solutions. Hpexetethe
broad range of solution conditions in which precipitation occurs spontageousitable
amorphous calcium phosphates (ACPs) are unique among calcium phasgitais they
lack the long-range, periodic order of crystalline materibile ordered atomic arrangements
which can exist in ACP are highly localized, occurring within dosahat do not exceed 0.9
nm in diameter. Regularity in the local environment of individu& @ms in ACP appears to
be limited within a distance of 0.3 nm. It was proposed that the bractural unit of ACP is
a 9.5 A diameter, roughly circular cluster of ions comprising(fX&,)s. The morphology seen
in electron microscopy consists of roughly sphericaf®@,)s clusters aggregated randomly
with their inter-cluster spaces filled with water. Tempamtprogrammed dehydration of
ACPs by Sedlak and Beebe [Sedlak and Beebe 1974] indicates tha? a%oaf this water is
tightly bound inside the ACP patrticles, the rest is more loosédlysueface water. These data
suggest that solution-matured ACPs are hydrated salts with dt€3 wiolecules associated
with each formula unit as defined above.

The transition of ACP to crystalline material is not gradual but occurs rathbapitously, and
particularly sensitive to temperature and pH [Boskey and Posner, 19#8jransformation
processes occurs via a multiplicative proliferation of smajstals possibly through a
dendritic-like growth mechanism. At pH values below 9.25, the concemtratvel falls off

sharply when the preparative solutions reach the same thermodystability as systems in
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equilibrium with OCP. This pause in the transformation process gw¢hipitate approaches
the solubility of OCP is probably the most compelling thermodynawidence for OCP
being the first crystalline phase to form at these lower fHs. higher Ca/POmolar ratios
and lower HPGF % content of the solids possibly indicates that OCP alreadindég
convert to HA in this stage. This OCP/HA transformation, unlike /&CHP, seems to be
partly an in-situ solid state rearrangement of the OCP atejawith simultaneous water loss,
into the anhydrous apatite structure.

Table 4 Lattice parameters, positional parameters (x, y, z)eguodv/alent isotropoic
temperature factors (B) of fluoraptatite, hydroxyapatite, and chlorapatit

Atom X y z B A%
Cal

Fluoraptatite | 2/3 1/3 0.0010(1) 0.91(1)

Hydroxyapatite| 2/3 1/3 0.00144(8) 0.929(7)

Chlorapatite 2/3 1/3 0.0027(12) 0.99(1)
Caz

Fluoraptatite | -0.00712(7) 0.2522(7) 1/4 0.77(1)

Hydroxyapatite| -0.00657(5) 0.24706(5) 1/4 0.859(9)

Chlorapatite 0.00112(6) 0.25763(6) 1/4 1.14
P

Fluoraptatite | 0.36895(8) 0.39850(8) 1/4 0.57(1)

Hydroxyapatite| 0.36860(6) 0.39866(6) 1/4 0.62(1)

Chlorapatite | 0.37359(7) 0.40581(7) 1/4 0.77())
o1

Fluoraptatite 0.48492(2) 0.3273(3) 1/4 0.99(4)

Hydroxyapatite| 0.4850(2) 0.3289(2) 1/4 1.00(3)

Chlorapatite 0.4902(2) 0.3403(2) 1/4 1.34(4)
02

Fluoraptatite | 0.4667(2) 0.5875(3) 1/4 1.19(5)

Hydroxyapatite| 0.4649(2) 0.5871(2) 1/4 1.25(3)

Chlorapatite | 0.4654(2) 0.5908(2) 1/4 1.47(4)
03

Fluoraptatite | 0.2575(2) 0.3421(2) 0.0705(2) 1.32(3)

Hydroxyapatite| 0.2580(1) 0.3435(1) 0.0703(2) 1.57(2)

Chlorapatite | 0.2655(2) 0.3522(2) 0.0684(3) 1.88(3)

X (F,ClorOH)

Fluorapatite 0 0 1/4 1.93(6)

Hydroxyapatite| O 0 0.1979(6) 1.31(8)

Chlorapatite 0 0 0.4323(4) 2.68(5)

Fluoraptatite a=9.397(3) c=6.878(2)

Hydroxyapatite a=9.417(2) c=6.875(2)

Chlorapatite a=9.598(2) c=6.776(4)
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Chapter 2

Synthetic Hydroxyapatite-based biomaterials

The fields of biomedical materials has grown rapidly over ghet 20 years and offers
solutions to repair defects, correct deformities, replace damesgees and provide therapy.
In developing materials used for implantation consideration mustives go both, the
influence of implanted material on the body and, how the body affeetmtegrity of the
implanted material. According to Hench, the implanted matecatsbe classified as inert,
bioactive, or resorbable materials [Hench, 1998]. Generally, “inedgtenals will evoke a
physiological response to form a fibrous capsule, thus, isolatinghaiberial from the body.
Calcium phosphates fall into the categories of bioactive andoadsle materials. A bioactive
material will dissolve slightly, but promote the formation of artisgpéayer before interfacing
directly with the tissue on the atomic level. Such an implathtpnovide good stabilization
for materials that are subject to mechanical loading. A mdoable material will, however,
dissolve and allow tissue to grow into any surface irregidaribut may not necessarily
interface directly with the original material [Le Geros, 2003 and Neo di9812].

2.1 Historical overview

Calcium phosphate materials are abundant in nature and in livitegrsyl$ is not surprising
therefore, that calcium phosphate is considered as a potential biamatewever, it was not
until 1920 that the first use of calcium phosphate for bone repain aaplanted biomaterial
was reported [Albee and Morrison, 1920]. More than fifty years Idter first dental

application of a calcium phosphate [Nery, et al., 1975] and the use & dgdioxyapatite

(HA) cylinders for immediate tooth root replacement [Denissed de Groot, 1979] were
reported. Commercialization of synthetic calcium hydroxyapatitedental and medical
applications occurred in the 1980’s, largely through the pioneefings of Jarcho [1977],
de Groot [1983] and Aoki [1987].

A very important reason for preparation of HA based biomddeisathe similarity of its
chemical composition and structure to the mineral constituents ofissud. HA seems to be
the most appropriate ceramic materials for artificial teghd/or bones due to excellent
biocompatibility and bioactivity. Unfortunately, mechanical propertépure HA ceramic
are poor. For example, fracture toughnesg)(Koes not exceed the value of 1.0 MP&m
(human bone 2-12 MPaff). Additionally, the weibull modulus (n) is low in wet
environments (n=5-12) [Hench 1991; De With et al., 1981], which indicatesel@ability of
HA implants. Presently the HA ceramics cannot be used as Hh@mvymplants such as
artificial teeth or bones. Its medical applications are &dhito small unloaded implants,
powders, coatings and low-loaded porous implants. In order to improveliddality of HA
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ceramics, various reinforcements (ceramic, metallic, or palyhee been used. Moreover
HA coated metals have been introduced as artificial bones and tooth root.

2.2 Present status of HA-based biomaterials

2.2.1 Pure HA materials

The present status of the pure HA ceramics as a biomaterialrbady been well established,
however, calcium phosphate biomaterials that are available comftyefcom different
suppliers exhibit high chemical variability [Tadic and Epple, 2004]. $a@ion summarizes
the knowledge about processing of the HA ceramics, startingtireraynthesis of powders,
sintering of dense and porous bodies.

HA powders

Multiple techniques have been used to synthesize HA powders, asadviewseveral works
[e. g., Le Geros et al., 1995]. Two main ways are wet methods adds&de reactions. The
wet methods can be divided into three groups: precipitation, hydrothéeotalique and
hydrolysis of other calcium phosphates. Depending on the technique, matdttavarying
morphology, stoichiometry and level of crystallinity can be obtainetid State reactions
usually give a stoichiometric and well-crystallized product, buy tiequired relatively high
temperatures and long heat-treatment times. Precipitationdodution is the most common
synthesis route and involves simultaneous addition of a calcium msditaaphosphate
compound to water, or drop-wise addition of the phosphate into an aqueousnsofutie
calcium salt. Examples of calcium salts include calcium teitrealcium hydroxide, calcium
chloride, or calcium acetate. The salts are reacted witkd@ggn phosphate or the phosphate
ions are introduced into the solution from di-ammonium hydrogen phosphate or
orthophosphoric acid. The crystals obtained using the precipitation metiiedshapes of
blades, needles, rods, or equiaxed particles. Their crystallindy Ga/P ratio depends
strongly upon the precipitation conditions and are in many cases tbamrl.67. During
aqueous precipitation, other species, such a$*NH,O0, O, CQ?®, HPQ?*, may be
substituted in the structure or adsorbed onto the surface [Pan and2B@#t Addition of
more than one substitute element/group can lead to a combinatiam @fpansion and
contraction of the unit cell. The hydrothermal technique usually diMesnaterials with a
higher degree of crystallinity and with a Ca/P ratio claséhe stoichiometric value. Their
crystal size is in the range of nanometers to millimetigsrolysis of tricalcium phosphate,
monetite, brushite or octocalcium phosphate requires low temperéiscesly below 106C)
and results in HA needles or blades having the size of micronse¢owthe hydrolysis
products are highly nonstoichiometric and containing impurities. Therelso alternative
techniques for precipitation of HA powders, such as sol-gel, flux mgthod
electrocrystallization [Shirkhanzadeh et al., 1993], spay-pyrolilsi® et al., 1995],
mechano-chemical method [Toriyama et al., 1996], or emulsion processing [Elliot, 1994].

Dense HA ceramics
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Pure, dense HA ceramics can be obtained through a sintering prbleessintering process
involves calcification, and compaction at room temperature followedhdating at high
temperature. Calcification is usually performed at 600-@D@or apatites intended for high
temperature processing. Adsorbed moisture, carbonates and chammsalsing from the
synthesis stage, such as ammonia and nitrates in some speadions, are removed as
gaseous products. The removal of these gases facilitates thetmodef dense materials
during sintering. The chemical changes are accompanied mciase in crystal size and a
decrease in the specific surface area. Apatites with a Ca/P maaxeted the value of 1.67,
and CaO forms during sintering. The existence of CaO is reported to dettreasrength and
may even cause the decohesion of the whole material due to stesseng from the
formation of Ca(OH) which subsequently transforms into CafC@nd related volume
changes [Slosarczyk et al., 1996]. It may also alter the rate and extendedtaidation. If the
Ca/P molar ratio of HA is lower than 1.6(;TCP ora-TCP forms in the HA ceramics
[Raynaud et al., 2002]. Moreover, the decomposition process itselfhanay a negative
influence on the densification of the HA ceramics due to the foomati a new phase and
evaporation of water. The Ca/P ratio was reported not to influegodicantly the grain
growth of HA ceramics.

Many of the HA powders can be pressurelessly sintered up tetivabdensity at moderated
temperatures 100G -1206C [Aoki, 1991; Fang et al., 1995; Barralet et al., 2003].
Processing at higher temperatures may lead to exaggerated rgrath fyan Lanuyft et al.,
1995] and/or decomposition of HA and subsequently to strength degradatigs) fRual.,
1995]. Hot pressing (HP) [Aoki, 1991], hot isostatic pressing (HIRjbtsu et al., 1989], or
HIP-post sintering [Somiya et al., 1988] make it possible to deergeaain size, and achieve
higher densities. This leads to finer microstructures, highemtiestability of HA, and
subsequently better mechanical properties of the prepared HmicsraAn alternative
technique to conventional sintering, HP, or HIP, is a plasma-disshasigtering process
[Guo et al., 2003; Li and Gao, 2003; Shen et al., 2001].

Fracture toughness (X of pure, dense HA ceramics is in the range of 0.8-1.2 MPaith
an averagef 1.0 MPa-m?[Suchanek and Yoshimura, 1998; Elliot, 1994]. It decreases almost
linearly with increasing porosity, and the fracture energy ihé range of 2.3-20 JAfAoki,
1991; Elliot, 1994]. Bending strength, compressive strength, and temsitgtst of the dense
HA ceramics are in the range of 38-250 MPa [Suchanek and Yoshimura, 19980 kMMPa,
and 38-300 MPa, respectively. The scatter of data is caused igjicsthature of strength
distribution, influence of remaining microporosity, grain size, intmgietc.. The Young’s
modulus (E) of dense ceramics is in the range of 35-120 GPa [Fa$Ki). It depends mostly
on the measurement technique, also on remaining porosity, presenqeudati@s, etc.. The
Young’s modulus measured in bending mode is between 44 GPa and 88 akRdalPo1].
Ultrasonic techniques give higher values of about 115 GPa [de &Vitd., 1981]. The
Vicker's hardness (Hv) of dense HA is between 3.0 GPa and 7.0 GPhaffe#cand
Yoshimura, 1998]. Dense HA ceramics exhibit superplasticity at 1000-°C, with a
deformation mechanism based on grain boundary sliding [Wakai et al.,. IR@®]wear
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resistance and friction coefficient of dense HA ceramicsoisparable to that of human
enamel [Rootare, 1978].

Porous HA materials

A porous HA ceramic provides mechanical fixation in addition to atiguwehemical bonding
between HA and bone. Moreover, an interconnecting pore network offetdaton of
nutrients and facilitates deeper bone penetration. The inclusion of paeeases the
solubility at the expense of mechanical properties. Thus porous Hlanis can not be heavy
loaded and are used to fill only small bone defects.

Pore size can be divided in two different groups: microporous (< 5 pms)pand
macroporous (> 100 pum pores) [de Groot, 1981]. The microporosity is impdotatiie
bioresorbability of the material. The macroporosity plays an itapbrrole in the
osteoconductivity. A large macroporosity (i.e., 400 — 600 um) facsitatéltration by
fibrovascular tissue and revascularization, allowing bone reconetructhe optimum
macroporosity for the ingrowth of bone tissue, as stated by $emeestigators, is in the
range between 150 and 500 pum.

Pores can be created by a variety of techniques. Via isgtarethodology, pores can be
created by control of crystallite morphology [Nakahira et al., 2@0(intering parameters
[Liu, 1996] to obtain a different degree of particle coalescefueh pores are small and can
not accommodate bone ingrowth. The process can be modified by inclutiagiag agent
prior to heating [Dong et al., 2001] or by the evolution of gases frodnoggn peroxide
[Peelen et al.,, 1978] or organic compounds such as naphthalene [Monrbg 1€74],
polyvinylacrylate [Vaz et al., 1999] or starch [Rodriguez-Lorenz@lge 2001] during the
heating cycle. The pore architecture of naturally occurring porowgories in coral can be
preserved by converting carbonate to carbonate-hydroxyapatitehyidrothermal process in
diammonium hydrogen phosphate solution at 2Z5and 82.7 MPa [Roy and Linnehan,
1974]. The pseudo-hexagonal structure of aragonite facilitates the reionvedo the
hexagonal unit cell of HA. Conversions of calcite, under the same orsdiproduces
tricalcium phosphate [Zaremba et al., 1998]. This process presdmemtérconnection
porosity and produces a carbonated, strontium enriched HA along with nuagnes
substitutedB-TCP. The stimulation of bone ingrowth by strontium shown in other studie
improves the integration of converted corals in bones. Recent workekaaled that
hydrothermal processing in the presence of a potassium dihydrogen phosphatause a
complete transformation to an apatite [Xu et al., 2001]. Trabelbatea from a bovine source
already possesses the desired porosity [Hing et al., 1999] and uaadas a suitable porous
body after removal of the organic fraction by heating [Juang et al., 1994].

2.2.2 HA-based composites

It seems that if the physical and chemical parameters carelbeontrolled it is possible to
prepare dense and/or porous HA ceramics with tailed microstruende chemical
composition. This is necessary for a sufficient understanding opitééessing, both during
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powder preparation and ceramic fabrication as discussed in theysesection. However,
there is a limit of HA applications due to low mechanical biliiy. The preparation of HA
based composites can partially solve the problem, as will be sextbelow. Moreover, HA
composites can be fabricated to control the biological properties of implants.

HA ceramic composites

In recent years, many reinforcements, including particles [Gab,2003; Juang et al., 1994],
platelets [Noma et al., 1993], whiskers [Nonami and Satoh, 1995; loky &080], or long
fibres [de With and Corbijn, 1989] have been used in HA ceramicspmvma its reliability.
Table 5 summarizes the components and some mechanical propertidsbasétl ceramic
composites. An advantage of the composite approach is the increase of toughnesagthd str
of the HA ceramics. However, the introduction of foreign mateiinto the HA matrix may
lead to a decrease of the biocompatibility and may promote tloengesition of HA and the
formation of tricalcium phosphate. Generally speaking, bioact{uity ability of bonding to
the bone) of HA reinforced with bioinert materials should be lowen tha bioactivity of
pure HA [Kasuga et al., 1992]. Another disadvantage of the composite ep@pplied to
HA is related to its processing. It is difficult to densitye HA-based composites by
pressureless sintering. So sintering additives are used to erthambensification of HA by
liquid phase sintering and/or the increase of diffusion coefficientslAf In most cases,
however, a decomposition of HA with subsequent formation of TCP or CaGred
[Adolfsson et al., 1999 and 2000].

The first bioactive material developed by Hench almost 30 ygare:@hibit high bioactivity
and biocompatibility [Hench, 1991]. The combination of bioactive glass wihdsulted in
bioceramics with improved mechanical properties without degradadtithre diocompatibility
and/or bioactivity. Bioactive glass ceramic, A/W, is an exoellExample of this kind of
composite. In such composites, apatite and/or wollastonite cnystaliases crystallize from
the glassy matrix during appropriate heat treatments [Kukubo, 19Bidactive
glass-ceramics maintain high strength for a longer time Hv& both in vitro and in vivo
conditions [Kukubo, 1991]. Generally, in spite of significantly improvedngtie and
toughness HA-based ceramic composites did not find wide applicatiorte ther decrease
of biocompatibility and/or bioactivity, as well as due to difficudtigith processing. It should
be mentioned that another kind of HA based ceramic composites atmingntrol its
biological performance, for example, HA/TCP biphasic calcium phospbatamics has
attracted much attention in recent years [Livingston et al., 2003; Gauthier¥99].

HA coatings

One of the most important clinical applications of HA is the ogatn metal implants to
form a macrocomposite material. This macrocomposite combinekamieal advantages of
metal alloys with the excellent biocompatibility and bioactiwity HA. First of all, such

composites provide stable fixation of the implant to the bone and m&ian adverse
reaction caused by the release of metal ions from the implant body.
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Table 5 HA based ceramic composites reinforced with other ceraraterials and their
relative density, flexural strength, fracture toughness phase changes after processed (HP:

hot pressing; HIP: hot isostatic processing; SPS: spark plasma sintering)

Relative  Flexural
. ) Ic Ca-P phase .
Reinforcement density strength n » Processing References
Pa-n’? composition
(%) (MPa)
60 vol.% Sintering .
. . HA, Nonami et al.,
whiskers (SiC, 1250-1300°C
. 72.5-98% 180-300 2.5-3.2 a-TCP 1990, 1995 ;
SiaNg, HP (1000-1200C)
L B-TCP loku et al., 1990
diopside) + (HIP)
10vol.% HP, 1050°C or
tetragonal 92.8-92.6 2.2-28 HAor 1150°C, loku et al., 1991
ZrO, HA+TCP 200 MPa
5-30 vol. % HA HP Noma et al.,
) 96-99.7 90-250 1.4-2.0 o
Al,O; particle B-TCP 1000°C 1993;
HA . .
5-15 vol. % Sintering Noma et al.,
. 76-81 B-TCP,
SiC platelets 1000-1200°C 1992
a-TCP
10vol % fibers HA HP
Kasuga et al.,
Al Oz, ZrO,, 93-99.5 160-310 1.0-3.0 (B-TCP (1050-1400C) 1992
C a-TCP) + HIP
) HA or o .
TiO, 250-450 2.5-2.9 HIP, 925°C Lietal., 1991
B-TCP
50% ZrG 439 2.5 HA SPS Shen et al., 2001
HIP, 1200°C Aldofsson et al.,
ZrO, HA
160MPa, 2000
10-40wt% SPS
79-97.3% 160-200 HA Guo et al., 2003

ZrO, particles

(1100-1250C)

The plasma spray process is the most popular method to fabridateatings. The thickness
of the HA coating is usually in the range of 40-200 um. A coatindrbis of 50 um has
been determined to provide good fatigue resistance with good resonmudiddo@e attachment
characteristics in orthopaedic applications [Geesink et al., 198¢].pore level in plasma
sprayed HA coatings can vary between 2 and 10 % [Mancini, &@0dl1]. Fracture toughness
of these coatings is poor because of the inherent pore withiro#teg. A comparison of
bone bonding to sintered HA and plasma sprayed HA coatings hascehegtier attachment
strength of bones to the coating [Ogiso et al., 1998]. The higher iibaot plasma sprayed
coatings provides earlier fixation. The propensity for bone bondinggisligiited by the
bonding that occurs during early loading of coated hip prosthesesgiavd et al., 1998].
Other methods may produce a coating of more homogeneous compositiexafgle, ion
sputtering or radio frequency using HA as the source producetiagcod ACP that can be
transformed to HA by heating at temperatures above @DO[Yang et al., 2003].
Electrochemical deposition deposits the desired calcium phosphategadepending on the
conditions of pH, temperature and solution composition [Ban and Maruno, 1995unCalc
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phosphate precipitation on treated titanium or titanium alloy suéstrao produces an
apatite coating [Habibovic et al., 2002].

HA-polymer composites

One of the most interesting approaches to improve the reliability and decileastéiffness of
the HA biomaterials is the fabrication of HA-polymer composiBmnfield and co-workers
[1988] developed HA-polyethylene composites. With increasing HA cortetit, the
Young's modulus and the bioactivity of the composites increase, while the duldiityases.
The HA-polyethylene composites exhibit brittle/ductile tréosiat a HA volume content of
40-50 %. As compared to the cortical bone, the composites have supeatareftaughness
for HA concentrations lower than 40 % and similar fractotgghness in the 45-50 % range.
Their young’s modulus is in the range of 1-8 GPa, which is quite ¢togbe Young's
modulus of bones. Unfortunately, the HA-polyethylene composites arbioaegradable.
Moreover, the presence of bioinert polyethylene decreases the ability of btmthegoones.

Resorbable polymer systems have been used to fabricate HA-palpmeosites for bone
remodelling and rebuilding. Bone can be filled the empty space aptl tadhe new loading
conditions as the material degrades. The polymer systems uséusf@pproach include
polylactic acid [Ignjatovic et al., 2001], collagen [YamasakilgetZz®03] starch [Mano et al.,
1999], chitosan [Hu et al., 2004] and polyglycolic acid [Durucan and Brown, 2000]. A
polylactic acid-hydroxyapatite composite has been successfutlyfoiseepair of the rib cage

in a child [Watanabe et al., 1989].

HA-metal composites

The combination of the bioactivity of HA and the favourable mechapioperties of metals
are considered as a promising approach to fabricate more pedewdical materials for
load-bearing applications. On the one hand, improvements of mechanicattipsojud
HA-metal composites have been clearly demonstrated, on the othersloamel,undesired
drawbacks with the HA-metal composites were observed as virell2Tvol % Ti reinforced
HA, sintered at 1000C, shows a doubled bending strength and the fracture toughness
improves from 0.663 to 0.987 Mia'> compared with the pure HA ceramics sintered at a
similar conditions [Chu et al., 2002]. Moreover, the serious reactionebat HA and Ti
greatly reduces the structural stability of HA. In vacuum;HAomposites with a Ti content
of 10 wt% and 20 wt%, respectively, converted after heat treatrh&h08°C into a ceramic
composites with the phases of HA;TCP, CaTiOs [Yang et al., 2004]. For Ag-HA
composites pressurelessly sintered at £25@he fracture toughness is consistently improved
with increasing silver inclusions. At 30 vol % Ag the compositesehtmughness 3.5 times
larger than that of the matrix HA. The toughening is partly duaok deflection and mostly
due to crack bridging at silver particles [Zhang et al., 1997].
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Table 6 HA-based composites reinforced with metals and theiitglengchanical properties,
phase changes after processed (HP: hot pressing)
Relative  Bending Fracture

Reinforcement Density strength  Toughness Phases Processing References
(%) (MPa) MPam'?
HA,
i _ 1200°C, .
50 vol. % Ti CaTiGos . Ning et al.,
) ] 20 MPa, 30min,
particles CaO, Ti, 2003
o Ar atmosphere
TiP like
. TCP, 900-1100C
20 vol % Ti Chuetal.,
, 78.59 0.987 Ca0O(PQ), 20 MPa,
Particles ) 2002
HA, Ti Inert atmosphere
TCP,HA 1200°C,1h Zhang et al.,
20-30 vol % Ag 80-100.7 1.49-2.45 )
air atmosphere 1997
10-30 vol% FeCr- 99.2-99.8 3774 HA HP, 1000°C de With et al.,
alloy fiber o 0.7k bar 1989
20-30 vol% HP,1000°C de With et al.,
) 95.6-100 4.3-6.1 HA
Hastelloy X fiber 0.5-1.0 k bar 1989

2.3. Disadvantages in conventionally fabricated HA-based biomaterials

From the description above, the general problems associated witthtioation of HA based
biomaterials are:

(1) The dehydration and decomposition of HA at high temperatures;

(2) The degradation of the structural stability and biocompayibibf HA-based
biomaterials due to reinforcement phases and reactions betwefmcement phases
and the HA phase;

(3) The low density and the presence of mechanical defects (pores, anjl cracks

(4) The conventional sintering process can not form net worktsteudor HA-metal
composites like in WC-Co cermet which are able to effectivebrease fracture
toughness [Han and Mecholsky, 1990].

The fabrication of HA-metal composites is still a promisingpraach to enhance the
mechanical properties of HA based biomaterials. As discudsa¢eathe improvement of
some mechanical properties has been observed however, there laneestd to further
improve the mechanical properties by new design and processhgypdimisation of the
microstructure.
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2.4 New concepts and processing for the development of HA-based
biomaterials

Living organisms can produce biological materials with propetiiassuppress those of the
currently produced engineering materials. The study of gteicture together with physical
and mechanical properties could give information to design and tdtdb technological
materials for practical and health applications. Therefore,irtidication of biological
material structure for the optimisation of HA based biomatemdll be considered in this
dissertation.

Spark plasma sintering [Shen et al., 2001; Li and Gao, 2003], and micrawreng [Kutty

et al., 2001] are recently used to fabricate HA based biomateSiath advanced techniques
are fast speed heating rate, short dwell time and highte#aess which can produce dense
HA -based biomaterials, even nanostructured materials withoutatatemn of the structural
stability of HA. Densification at high pressure and temperatuse diso been applied to
prepare C-SiC nanoceramic composities and Zn-SiC metal cecamosites [Ekimov et al.,
2000; Gierlotka et al., 2003; Swiderska-Sroda et al., 2003]. The présdpsethe penetration
of one phase into the grain boundary of another phase. Formation of ar3idima¢ network
or homogeneously dispersion of toughening phase can greatly improveeitiegnical
properties of resulting materials.

In this dissertation, the microstructure of dental enamel wilhbestigated and ideas derived
from the study of the microstructural characteristics of desrtamel will be applied for the
fabrication and tailoring HA metal composites. Consolidation at heghpérature and
pressure will be carried out with the aim to obtain HA compositesicking the biological
microstructure of dental enamel.
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Chapter 3

Experimental methods
3.1 Scanning Electron Microscopy and Electron Probe Microanalysis
3.1.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is used primarily for the studyidace topography of solids.
Information may be obtained by examination of both the natural suofamaterials and that
exposed by either fracture or sectioning. The SEM has a large ofefpeld, which allows a

large amount of sample to be in focus at one time. The resolution stamaing electron

microscope is about 3 nm, approximately two orders of magnittebtey than the optical
microscope and one order of magnitude less than the transmissobrorelenicroscope.

Preparation of samples for SEM investigation is relatively sase most SEMs only require
the sample to be conductive.

An electron beam passing through an evacuated column is focyssktibomagnetic lenses
onto the specimen surface. Fig. 6 shows schematically the mesttamt interaction
processes and their information volumes. The electrons emittedrdaéeaction of primary
electrons with specimen consist of elastic scattered anastieekcattered electrons. Elastic
scattering of primary electrons produces backscattered ele¢B&iS with a wide energy
spectrum ranging from 50 eV to the energy of incident primaggtins. During inelestic
scattering energy is transferred to the electrons surrounagngtdms and the kinetic energy
of the energetic electron involved decreases. This process inchdegroduction of
secondary electrons (SE), Auger electrons (AE) and photons .

Incident Beam

Primary Backscattered Electrons
Atomic Mumber and Topographical Information

X-rays
Through Thickness

Compesition [nformation ;
Cathodoluminescence

Electrical Information

Auger Electrons

Surface Sensitive
Compositional Information

Secondary Electrons
Topographical Information

sample —
Specimen Current

Electrical Information

Fig. 6 Schematic illustration of the interaction of primary electrons Wwétsample in SEM.

3.1.2 Electron Probe Microanalysis ( EPMA)

Electron probe microanalysis is used for determining elementgbasition and distribution
within a microvolume of material. Elemental detectability eigefrom B through U.
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Microprobe analysis is most commonly used in conjunction with SE&bimg and allow
analyses to be performed directly on the areas under electron dlesaervation. When
specimens are bombarded by a high energy electron beam chstiackeray fluorescence
radiation is produced (Fig. 6). By incorporating either energy dis@ersi wavelength
dispersive spectrometers directly into the instrument, it is lplestd obtain X-ray spectra
directly on the area as seen by the electron beam and to dedtiygaand quantitative
elemental data from a volume on the order ginf. Data can be obtained from an isolated
region of the sample (spot mode), along a preselected linear(tnae profiling) or from an
area (X-ray distribution mapping). Elemental sensitivity in miaobpr analysis is on the
order of 100 ppm for wavelength dispersive X-ray analysis and about 100Gop@mergy
dispersive X-ray analysis.

3. 2 Vibrational spectroscopy

Vibrational spectroscopy involves the use of electromagnetitatran to probe the

vibrational behaviour of molecular systems via an absorption or askgltering experiment.
The vibrational energy range of molecules and crystals is apprtedinbetween 0-5000 ¢m
! which corresponds to the infrared region of the electromagsegctrum. Infrared

spectroscopy (IR) studies the direct absorption of light by mt@ecvibrations. Raman
spectroscopy or Raman scattering studies the energy chaindpesincident laser light beam
due to the inelastic interaction between the incident light beahthee vibrational excitation.
Both, infrared and Raman techniques give rise to a vibrationalrspecbntaining a set of
absorption or scattering peaks as a function of energy. Individual jreake spectrum

correspond to energies of vibrational transitions within the samptetbe frequencies of its
vibrational modes. Vibrational spectroscopy has been qualitativelyg@anatitatively applied

to analyse the structural or molecular group or phase in a samgleemistry, physics,

mineralogy and many other scientific branches.

3.2.1 Origins of infrared and Raman spectroscopy
In infrared absorption experiment, infrared radiation with an intemhsiand frequencyy is
passed through a sample and the intensity of the transmitted igghteasured as a function

of its frequency. Absorption of light &E = hv occurs at frequencies corresponding to the
energies of vibrational transitions. According to Beer-Lambert law:

| = g™ (3.1)

Here,lo andl denote the intensities of the incident and transmitted beampgcteely, € is
the molecular absorption coefficient, and c and d are the conemtod the sample and the
cell length, respectively (Fig. 7). In IR spectroscopy, both thesptage transmissiod ) or
absorbanceA) are usually plotted versus wave number. The definitiofisanidA are:

T (%) = /1o x100 (3.2)

and A=logly/l = &d (3.3)
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For quantitative analysis, the absorbance should be used.

The origin of Raman spectra is markedly different from thatRofspectra. In a Raman
experiment, the sample is irradiated by a monochromaticbhasen ¥o). Most of the incident
light exits from the sample without change, but a small fradéoound 1G of the incident
intensity) is inelastically scattered by atoms which canobserved in the direction
perpendicular to the incident beam (Fig. 7). The scattered lighistora (1) Rayleigh
scattering, strong and having the same frequency as the inkgtgriteam ¥o); (2) Raman
scattering, very weak{10°-10° of the intensity of the incident laser beam) and having
frequencies\(p £ Vi) , Wherevy, is a vibrational frequency of a molecule. The v, andvg

+ v, lines are called the Stockes and anti-Stockes lines, resggciThus the Raman lines
appear as weak peaks shifted in frequency from the Rayleigh line.

IR —»| Sample >
lo(Vo) | (Vo)

V
Raman ———| Sample
Laser

Anti-Stockes
Vo + Vm Stockes

v Vo -Vm
Rayleigh

Vo

Fig.7 Differences in mechanism of infrared and Raman spectroscopy.

3.2.2 Vibrational theory of molecules and crystals
Classical mechanical model

The model of vibrations of molecules and crystals is well estadydi [McMillan, 1988]. In
this model, nuclei and the interatomic interactions are treaqubimt masses and springs.
The atomic vibration about their equilibrium positions is described rmsteof classical
Newtonian mechanics. The vibrational motion is harmonic in time bedhasestoring force
is directly proportional to displacement. Vibration corresponding tpadicular atomic
displacement patterns (normal modes of vibrations) can be iderftibiedthe solutions of
motion equations.
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Quantum mechanical models

This advanced model describes not only the basic features ofiaiatamotion but also
explains why vibrational spectra are line spectra rather tbatinaous absorptions and the
interaction of vibrations with light. This model is based on the Schoexkngave equation
which is constructed in terms of the vibrational displacement codedirgeand an potential
energy function V(j. A set of vibrational wave functioW; resolved from the partial
differential equations in the vibrational wave equation describet af syibrational normal
mode, and a set of quantized energy. In a vibrational spectrosc@adne&nt, a transition
between vibrational levels with quantum numbegrandv; is excited, and light is absorbed or
emitted with an energy corresponding to the separations between the levels.

Crystal lattice vibration

The number of vibrational modes observed for a molecule is equal toaBN3N-5 for a
linear molecule) determined by the number of degrees of vibratimedom. In the case of
crystal, N is very large, but most of the modes are not olservénfrared and Raman
spectroscopy. The reason for this is the translational symrokthe atoms in the crystal.
Crystal lattice vibrations occur in the form of displacemenvesatravelling through the
crystal. These lattice waves can be described longitudinatpsverse depending on the
nuclear displacements which are parallel or perpendicular to the wave propagaction.

The displacements of nuclei give rise to an oscillating dipolewdth the frequency equal
to the oscillation frequency of individual atoms about their equilibriumitipns and
wavelength defined by that of the associated lattice vibrafloiy the wave length of lattice

vibrations is comparable to that of incident light (approximatedj08-5x10° A in IR, and

usually 10° -10% A in Raman spectra), when an interaction of lattice vibratioh initident
light takes place. In these long wavelength lattice vibratidres vibrations within adjacent
unit cells are essentially in phase, so the number of vibrationalswddeh may be observed
in IR or Raman spectroscopy is equal to 3N-3, where N isntimber of atoms in the
primitive unit cell. These 3N-3 vibrations are termed the optic motles three acoustic
branches are responsible for the propagation of sound waves through the lattice.

3.2.3 Selection rules for infrared and Raman spectra

Some vibrational modes of a molecule or a crystal are IRiveaand not Raman-active or
vice versa, and some modes are not observable at all. To detern@tieemthe vibration is
active in the IR and Raman spectra the selection rules mupphbedato each normal mode.
Since the origins of IR and Raman spectra are different, tleécton rules are also
distinctively different. In the simple model, the selection rute® be retionalized by
considering the interaction between the oscillating electi ¥iector of the light beam and a
changing molecular dipole moment associated with the vibrationordicg to quantum
mechanics, a vibration is IR-active if the dipole moment is abédnduring the direct
interaction of light beam with an oscillating molecular dipole. Imegal, asymmetric
vibrations tend to give stronger infrared absorption than symmetreesp&imilarly highly
polar molecules and crystals have stronger infrared spectra than non-pgéessa

In Raman scattering, the light beam induces an instantaneous dipoientiin molecule by
deforming its electronic wave function. For a vibration is Ramaineif the polarizability is
changed during vibration. In general, molecules containing easily zaidéiatoms (such as
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I, S, Ti) have very strong Raman spectra, while similar matscwith less polarizable atoms
(Si, C, O) have weaker spectra. Most symmetric modes tend tathgvstrongest Raman
signals as these are associated with the largest changes in poltyizabili

For more complicated molecules and crystals, IR and Ramatitiastiof vibrational modes
can be simplified by use of the molecular or unit cell symynetnd the method of group
theory.

3.2.4 Comparison of infrared and Raman spectroscopy

Although IR and Raman spectroscopies are similar in that both techniopowide
information on vibrational frequencies. There are many advantagesdiaadvantages
inherent to each spectroscopic technique.

(1) Some vibrations are inherently weak in IR and strong in Rapecira. Vibrations
are generally strong in Raman if the bond is covalent and smafyif the bond is
ionic.

(2) Depolarisation ratios measured using Raman provide religfolenation about the
symmetry of a normal vibration which is difficult to obtain by IR.

(3) Laser source of Raman spectroscopy can focus on a spot arponddmpared to
20um of IR light source, this is a great advantage for small quantity of samples.

(4) Water is a weaker Raman scatterer and stronger IR abs&aman is ideal for
studies of biological compounds in solutions.

(5) In Raman spectroscopy, the region from 4000-50 can be covered by a single
recording while in IR grating, beam splitter and detector musthb@ged to cover
the same region.

(6) Local heating or photo decomposition may be caused by high paseerstaurce in
Raman spectroscopy and fluorescence occurs in some samplesriabened by
the laser beam.

It should be noted that vibrational spectroscopy is unique in thaappiscable to solid sate,
gaseous state and solution. Combination of IR and Raman can providéenfaoretion of
molecular structures in the sample than other techniques whicHyustegrates on larger
time and length scales.

3.3 X-Ray Analysis
3.3.1 X-ray Powder Diffraction

X-ray powder diffraction (XRD) is used to obtain information abohbé tstructure,
composition and state of polycrystalline materials. The sampjeomaowders, solids, films.
If a monochromatic X-ray beam is directed at a crystallim&terial one can observes
reflection or diffraction of the X-rays at various angleshwéspect to the primary beam. The
well known Bragg equation describes the relationship between thelemgth of the X-ray
beam,A, the angle of the diffractior26, and the distance between each set of atomic planes
of the crystal latticedl.

nA=2dsiné (3.4)

where n represents the order of diffraction. From this equation gglartnar distance of the
crystalline material can be calculated. The interplannar mgscdepend solely on the
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dimension of the crystal’s unit cell while the intensitieshef diffracted rays are a function of
the placement of the atoms in the unit cell.

The X-ray diffraction pattern of a crystalline phase is uniqueuAknown phase is identified
by comparing the interplannar spacings and intensities of its pgattern to the patterns in
the powder diffraction file. In addition to identify the compounds in a povatelysis of the

diffraction pattern is also used to determine crystalline, gtze degree of crystallinity of
materials being studied. There are also some specific use odepd®RD, e.g., the study of
order-disorder transition using low and high temperature diffraeivygnthe determination of
precise crystallograhphic lattice constants; structure deteionray Rietveld refinement of a
whole powder pattern.

3.3.2 X-ray Fluorescence Spectroscopy

X-ray fluorescence spectroscopy (XRF) is none destructive mettiodhe analytical
determination of elements (both qualitative and quantitative). The t&&ttique is based on
the principle that if an atom is bombarded with highly energetic phosonse of its electrons
are ejected. As other electrons fill the energy levels vacated bjettieceelectrons, they emit
quanta of radiation characteristic of that particular atom. tifsnce, each element has its
own set of characteristic emission or X-ray fluorescence lines.

The advantage of using synchrotron radiation sources in XRF ig tmattains the entire X-
ray spectrum. The search for trace elements using synchrotliatioa makes the process up
to 1000 times more sensitive than the usual methods of elementgsisin&urthermore,
fluorescence analysis with synchrotron radiation is not limibetthé examination of surface,
it can also focus on a point less than 1 micrometer in diameteriduodi areas of the sample
can be analysed separately.

3.4 Measurements of mechanical properties
3.4.1 Microhardness

Microhardness testing is a common test method for determinirgyiaidtardness of a variety
of materials. The microindentation test is a reliable, provenafaletermining the hardness
of small precision parts, thin material or wire, coatings, andopemg case depth
determinations. There are two different indenters commonly usedtéondiee materials
hardness, i.e. Knoop indenter and Vickers indenter. The indenter used in tsbop a
rhombic-based pyramidal diamond that produces an elongated diamond siugpediinoop
tests are mainly done at test forces from 10 g to 1000 g. The Keebprocedure can be
found in ASTM E384. The Vickers (Hl test is also known as the Diamond Pyramid
Hardness (DPH) test. The Vickers test has two distinct feneges, micro (10 g to 1000 g)
and macro (1 kg to 100 kg), to cover all testing requirements. Theténdsrthe same for
both ranges therefore Vickers hardness values are continuousi@vetal range of hardness
for metals (typically K100 to Hvio00). With the exception of test forces below 200 g, Vickers
values are generally considered test force independent. In othas,wdhe material tested is
uniform, the Vickers values will be the same if tested usinfCagbforce or a 50 kg force.
Hence, below 200g caution must be used when trying to compare results.

The Vickers test method are defined according the force ugbé standards ASTM E 384
for micro force ranges (10 g-1 kg), and ASTM E 92 for macro force ranges (1 kgyL00 k
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(1) The indenter is pressed into the sample surface by an accurately cbnéestlerce.
(2) The force is maintained for a specific dwell time, normally 10 — 15 seconds.

(3) After the dwell time is complete, the indenter is removediteg an indent in the
sample that appears square shaped on the surface.

(4) The size of the indent is determined optically by meagutie two diagonals of the
square indent.

(5) The Vickers hardness number is a function of the test foragedidy the surface area
of the indent. The average of the two diagonals is used in the iiogdarmula to
calculate the Vickers hardness.

Hv = F/2a? (3.5)

WhereHyv is the microhardness; is the load an@a the length of indent diagonal (Fig. 8)

3.4.2 Fracture toughness

Fracture toughness is an important engineering characteofstgnlid materials. It is a
measure of the degree of resistance of a material when aitatdl, to its sudden catastrophic
failure through crack propagation. The fracture toughness deteloninatith Vickers
hardness indentation was proposed by Evans and Charles [Evans and, C8@€@kand later
extended and modified by others [e. g. Anstis et al, 1981]. With thikochéhe fracture
toughness is calculated from the length of cracks which develop duiinckers indentation
test and can be measured optically at the specimen surfgc8. ifustrates the development
of Vickers indentation cracks. Below the Vickers prymid a defoomatione develops (Fig.
8a). During loading and unloading two perpendicular cracks aretéuitistarting at the
deepest location of the deformation zone (Fig. 8b) and propagate to the specimen(Bigfac
8c). The final crack is nearly semicircular (Fig. 8d). Thack length at the surface (Fig. 8e)
is 2¢, the length of indentation diagorfz.

For materials with a relatively high toughness, e. g. WC-Ctemads, a different crack
system develops at not too high loads. Directly below the surface, radlaixsbedcks occur.
These cracks are called Palmqvist cracks. The length of theg¥at crackd is measured
from the ends of the impression diagonals (Fig. 8f). Theretereg + |.
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a)
deformation zone

crack initiation

crack extension
to surface

Fig. 8 The development of Vickers indentation cracks.

From theoretical considerations it follows that for the fracture toughness
Kic H a¥? (HIE)Y?(c/a) ¥ (3.6)

The hardnesdH is calculated from the indentation lodd and the diagonah of the
impression. The exponent f&'H was given in earlier investigations as 0.4. Different values
are proposed in the literature for the prefactor in (3.6). The bestragnt with experimental
data was found (Ansist et al. 1981) to be

Kic = 0.032H a'? (HIE)Y*(c/a) %%,  (3.7)
for the range of Palmquvist cracks (Niihara et al. 1982)

Kic =0.018 H a¥? (H/E)**(c/a-1) 2 , (3.8)
and for the half-penny shaped cracks:

Kic = 0.067H a? (H/E)**(c/a) ¥ . (3.9)

This relation contains the exponent 0.4 and would lead t&c values identical to those
resulting from (3.6) ifE/H = 1000. Due to the small difference in the exponents (0.1),
differences of less than 50% between the two relations are abt@minéhe more realistic
ration E/H = 20. According to Niihara et al., [1982], Palmqvist cracks appeat/&#o« 3.5.
Half-penny shaped cracks, to be evaluated with (3.6) and (3.9), agpeda £ 2.5. For
practical use, (3.7) is recommended, since it is fitted to an extensive set of teugiloes.

3.4.3 Flexural force and bending strength
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Bend testing measures the ductility of materials and provede®nvenient method for
characterizing the strength of the miniature components and speciiftee bending strength
IS measured in most cases with specimens of rectangularsgogon using 3-pint or 4-point
bending test. Three-point bending test is mostly preferred sincetanded region with
constant bending moment exists between the inner rollers. Dtagistis effects, the strength
values in four-bending are less than those in three-point bending. The bstndimgth in 3-
point bending test is computed from the Idad failure by:

o =3fs/2wh?

wheref is the load at failures is the span of the two suppdntandw is the height and width
of the cross-section of the specimen (Fig. 9). In this disgmridiowever, the specimen with
a dimensions of 4 mmx 1.2 mmx 0.5 mm was cut using a wire saw (Well-W. Ebner,
Switzerland) and measured with a universal test machine (Z2i&kZWIm, Germany),
because of the limited size of dental enamel and synthetic H&d lmsmaterials. A special
jig was built to fix the sample in a test equipment. The sp&nnsn. Fig. 9 shows the test
machine and a schematic illustration.

Fig. 9 Miniaturized 3-point bending test jig attached to a univaestl machine and a
schematic illustration of the 3-point bending test.

3. 5 High pressure and temperature compaction

The search for alternative superhard materials has stidtaib-pressure research for over
50 years [Brazhkin, et al. 2002]. The high-pressure science and techhal®gyogressed
with novel techniques and instrumentation which is now leading to develomasawials for
technological applications [McMillan, 2002]. Sintering at high pressume temperature is
particularly useful for nanocrystalline ceramics and metedoic composites. Recent studies
of high-pressure sintering of oxides [Costa et al. 1999], diamona:@iposites and metal-
ceramics [Ekimov et al. 2000] have successfully achieved nanosedanaterials without
excessive grain growth. This is in large part attributedhe short dwell time at high
temperatures. The reduced sintering time compare to sinteriagtaent pressure is also
benefit to control the reaction at the interface in composite system.

In this dissertation, high pressure and temperature densificaéisrcarried out at the High
Pressure Research Center (UNIPRESS), Polish Academyericgsi Warsaw, Poland. The
procedure of high pressure and temperature densification is described as follows:
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Dispersion of powder or powder mixture in hexane for 5 min with a ultrasonic bath.
Vacuum drying of the dispersed powders for 15 mins €60

The dried powder with a disk shape is pressed into a greemitbdy size ofd 5 x
~3 mm at 20 MPa under vacuum.

A precompacted green body is placed into the middle of a grdpb&eheater, the
remaining interior of the graphite heater is sealed with boramdai{BN) and

graphite disks. The high pressure and temperature cell was asdamhl toroidal-
type CaCQ chamber for high pressure compaction (Fig. 10a).

Consolidation at high pressure and temperature with a high mresslitemperature
equipment (Fig. 10b). A pressure is first applied to reach the desitee and then
the temperature was raised to the preset value by adjusting the heating power

gﬁ_\?&% Fig. 10 High pressure a
~ Pressure - temperature cell (a) and hi

pressure and temperat
equipment (b), and (c
: representative recorded |
_Power for heating ' of pressure and temperat
‘ during high pressure a
temperature compaction.

1

3 4 5 6 7 8 9
Time (min)

3.6 Cell culture

Biocompatibility is one of the main tasks in biomaterials ne$eand has been defined as
"The ability of a material to perform with an appropriate hagponse in a specific
application" (Williams, 1987). The tissue reactions to implantedmatgeccur in a series of

32



Chapter 3 Experimental methods

numerous and complex responses which often take place over many moveng sensitive
method for testing the unwanted toxicity of biomaterials and tfegjradation products is the
assessment of in vitro toxicity. In vitro cell culture methods hheeadvantage of relatively
well-controlled variables and are generally accepted as a \iéegtiee method for
biocompatibility testing. Their sensitivity is equal to or evesager than that of in vivo tests
and are carried out as follows.

Osteoblasts were isolated by sequential trypsin-collagetigsstion on calvaria of neonatal
(< 48 h old) Sprague-Dawley rats. In short, the calvaria wereeskaisder aseptic conditions
and kept in ice cold phosphate buffered saline (PBS). The fibrous lafythe periostea were
mechanically removed. The calvaria were then incubated with Duliseocwodified Eagle
medium (DMEM) for 2x 10 min at 37°C and rinsed % 5 min with PBS. To diminish
fibroblastic contamination and cell debris, the calvaria were preated for 20 min in
enzyme solution (18000 units/ml collagenase I, 0.125% trypsin, 0.004M EDTA and 0.02%
Dnase | at 37C) and discarded the supernatant. After continuous enzyme treatmego(
min) the third and fourth supernatants were centrifuged (10 min at 100®;r250 g). The
pellets were resuspended in DMEM containing 10 % fetal bovine s€RBS&) and
maintained in a 95 % humidity, 5 % G®alanced air incubator at 3. The phenotype and
function of the osteoblasts were characterized by the presérm&aline phophatase and
deposition of calcium phosphate mineral in vitro.

The disks were sterilized in water vapour and placed in 96-wélireuplates. 10Ql of the
osteoblast cell suspension with cell density of»*218° cells/ml was added into each well and
flooded with grow medium RPMI 1640 supplemented with 4% FCS. The culeoi@im was
changed every 2 or 3 days during culture. After 3 or 7 daysnddium was pipetted out
from the dishes, and the plates were fixed in glutaraldehyfimatd min. Dehydration was
carried out in ascending alcohol series of 50 %, 70 %, 96 % and 100 Bwaaentration
for 3 times with 10 min for each. Then the plates were imedera alcohol solutions
containing 33 %, 50 %, 67 % and 100 % HMDS, respectively, 3 anegch concentration
and 10 min for each time. After evaporated in air for 24h, the dieks goated with carbon
films and examined using SEM.
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Chapter 4

Microstructure, chemistry and thermal behaviour of dental
enamel

4.1 Introduction

A tooth consists of a crown and one or more roots. The out layer ofaive s enamel and

also the hardest organ produced in living organisms. The main paathag dentine which

is still a living tissue. The organic component of dentine is sindléone. Tooth roots are
covered by cementum, which has a bone-like structure and composition. pheapity is
situated inside the tooth, containing pure organic connective tissue including nerves and blood
vessels. Odontoblasts which are dentin forming cells are looate¢ke surface of the pulp.

Fig. 11 schematically illustrates the structural components of a molar tooth.

NORMAL TOOTH Enamel is a highly mineralised tissue (matured
dental enamel contains 96wt% mineral, 1wt%
water and 3wt% organic material) because it is
totally acellular and is produced as a result of
N both, the secretory and resorptive activity of
Dabdvecce ' | epithelial cells. Additionally, the enamel matrix
and nenves consists of unique matrix protein arising from
fumgingiva) | mesoderm or ectomesenchyme. As a dental
covering, enamel is highly adapted to withstand
the forces of mastication and to resist wear. The
Pl hydroxyapatite crystals in enamel are extremely
small, highly oriented and packed into rod-like
structures. The orientation of the enamel rods
Raat canal and the crystals within rod and inter-rod enamel
opening attie | makes it less brittle and provides it with a
certain degree of flexibility, enabling it to
withstand shearing forces.

Enamel

Dentine

Croawn

Meck

Bone

Raal

Cementum

Fig. 11 A schematic illustration of t
structural components of a molar tooth.

The forming of dental enamel, also called amelogenesis, devilopsgh the following
histological events [Piesco and Avery, 2002].

(1) Differentiation stage of amelogenesis
In this stage, a preameloblast differentiates to becomerat@gcameloblast and it also
polarizes. Intracellular changes involve a lengthening of thé pebliferation of

endoplastic reticulum, and redistribution of cellular organelles.

(2) Secretion stage of amelogenesis
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Secretory ameloblasts are polarised cells with a secretatyand a non-secretory end.
They migrate in an outward direction away from the DEJ andtseenamel. The initially
formed enamel is aprismatic.

(3) Postsecretory transitional stage of amelogenesis

The postsectretory transition stage occurs towards the end oéleseeretion. Following
the deposition of the majority of the enamel matrix, ameloblesteme shorter and many
of the ameloblasts die.

(4) Maturation stage of amelogenesis

During this process of maturation enamel becomes fully minedaliSee organic and
water content of enamel becomes reduced and the inorganic componeasasciThis
process is first recognized by the formation of a ruffled apiorder in ameloblasts.
Ameloblasts have been found during this stage a reversible chang# actovity and
morphology, also called modulation.

The morphologic alterations occurred in the cells of the enargah and the enamel matrix
itself reflect changes in cell function. These alteratiteesd to different molecular and
biochemical events. During amelogenesis, ameloblasts sessegzal classes of matrix
proteins and enzymes. The enamel-specific proteins and celtilaitias of ameloblasts
during maturation are central to the development of this mineralised tissue, hateestact
role of these proteins in crystal nucleation, crystal orientatiystal growth and maturation
is not fully understood. Amelogenins as a class protein predominantly cedhpbgnamel
matrix proteins (about 80% of young enamel matrix). Ameloginins tongahigh levels of
the amino acids (proline, glutamine, histidine and leucine) are abnleydrophobic proteins
with a hydrophilic sequence at their carboxyl terminal (aniorit)solution, amelogenins
tend to aggregation and form enamel nanospheres of 20 nm in dia(kégers2). The non-
ameloginins matrix proteins are tuftelin, sheathlin and enamelinmé@&ira is an acidic,
phosphorylated and glycosolated protein. Its phosphorylated nature andaicctimhulation
near the growing ends of crystals suggests that enamelimplanag role in crystal growth or
nucleation. In developing enamel, amelogenin nanospheres electrostadiiadire to the
developing enamel crystals. The initially thin hexagonal shaffeeadrystals is maintained by
adherent amelogenin nanospheres to allow the preferential depasditnineral at the end of
crystal leading to the crystal growth along c-axis. Growthydfdxyapatite crystals in width
and thickness is prevented or controlled by the presence of amelogeringerhaps
enamelins on these surfaces.

Mature enamel is appropriate for its primary function, to enatalstication and protect the
underlying dentin and pulp. Because of the highly mineralised enéneeluld be assumed
that enamel is extremely brittle and easily fracture becatithe brittleness and weakness of
hydroxyapatite, however, the catastrophic mechanical failure ofldamanel rarely occurs
during the whole life. The functional success of dental enametrisuted to its unique
microstructure. In this chapter the microstructure and chemddtrgiental enamel were
investigated in order to get detailed information for design anélolement of synthetic
materials by mimicking its microstructure. The thermahdwour of dental enamel apatite
was also studied using IR spectroscopy.
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Fig. 12 The proposed role of amelogenins in enamel mineralisation.

Amelogenins are synthesized by the ameloblasts and secreted extricellula
Amelogenin monomers assemble to generate 20 nm nanospheres with
hydrophilic carboxy terminals externalised

Anionic nanospheres initially interact electrostaticallyhwibe crystal faces
parallel to the c-axis, preventing crystal-crystal fusions actthg as 20 nm
spacers. Enamelysin (proteinase 1) processes the exposed darbuxgls and
progressively reduces their anionic character. Hydrophobic nanospheres
assemble and stabilize the matrix containing the initial alites, which
continue to grow by ion accretion at their exposed ends.

Enamel serine protease action degrades the hydrophobic nanospheres
(amelogenins), generating smaller amelogenin fragmentslofyer@n fragments

and other peptide fragments are resorbed by ameloblasts.

Removal of amelogenin nanospheres from the crystal leaves tfazesur
unprotected. This allows the crystals to grow in thickness, interlock, and possibly
fuse.

4.2 Materials and methods

4.2.1 Sample preparation

Bovine incisors or human premolars without caries were used isttldg. The human teeth
were extracted due to orthodontic reasons. Thin sections of enaneetwtersing a diamond
saw and then polished. Enamel powders were ground in an agate mdrtacetitne to avoid

4.2.2 Microstructure investigation and chemical analysis

For SEM investigation, the polished surface was etched in 37 % phosabidrior 60s prior
to be coated with gold or carbon films.

Elemental distributions of dental enamel was measured using atroelemicroprobe
(CAMECA SX100) on a polished surface. Trace elements in human davdaiel were
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detected using a microscopic synchrotron radiation X-ray fluanescanalysis technique at
HASYLAB, DESY.

4.2.3 Infrared spectroscopy

For measurements in the region 150 to 650" @hlow temperatures, a conventional far-
infrared (FIR) pellet technique [Zhang et al. 1996] was employad. powdered samples
were thoroughly mixed with polyethylene (the sample matrixghteratio was 1:50).
Approximately 100 mg of the mixture was pressed into disc-liketsadf 13 mm diameter at
room temperature under vacuum.

For in situ mid-infrared (MIR) measurements in the region fa&0 to 5000 cih at high
temperatures, a thin section of enamel perpendicular to the tootharakia thin section of
fluorapatite parallel to its ¢ axis were used, respectivdig. thin-sectioned sample was more
suitable for recording spectra of hydrous species in mineralr ungle temperatures as the
interfering effects of absorbed water in alkali halide dis& any potential reaction between
the sample and media on heating could be avoided. Both thin sections hakinasthiof
about 10Qum.

Dental enamel powders were also annealed form 300 to 1173 K foreHechatemperature,
the annealed powder were mixed with KBr to prepare a pellet wadeum (the sample
matrix weight ration was 1:200). MIR spectra were recordedbatn temperature under
vacuum (Bruker IFR113v).

For IR reflectance spectra, a polished surface was used tal igpectra between 400-2000
cmitwith an infrared microscope (EQINOX 55, Bruker).

4.3 Results and Discussion

4.3.1 Microstructure and chemistry of dental enamel

Microstructure of dental enamel

Fig 13 shows an optical micrograph of dental enamel. The enamel exdsl iowards the
enamel surface are clearly seen. The enamel rods reptiesenineralised trails taken by the
ameloblasts during amelogenesis. The path taken by ameloblasty elabioration of enamel
is not straight [Piesco and Simmelink 2002]. SEM micrograph (E4g.demonstrates the
different orientation of groups of enamel rods cut longitudinally andseestionally. Shifts
in rod orientation is also known as Hunter-Schreger bands observedeicta@flight. The
decussation of enamel rod groups make it more resistant to fratitirg the stress of
mastication. Fig. 15a shows the enamel rods almost paraliedipged in a group. The
diameter of each enamel rod is about 5 microns. At high magioficaghe orientation of
individual crystallites in enamel rod is shown in Fig. 15b. Each enhewdeis bundles of
crystallites with a diameter of several tens nm. A groumefreel rod cut cross-sectionally is
shown in Fig. 15c. Enamel inter-rods are revealed after admihgtto form a network to
surround enamel rod. The inter-rod network plays an important roletémueation of the
mechanical properties of dental enamel. From the above investigatiocammenclude that
dental enamel is hierarchically organised from nano-scale tm+sdale. On a micro-scale
level, enamel is characterised by a inter-rod network surrourdiagnel rods to produce the
so-called honey comb appearance.
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Chemistry of dental enamel

Dental enamel is an organic and inorganic composites. The inorgamcamis known as a
substituted hydroxyapatite. Several models of enamel apatite unit fornvelddéen proposed
based on the available chemical analysis [Elliott,1997], for example,

Cas.856M00.08dN80.20K 0.01dPOs)5.312 (HPO4) 280 (CO3)0.407 (OH)0.70LN0.070d CO3)0.050

However, elements in dental enamel are not rather homogeneoushutkst Compositional
variations across human dental enamel analyzed using electron noli@@ye shown in Fig.
16. It has been previously shown that the major inorganic compounds of huottaeramel
were calcium, phosphate, carbonate, magnesium and sodium [Bodart ¥184]. Our
analysis is consistent with the other’s results [e. g. Cwal.eRP002 ]. The concentration of
CaO and KOs increased on moving from the DEJ to the surface of enamel. Mg©, and
K,0 displayed an opposite trend with an increase on moving from the estiofaards the
DEJ. The concentration of Cl was found to be 0.6wt% near the swhaleeit decreased near
the DEJ. The results indicate that the outer part of dentaletnammore mineralised. This is
confirmed by the spatial variation of IR spectra recordediftdrent areas in dental enamel
using an IR microscope (Fig. 17 ). The mineral content monitored bgxbiéations of
phosphate groups decreased from the surface to the DEJ. The &uegtansity ratio of
carbonate groups between 1178 and 14808 tnphosphate groups between 900 and 1200
cmi’ reflects the total concentration of carbonate ions in dental ena@imeltotal amount of
carbonate ions in dental enamel increased on moving from the susfdbe DEJ. The
relative amount of A type carbonate ions (substitute for)Q@él B type carbonate ions
(substitute for PG)") indicates much more A type substitution near the surface anemgBea
type substitution in the inner parts of enamel [Shi et al., 2002 and 2003a].
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enam(cja S gww;]g enamzla' ][( different orientation of groups of enar
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Fig. 15 SEM micrographs of sectioned enamel rods: (ajtlatigally cu
enamel rods parallelly arranged, (b) crystallites organisatitthin ar
enamel rod and (c) crosgctionally cut enamel rods showing a netwol

enamel inter-rod.
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Fig. 17 Spatial variation of IR reflectance spectra (b) oneakin the different areas of dental
enamel shown in (a). (c) IR reflectance spectra of theadixis of carbonate groups in
enamel apatite; (d) the distribution of total carbonate groups asaidn of measured
position; (e) Relative intensity of A type and B type carboimaenamel apatite. Spot size of
IR light source was ca. 1Q0n.

Trace elements of Sr, Zn, Cu and Ni were identified in dentahehasing SRXRF. The
spectra at the point near enamel surface, in the middle and n&f rere shown in Fig. 18.
The higher concentration of the trace elements near the emsanf@te suggests that they
might be incorporated from daily foods and drinks after tooth eruption.

Fig. 19 shows the distribution of the residual proteins in dental endimelCa (inorganic)
peak corresponds to a C (organic) valley suggesting that the orgamponent is mainly
distributed between enamel rods, i.e. in enamel inter-rods. The higitent of organic in
inter-rod makes it more fracture resistant as a organic-intrg@mposite. As shown in the
microstructure (Fig. 15c), enamel inter-rods form a continuous networkusding enamel
rods. The composition of the inter-rod and its network can account forathehat the
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fracture toughness measured across the enamel rod is appebxitnames of that measured
along enamel rods [White et al., 2001; Xu et al., 1998]. The tough natuhe aiter-rod
network is a key factor of the limited crack growth across the rod.
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Fig. 19 The distribution of residt
proteins in dental enamelompared t
mineral distribution showing that mc
organic components are located
enamel interods. Note Ca and C sign
represent the mineral phase and
organic phase, respectively.

Fig. 18 SRXRF spectra ofdenta
enamel measured near the surface
in the middle (b) and near the DEJ
showing Sr, Cu, Zn and Ni tre
elements, their concentration are hig
near the dental enamel surface.

Implication of the investigation on the composition and microstruatidental enamel to
design and development of biomaterials is that a tough component caidée into the
synthetic materials to form a composite. Presently meitafloreed HA biomaterials are far
from the clinical use in load bearing conditions. One reason igh@dtacture toughness of
conventionally fabricated HA-metal composites is not high enoughttstand stress under
high loading. If the reinforcement phase form a network in composgitds a similar
microstructure to the inter-rod network in dental enamel, the meaigroperties of HA-
metal composites could be further improved.

4.3.2 Thermal behaviour of dental enamel apatite

Biogenic apatite is a calcium-deficient, nonstoichiometric nateand contains carbonate
ions in its structure [Eanes 1979; Elliott 1994]. Even the larggstallites in mammalian
dental enamel are too small for classical single-crystakcture determination. Up to now,
many compositional and structural details of biogenic apatite haveeen clarified due to
substitutions and vacancies in the structure [Elliot 1997; Hughes, d98D; Leventouri et
al., 2000; Wilson et al., 1999]. Comparison of its thermal behaviour withomdtallized
geological samples will help to clarify effects of impw#iand substitutions on its structural
disorder and stability behaviour. In situ infrared spectroscopic igegisins on dental enamel
and geologic apatite at low and high temperatures were perfornteddanto compare their
thermal evolution, especially in the spectroscopic regions of tieelanodes, P-O overtones
and hydrous species [Shi et al., 2003Db].

Lattice modes at low temperatures

42



Chapter 4 Microstructure, chemistry and thermal behaviour of dental enamel

FIR spectra of enamel apatite and a geologic apatite sgiptango, Mexico) measured
between 60 K and 300 K are shown in Fig. 20. The assignments of theslppedsing in the
spectra at 300 K and 60 K are summarized in Table 7. On going3@onK to 60 K an

increase in the band intensity, sharpness, and resolution is evidleatsipectra, especially in
those of the geologic apatite. Most of the bands undergo a sliffitbshigher frequencies on
cooling to 60 K.

a

b
PR EVLIN M\

180K

220K
140K

180K
100K

100K

MOK
60K

T T T T T T T T T T T T T d T
200 300 400 500 600 200 300 400 500 600

Wavenumbers (cm'1) Wavenumbers (cm™)

Absorbance (A. U.)
Absorbance (A. U.)

Fig. 20 Low-temperature spectra of the powdered sample in ampgbme disk between 150
and 650 cnt at various temperatures: (a) geologic apatite and (b) dental efdraajeologic

sample shows a stronger temperature dependence and many rtoceentaides can be
distinguished.

Table 7 Band assignments between 150 to 650am300 K and 60 K
Frequencies (ci

Dental enamel Geologic apatite Band assignment
300K 60K 300K 60K
185™ 188™ 183% 186™ Ca-PQ lattice mode
203% 203% 195™M 108™M Ca-PQ lattice mode
~231"W ~234"W 228° 231° Ca-PQ lattice mode
~2432q ~244’I‘ 243™ 246° Ca-PQ lattice mode
285° 290° 272° 278° Ca-PQ lattice mode
~307"" Ca-PQ lattice mode
319° 326° Ca-F
~345° 349° ~350% ~354% Ca-OH
~ 463" ~ 462" ~ 464" Vo POy
472" 473" 472" 473™ Vo POy
565"° 566"° 575%° 575%° v, PO
605"° 606"° 603%° 603%° Vs PO
~ 632" OH libration

vw: very weak, w: weak, m: medium, s: strong, vs: very strong.
*: Likely superimposition of bands around 272 and 29%tcm
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Bands of enamel apatite near 605 and 563 atr300 K, and bands of geologic apatite near
603 and 575 cihat 300 K respectively are assigned to components of the triplypelegey,
O-P-0 internal bending mode. The doubly degenerate-P-O bending mode in spectra of
both samples appears at 472 cat 300 K and splits at 60 K into an excitation near 473 cm
and a weak shoulder at around 463*crh very weak librational mode of OH at about 632
cm™ can only be seen in spectra of enamel apatite recorded et tenvperatures. At least 8
lattice modes in the spectra of geologic apatite were dedaat 60 K whereas about 6 lattice
vibrations occur in enamel (see Table 7). The band near 349ncspectra of dental enamel
is ascribed to the G&H v; type stretching mode as previously reported in synthetic
hydroxyapatite at 343 chm[Fowler, 1974]. This band also occurs in geologic apatite but has
lower intensity. The stronger band near 326'dmFig. 20a has been assigned to thgEa
sublattice stretching mode [Fowler, 1974]. Approximately 2 % of F iepkced by OH ions

in this geologic fluroapatite sample [Baumer et al., 1985] coutdwat for the different
intensities of the two sublattice bands in spectra of the geolagatite sample. The
substitution of OH ions by Cl ions would reduce the frequency ¢fGtastretching from 343
cm™ to a lower value, likely around 291 &nas observed in chlorapatite [Levitt et al., 1970].
No corresponding GeCl sublattice band near 291¢mvas recorded in the geologic apatite
sample. A broad band centered around 290 bas its strongest intensity in the lattice mode
region of enamel apatite. Contributions from thg-Clvs-type stretching to this broad band
overlapped with a Ca-PQattice band around 280 ¢htan not be excluded, as the Cl content
of enamel was found to be 0.6% near the surface (Fig. 16), stmilahich reported to be
about 0.4 wt% of the ash content of the whole enamel [Weatherell and Robinson, 1973].

Bands near 186, 198, 231, 246, and 278 amd a faint shoulder around 307 tin the low-
temperature spectra of geologic apatite between 150-40(iqn 20a), the bands located at
188, 203, 234, and 244 &mand a vibration centred near 290 tim enamel apatite are
ascribed to Ca-PQlattice modes. The total number of the observed lattice modes in our
spectra of enamel apatite or geologic apatite is lessttiat predicted by & factor group
analysis [Fowler, 1974]. Hence, several bands are expected to bgeobaérfrequencies
below 150 crit.

Significant spectral variations between enamel and geologiteapee the different spectral
features between 150 and 4007c(frigs. 20 a and b). The biogenic apatite shows IR signals
much broader than those in its geologic analogue. This variation lveulde to the different
crystallinity between the two samples. The intensity variabetween the samples could
possibly be associated with the differences of their chemical composkiovedla

IR absorption spectra at high temperatures

MIR spectra of dental enamel and geologic apatite in theres60-4500 ci at various
temperatures are shown in Fig. 21 for different temperatugesa800-760 K and 300-770
K). The spectra of both types show two groups of spectral é&sahetween 1900-2300 &m
and 2600-4000 cth respectively. The first group of bands is mainly due to P-O overimne
combinational modes [Klee 1969; Fowler 1974] while the latter can dignasl to hydrous
species in the apatite structure. In addition, a band around 1638ppears in the spectra of
both types and is ascribed to the H-O-H bending mode of water. Armthdmear 2344 ¢
in the spectra of the enamel sample at temperatures abo\ id5taused by the absorption
of CO,, which is a thermally decompostion product of carbonate ions anthisee in the
enamel structure [Dowker and Elliott 1983; Holcomb and Young 1980]. The dherm
behaviour of carbonate ions in apatite will be reported later.
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Fig. 21 In situ mid-infrared spectra of apatite samples betd860 and 4500 cmat various
temperatures: (a) dental enamel and (b) geologic apatite. Taupggof bands corresponding
to P-O overtones, combinational excitations, and hydrous specidsoare. SThe bands near
2344 cnt recorded from 450 K to 760 K in (a) are caused by the absorpti@©gfthe

decomposition product of carbonate ions in biological apatite retained in the structure.

Temperature dependence of the P-O overtone or combinational vibrations

Peak positions at 1993, 2075, and 2132'@nd the integrated intensity between 1900 and
2300 cnt of P-O overtone or combinational vibrations in the spectra of gecépgitite are
shown in Fig. 22 as a function of temperature. The peak positions @&t 2886, and 2084
cm™ and the integrated intensity between 1900 and 230bierthe spectra of dental enamel
are shown in Figure 23. All P-O overtones or combinational bands shoreadegy
frequencies with increasing temperature as displayed in Fiartd3a. This frequency shift
is mainly caused by thermally induced lattice expansion. The #heenolution of the
integrated intensity of dental enamel shows two different thkereygions, i.e., below and
above 600 K (Fig. 23b). Below 600 K, a linear variation occurs whereas &06v&, a
higher-order variation is present that is similar to the therbeflaviour observed in
crystalline geologic apatite (Fig. 22b).

The behaviour of the IR spectra of dental enamel suggests that aboke t&@0long-range
order of the system is improved, possibly related to the OH arrangement irxteelcaanels
of the apatite structure. This OH arrangement is correlaitbdthe release of water and the
reordering of OH groups in enamel apatite below 600 K.
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Fig. 22 Temperature dependencies of (a) peak positions and (b) the integratety iotEh€)
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Temperature dependence of hydrous species

The temperature evolution of the infrared spectra of geologidt@patween 2500 and 4000
cmi’ is shown in Fig. 24a for temperatures 300-770 K. All spectra slvovDH bands (3538
and 3487 cnt at 300 K) and a shift by ca. 2 ¢nto lower wavenumbers at 770 K. The two
OH stretching bands are ascribed to OH groups that are hydbogeled to fluoride ions (F-
HO-F) and to chloride ions (CI-HO), respectively [Dahm and Rist@39; Levitt and
Condrate 1970]. The height of the band near 3540 and the integrated intensity of OH
bands in the spectra of geologic apatite were plotted versus reorpe(Fig. 25). With
increasing temperature the height of the main OH band near 354Canththe plotted
integrated intensity decrease because of some loss of structural waia &oks.
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Fig. 24 Temperature evolution of hydrous species of geologictagaji and dental enamel
(b). The OH bands at 3487 and 3538'cim (a) show a weak shift to higher wavenumbers
and a decrease of intensity. The OH peaks at 3570 and 3498uparimposed on a water
band in (b) show an intensity increase between 300 K and 600 K. AdfifveK, their
intensities decrease and a new shoulder at 353%ppears as a high-temperature OH band.
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The thermal behaviour of spectra of dental enamel in the regiont@3MDO crit is shown
in Fig. 24b. The absorbance is characterised by OH bands at 357Grmn3498 ci
superimposed on a water band (Fig. 24b). The profiles of the watdrgbpadually change
with increasing temperature while the OH band absorbance at 86@0tcnt shows an
increase until 600 K and a decrease at higher temperature2@ey. Similar results were
observed in the spectra of powdered enamel after heat-tredthoécamb and Young 1980].
At temperatures above 600 K, the intensities of the two OH bawdsase, a new shoulder at
3533 cnt appears, and the intensity increases. The OH band at 357 assigned to the
non-hydrogen bonded OH stretching mode and the other at 3498scdue to the OH-CI
bond as previously reported for chlorapatite and dental enamel [Dykdslemid 971]. This
additional high-temperature OH band (3533'mmay be caused by the shift of OH ions from
their room-temperature positions to other locations during heating. eéfaat [1971] and
Reisner and Klee [1982] observed a similar effect in the high-tertyse spectra of synthetic
apatite. After cooling to room temperature, the spectra araakased by two sharpened,
intensity-increased OH vibrations near 3497 and 3570, amhich shows that the loss of
water due to annealing to 760 K is irreversible. The integratedsity, the centered position
of the feature of hydrous species between 2600 and 4000 am the absorbance of OH
bands near 3570 ¢has a function of temperature are displayed in Fig. 26. Although the
centered position of the feature containing complex hydrous specienalokave any real
meaning in physics, its shift reflects the modification of local atomic corsigpn on heating.
Two thermal regions with nearly linear behaviour are identifieHig. 26a. One corresponds
to a temperature range between 300 and 600 K. Spectra in this aeunpeegion show a
release of the adsorbed and part of the lattice water in vacancies of @B4). This loss of
water leads to the shift of the band-centre of the hydrous spedésher wavenumbers (Fig.
26b) and to the increase of the absorbance of structural OH ialdea®H sites (Fig. 26¢).
Holcomb and Young proposed [1980] that this phenomenon is caused by a reaction of
carbonate ions with water leading to OH ions in the channels ofpttéeastructure. The
other temperature region ranges from 600 K to 760 K, with avelatrapid decrease of the
integrated intensity during heating, This change indicatessa ¢f lattice water and OH
species as the absorbance of OH bands decreases. In thisatemepesnge, the enamel
apatite shows a similar thermal evolution to geologic apatite above 300 K (Fig. 25b)

The thermal response of hydrous species in dental enamel agefiewith that of P-O
overtones as described above (Fig. 23b). Both species show changes tentiperature
dependence near 600 K, which indicates some modification of thetustéruat this
temperature. Above 600 K dental enamel shows a similar thermalibah to that of
geologic apatite above 300 K and it is expected that at thizetaure dental enamel apatite
becomes ordered after rearrangement of OH groups and mdsgtifigkides decomposing
and positioning of carbonate ions in the channels of its structure tdinecaearrangement is
basically due to the gradual release of water and to the secneastructural OH species on
heating at temperatures below 600 K. The contraction of the diax@émsion observed using
XRD after heating enamel powder up to 400[Le Geros 1978] and 30 [Holcomb and
Young 1980] is in agreement with our analysis of the structural changghough
decomposition of mature dental enamel powder into whitlockite (thcalphosphate, TCP)
has been reported by Mayer et al. [1990] after heat treatmB@02C for more than 17 h, no
non-apatitic phase in the samples during in situ IR measurenoemt3@0 K to 770 K was
formed. Using IR and XRD we analysed the enamel powdersakthdor 1 h in a
temperature range from 300 K to 1193 K at intervals of°@@Results show that no TCP and
other non-apatitic phase were detected till 973 K under the anneahiddion comparable to
our in situ IR measurements. However, the formation of oxygen anidghs amion channels
due to the release of.,8 from hydroxyl groupsan not be excluded. In the electron
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paramagnetic resonance spectrum of the enamel powder head-taea0FC, Sadlo et al.
[1998] found that the Tradical is located at the hydroxyl site with a vacancy omd#sgest
hydroxyl site. The interaction of oxide ions with neighbouring OH gragesd account for
the high temperature bands at 3533'@men at temperature above 600 K.
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Infrared absorption data of dental enamel powder recorded wiBr pdlet method between
400 and 2500 cthat temperature range from 300 K to 1173 K are plotted in Fig. 27IRThe
spectra show four groups of separated spectral features whidbcated in the regions of
450-700 crit, 800-1200 cm, 1350-1850 cim and 2200-2500 ci respectively. The first
two regions mainly display the absorption of phosphate groups; the thgidnr is
characterised by the absorption of carbonate groups in enamitt.aplae weak bands in the
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region from 2200 to 2500 cmwhich appear in some spectra are attributed to the thermal
decomposition products from organic and carbonate ions in dental enammalsBeof the
different physical nature of the bands in the four regions, theidatdéferent groups were
analysed separately. The infrared band positions and their assignméhe spectra recorded

at temperatures 300 K, 473 K, 723 K, 973K and 1173 K are summarised inSTizdded on
previous studies [Dowker and Elliott, 1983; Flower, 1974; Koutsopoulos, 2002].
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Fig. 27 IR spectra of dental enamel powders heat-treatedt from 300 K t
1173 K. The insert shows the and vz vibrational modes of phosph
excitations at temperatures above 873 K. Absorption bands & @ ar
indicated by arrow
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Table 8 Band positions (in ¢hhand types of fundamental vibration modes of dental enamel
after heat treatment at 300, 473, 973 and 1073 K for 1 hour at each temperature.

Band position / cm

300 473K 723K 973K 1073K
K
471 470 471 472 472  Doubly degenerate O-P-@ bending mode
564 564 564 565 565
578 575 574 574
604 605 604 603 603 Triply degenerate O-P-Q, bending mode
632 633 633 634 OH liberation
872 872 872 873 B-type C-O bending mode
879 879 879 879 879 A-type C-O bending mode
947 Symetry P-O streching mode in TCP
960 960 958 960 962 Symetry P-O streching mode in apatite
982 983 Symmetry P-Qus stretching mode in TCP
1039 1039 1035 1034 Antisymmetry P-Qv; streching mode in apatite
1043 1046 1046 Antisymmetry P-Qus streching mode in apatite
1090 1090 1095 1089 1090 Antisymmetry P-Qus streching mode in apatite
1120 1122 Antisymmetry P-Qus streching mode in TCP
1412 1413 1414 1413 1412 B -type C-O stretching mode
1452 1452 1455 1455 1456  A-type C-O stretching mode
1472 1472 1472 1471 1469 B-type C-O stretching mode
1498 1499 1501 1501 1495  A-type C-O stretching mode
1547 1548 1550 1549 1551  A-type C-O stretching mode
1649 1650 1633 1629 1630 H-O-H bending mode & EHnd amide |
2200 2203 C-N-O
2344 2344 2342
2359

Vibrational mode

Triply degenerate O-P-@, bending mode

Antisymmetry C-O stretching in GO
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Spectral region: 400-700 ¢

The band at 474 cmis assigned to the doubly degenerst®-P-O bending mode; the bands
at 564, 578 and 604 ¢hrare assigned to triply degenerateO-P-O bending modes. An OH
librational band occurs at 633 ¢mAll bands in this region show an increase in relative
intensity on increasing temperature.

Thev, anti-symmetric bending mode has been used to measure thaliciygiof biological
apatite [Surovell and Stiner, 2001]. It has been shown that thet®itat 564 and 604 ¢

of bone mineral become increasingly separated or split astiryst increases [Surovell and
Stiner, 2001; Weiner and Bar-Yosef, 1990]. To evaluate the effectabftteatment on the
crystallinity of enamel apatite, the infrared splitting fac(tRSF) of heat-treated dental
enamel was calculated according to Weiner and Bar-Yosef [1§98Jraming the heights of

the 564 and 604 cmbands and dividing this value by the height of the trough between them
(Fig. 28a). As shown in Fig. 28Db, the IRSF increases on heating.
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Figure 28 (a) The infrared splitting factor (IRSF). All heights aresuesl
above a linear baseline drawn from approximately 440 to 750 @ IRSF
versus temperature for dental enamel, showing increasing crystadlitaty
heat-treatment.

Spectral region: 800-1350 €m

Two bands at 872 and 879 Crare absorptions of the O-C-O out of plan bending mode in
A-type and B-type carbonates, respectively [Rey et al., 1991]infeesity of the 872 cth
signal decreases while the intensity of the band at 879 iosreases with increasing
temperature, indicating the transformation of carbonate ions frogpd3into A-type. The
peak at 960 crhis assigned to the non-degenerated symmetric P-O stretchiteyvmof the
phosphate group in the apatite structure while the peaks at 1032, 1046 and T08fcm
attributed to triply degenerated asymmetric P-O stretchiodgsv; in apatite structure. New
bands at 945, 982 chmappearing at temperatures above 973 K correspond to the P-O
stretching modesv() of the phosphate groups in tBeTCP phase whereas the band near
1120 cni' is thevs asymmetric stretching mode of P-OBATCP [Koutsopoulos, 2002]. The
appearance dB-TCP bands at 973 K indicates the partial decomposition of enamékapat
into the-TCP structure.

Spectral region: 1350-1800 €m
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The curve fit of the line profiles in the spectral region 1350-1858 twnthe Lorentzian
functions revealed six bands as shown in Fig. 29a. The band near 1850 assigned to the
H-O-H bending mode of #D and probably includes the stretching mode of amide because the
band shifts to lower wavenumbers at higher temperatures [Sowa ams$chal994]; the
other five bands are due t@ asymmetric vibration modes of the O-C-O bond in A-type
carbonates (1452-1456, 1495-1500, 1547-155%)@nd B-type carbonate (1412-1414, 1469-
1472 cni). The shift of the band positions wf carbonate groups may be caused by changes
of the local structure and concentration of carbonate in dental enamel afteeaaent.

To minimise the effect of powder load in KBr pellets, changethefcarbonate content in
dental enamel are estimated from the integrated intengits raf carbonate to phosphate
groups as shown in Figs. 29b, ¢ and d. Integrated intensities wendatalcusing a linear
base line from the band at 1546 tror A-type carbonate ions and 1412 tifor B-type
carbonate ions respectively. The integrated intensities of¢atbnate ions and phosphate
ions were calculated using the absorbance near the 1350-16D0acmi 900-1300 crh
regions, respectively. The amount of A-type carbonate first decreases with increasing
temperature until 573 K and then increases to a maximum at 9t®ieatter it decreases
again. The amounts of the B-type carbonate and the total carbamate decrease
continuously on heating. At 973 K almost 50 % of the carbonate ionsreleesed from the
enamel apatite.

A: A-type carbonate ions
B: B-type carbonate ions

Fig. 29 (a) IR absorbance spect
of dental enamel between 1350
1850 cni fitted using six bands
Lorentzian  profile.  Integratt
intensity ratios of (b) Aype
‘ . . . . carbonate ions to phosphate i

T ey (c) B-type carbonate ions
phosphate ions, and (d) to
carbonate ions to phosphate ion
a function of temperature (from 2
to 1173 K). Integrated intensit
were calculated using a linear b
line from the band at 1546 ¢hfor
A-type carbonate ions and 1412°cm

for B-type cabonate ion
respectively. The integrat
intensities of total carbonate ic
and phosphate ions were calcul:
using the absorption from 1350
1600 cm® and from 900 to 13(
cmi’ regions, respectively.
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Spectral region: 2200-2500 €m

Figure 30a shows the absorbance of dental enamel in the spegiom of 2100-2500 cih

The band near 2200 ¢happearing between 673 and 1073 K is assigned to C-N-O groups
according to Dowker and Elliot [1983] indicating the oxidation of somrganic
contamination in dental enamel. Another absorption band near 234&asndetected in the
spectra of dental enamel heated at 473 K. This excitation desspbi@ the spectra of dental
enamel heated above 973 K and can be attributeglaiati-symmetric stretching of molecular
CO, commonly observed in silicate melts [Fine and Stolper, 1985]. Atiaaali shoulder at
2356 cm' was also observed in the spectra of dental enamel heated atd233&K. The
integrated intensity ratio of GQo the phosphate groups is shown in Fig. 30b.
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Fig. 30 (a) Infrared spectra of dental enamel between 2000 and 2500 cm
as a function of temperature. The absorbance bands of CNO anie@O
2200 cn* and 2344 cm respectively, indicate the incorporation of the
species into dental enamel. (b) Integrated intensity ratio of @O
phosphate ions as a function of temperature. The integrated intef

CO, and phosphate ions were calculated with a linear base line e

band at 2344 cthfor CO, and from 900-1300 crhfor phosphate ions.

Dental enamel is formed through a biomineralisation process iohwhe nucleation and
growth of apatite is determined by an organic protein matrix uplagsiological conditions
[Fincham et al., 2000]. Due to the small particle size, impuritied heterogeneities in
composition, the structure of enamel apatite is high disorderedsysarty along its c-axis
channels [Shi et al, 2003b; Young and Mackie, 1980]. A major modificatidnotdgical
apatite induced by thermal treatment is the change of thellitgst size, their perfection and
structural order, i.e. the crystallinity. The crystallinitybablogical apatite is characterised via
the line width at half maximum height of the (002) diffractiareli(see Fig. 31a and b) and
the splitting factor calculated from thg phosphate bending mode. An increase in IRSF from
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IR spectra corresponding to a reduced density of states broadBrsntayer, 2000] and a
decrease in the width of (002) diffraction peak in XRD patterns ateli@n increasing
crystallinity on increasing heating temperatures (Figs. 28b3.b). The librational band at
633 cm' of structural OH groups after heat-treatment changes dhadueam a weak
shoulder under 500 K to a well-developed peak after heating to 1173 K2BigThis
evolution of the line profile with heat-treatment suggests theepoces of a high OH
occupancy in the c-axis channels of enamel apatite structurevahable OH sites are likely
to correspond to the release of water and decomposition of carbonatgHatosmb and
Young, 1980; Shi et al. 2003b].

The transformation of enamel apatite (@ CP after heating for 18 hrs at 773 K has been
reported earlier in an investigation of the thermal behaviour of dewglog@nd mature
enamels [Mayer et al.,, 1990]. The present IR and XRD results dhmmwehamel apatite
begins to decompose iNBTCP at a temperatures near 973 K because diffraction pegks of
TCP in XRD and absorption bands wf andvs phosphate groups iB-TCP are detectable
after heat treatment at temperature above 973 K for 1 h. Compafison findings with the
decomposition data of dental enamel reported earlier suggests thattdwtransformation of
enamel apatite is a time dependent process. Heating enartite et a shorter time period
(<1h) can maintain the apatitic structure up to a higher temperganasd 973 K in this
study).

Another thermally induced structural change of dental enamel ideiterbonisation during
heating. One of the important observations in this study is theaiffehermal behaviour
between the A-type and B-type of g@@ns. As shown in Fig. 29b, the A-type ¢€@ns,
which are associated with the OH sites as described eahimwv a weak decrease below 573
K. With further increasing annealing temperature, the sigitabits a systematic increase up
to 973 K. However, the B-type G@ns exhibit a continuous decrease in intensity (Fig. 29c).
The results put forward some interesting questions regardingathiee of the sites and the
reactions, such as why the two types of;@@s behave so differently at high temperatures
and what happens at the atomic level?

The apparent intensity increase of A-types£®hown in Fig. 29b implies that significant
amounts of A-type C@ions incorporated into the structure of apatite during thermal
treatment. The observed change indicate that between the twaftyp€s ions the A-type is
structurally more preferable in the studied temperature regiomind high-temperature
annealing, thermally induced variations of local environments and dehydration probasdy
modifications of the local environments around the OH site, e *gar@ vacant OH sites
resulting from dehydroxylation. As a result, the {d@ns can be relatively easily “trapped”
into the A-type site (at this stage there is no knowledge on whettieange of the oxidation
state takes place during the high-temperature annealing in widghioBs act as charge
balances). In addition, the structural variations may eventuallyr [dveeenergy barriers and
make carbon-related species migrate along c axis or incorpotatthe site. Therefore, the
OH site becomes more favourable for{3@ns in the temperature region. We now discuss the
possible role of C@in the incorporation of the A-type G@ons. As shown in Fig. 30b, the
intensity of CQ band shows a dramatic increase between 473 K and 773 K and a dramatic
decrease thereafter. The decrease of €lgnal starting near 773 K is accompanied by the
increase of the A-type GGsignals (Fig. 29b). The coincidence of spectral changes of these
two different types of species implies that the incorporatioA-tfpe CQ species into the
crystal structure is at the expense of the, C@mponents. The results suggest that the CO
components could be the main original resources for the A-type carbonate increase
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Mature dental enamel contains about 1wt % protein as an organoaent. The oxidation

of organic component in dental enamel was found at around 623 K byenifé¢rthermal
analysis in a dynamic air atmosphere [Corcia and Moody, 1974]cdhld explain the band
which appears at 2200 €rin the IR spectra from 673-1073 K. The occurrence of this species
is associated with the burning of the protein at this temperednge and might also exclude
the possible contribution of organic oxidation to the,®@nd at lower temperatures.
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Fig. 31 (a) XRD patterns ofethital enamel powders after heat treatment for 1
different temperatures from 300 K to 1173 K. Diffraction peak{3-GiCP ar:
marked by arrows, other peaks corresponding to hydroxyapatiténébyvidth a
half maximum of reflection (002) as a function of temperature.

The chemical stability of dental enamel depends on its crgstatture, crystallinity (i. e.
crystallite size, perfection), and chemical composition. Wgttallized hydroxyapatite is
much more stable under physiological conditions fBarCP [Elliott, 2002]. The carbonate
substitution in hydroxyapatite lattice makes it susceptible tctebal acid-attack. The
structure of enamel apatite can be modified without formation ofsinediephases such fis
TCP by thermal treatment with a short heating time. The nsad#tructure with improved
crystallinity and less carbonate content is believed to be maldesthan the thermally
untreated one. The implication of this study in dentistry is thatdesired chemical and
structural modification of dental enamel can be obtained though dedttbkermal treatment
of dental hard tissue using laser irradiation.

4.3 Conclusions

From the investigation of the microstructure, chemistry andhéemial behaviour of dental
enamel. The following conclusions can be drawn:

(1) Dental enamel is a hierarchically organized and a chdypngradient material. Nanosized
apatite crystallites are approximately parallelly arragngeo enamel rods of about 5
microns in diameter. Enamel rods are organized into groups withottentation almost
perpendicular to each other. Two distinctively microstructural featof dental enamel
are a nanostructured material and a network of enamelrodsrwhich surround enamel
rods. These two microstructural features play an important raletermining its unique
mechanical properties. Compositional variation was found across dmraaiel. The
mineral content decreases from the surface to the dentine-ejugntigbn. Impurities in
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enamel apatite are not homogeneously distributed as well. Theioogatent is mainly
concentrated in the inter-rods.

(2) In situ IR spectroscopic analysis of dental enamel revealsifferent thermal regions
below and above 600 K. The thermal behavior in the region below 600 Kpmrossto
the loss of adsorbed and lattice water, and combined with an iearéasructural OH
groups. In the second thermal region (above 600 K), the simitdribe thermal response
of enamel and geologic apatite suggests the existence ofhly loiglered system in
enamel apatite. This may be explained by the former delgualraand atomic
rearrangements in the channels of enamel apatite below 600 K.

(3) Infrared spectroscopic study of carbonate groups in enanaiteapndicates the
transformation of carbonate groups from different sites and the @estion of
carbonate groups. The loss of B-type and A-type carbonate ions wageobat 373 K;
the amount of B-type carbonate ions and the total carbonate contezdsdeon heating
while the amount of A-type carbonate ions increases from 573 to 9&Bn€st 50 % of
the carbonate ions was released from dental enamel aftetréemtatent at 973 K for 1h.
The incorporation of C® and CNO species in dental enamel were found in the
temperature range 273-973 K and 673-1073 K respectively. The content afi @éhtal
enamel increases from 473 K to a maximum near 773 K and therdafierases. The
formation off3-tricalcium phosphate was found in samples heated above 973 K for 1h.
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Chapter 5

High pressure and temperature compaction of
nanostructured hydroxyapatite

5.1 Introduction

Nanostructured ceramics show enhanced mechanical properties, increased ductility and
superplasticity [Ahn et a., 2001; Uematsu et a., 1989; Mishraet al., 1996; Costaet a., 1999].
However, sintering of nanopowdersis a challenge due to grain coarsening and ultimate |oss of
the nanostructure [Ahn et al., 2001; Chen et al., 2000; Shen et al., 2001]. For hydroxyapatite
ceramics, densification typically requires high temperatures (> 1000 °C), which results in
grain growth and decomposition into undesired phases with poor mechanical and chemical
stability [Barralet et a., 2000; Suchanek and Y osimura, 1998]. Sintering at high pressure can
suppress diffusion and helps retaining grain size in the nanometer range. For example,
nanocrystalline y-Al,Os; ceramics produced at 4.5 GPa and a temperature up to 565 °C show
an improvement in hardness and density [Costa et a., 1999]; fully dense nanocomposites of
Zn-SiC, C-SIC were aso compacted with a high pressure infiltration method and are
characterized by a homogeneous microstructure from nanoscale to microscae [Gierlotka et
a., 2003]. The study reported in this chapter describes a method (1) to compact the nanosized
HA powders at high pressure and temperature and disclose under which conditions the
nanostructured HA ceramics can be produced; (2) to produce nanostructured HA ceramics as
a restorative material in dentistry to replace dental enamel. Therefore, the effect of
compaction pressures and temperatures on the microstructure were studied and the
mechanical properties were evaluated [Shi et al. 2003c and 20044 .

5.2 Materials and methods

In this study commercially available nanosized HA powders (Berkeley Advanced Biomaterial
Inc., San Leandro, CA 94577, USA) were used. The powder was first dispersed in hexane for
10 min and dried at 60 °C under vacuum. 100 mg of the dried powder was pressed into a @5
mm disk at 20 MPa under vacuum. The precompacted sample was assembled into a high
pressure and temperature cell, and then compacted at high pressures and temperatures. Broken
pieces of the compacted samples were investigated using SEM (Leo 1525) after coating with
acarbon film. The polished surface was used to measure the microhardness with aload of 100
g and a dwell time of 15 s using a Vickers indentation tester (Ernst Leitz GMBH, Wetzlar,
Germany). The fracture toughness of each indentation was derived from the developed crack
length during the Vickers indentation (see chapter 3). The phase composition and molecular
structure of the compacted HA samples were evaluated by powder X-ray diffractometry
(Philips Xpert ) and Fourier transform infrared spectroscopy (EQINOX 55, Bruker,
Germany).

5.3 Results and discussion
5.3.1 Characterization of powders

The SEM micrographs of the HA powders are shown in Fig. 32, and the nanosized HA
powders are agglomerated into micron sized particles. High magnification of the powders
shows that most of the spherical grains have a size of 20-50 nm. XRD pattern and IR spectra
of the powder indicate that this powder is a pure HA phase containing carbonate groups at
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both, PO, and OH sites. The absorption bands at 1420 cm™ and 1456 cm™ are ascribed to B-
type and A-type COs? groups respectively, as shown in Fig. 33. It is also observed from the
IR spectrum that the absorption at 1637 and 1701 cm™ are indicative of organic ligaments in
the apatite structure or more likely on the surface.

Fig. 32 SEM micrographs of nanosized HA powders showing the agglomeration into
microsized particles (a) and HA spherical particle size in the range of 20-50 nm (b).
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Fig. 33 IR spectra of nanosized HA powders (@), indicating a A, B -type carbonated
hydroxyapatite (b). The absorption bands at 1454 and 1420 cm™ are caused by carbonate
groups at OH and phosphate sites, respectively. The absorption bands at 1637 and 1701 cm™
are attributed to organic ligaments in the apatite structure or on the surface.
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Fig. 34 XRD patterns of nanosized HA powders, showing a pure HA phase with broadened
peaks.
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5.3.2 Physical appearance of the compacted HA ceramics

Table 9 lists the physical appearance of the compacted HA ceramics and their processing
parameters, i. e. pressures and temperatures. The appearance of compacted HA ceramics can
be transparent, translucent and opaque with dark black colour. The optical properties of
compacted HA ceramic are highly sensitive to compaction temperature. With increasing
compaction temperature at 2.5 GPa, the transparency of the compacted bodies is gradually
reduced. At 200 °C, the compacted HA ceramics at 2.5, 4.0 and 7.7 GPa are transparent or
translucent.

Table 9 Optical appearance and processing conditions of compacted nanosized HA ceramics
compared with dental enamel.

7.7/Room Tem.

Pressure Temperature Optical Physical

Sample (GPa)  (°C) appearance nature

HA 25 200 transducent crack

HA 25 350 light brown crack o

HA 25 500 dark brown crack ‘
HA 25 700 dark black crack ' ‘

HA 4.0 200 translucent crack : Dental Enarrel
HA 1.7 200 transparent crack

HA 7.7 roomtemp. translucent crack .
Enamel biological condition translucent psos0 205

5.3.3 Microstructure of compacted HA ceramics

The fracture morphology of the precompacted and sintered HA ceramics at high pressure and
temperature is shown in Fig. 35. Samples compacted at temperatures below 500 °C are
composed of nanosized clusters (less than 100 nm). However, crystal growth and the
elongation of HA grains along the c-axis are observed in the sample densified at 700 °C,
indicating a microstructure of micronsized crystals surrounded by nanosized grains (see Fig.
35i ). The grain growth might result in the reduction of the transmission of light through the
sample with increasing compaction temperature. When the grain size reaches a size
comparable to the wavelengths of visible light, grains of this size are most effective in
scattering light [Uematsu et al., 1989]. Another possible explanation of the optical nature is
the formation of scattering center by decomposition and/or loss of OH, carbonate and organic
groups of the HA matrix phase (see Fig. 39). Fig. 36 shows SEM micrographs of the HA
ceramics compacted at 200 °C, and pressures of 2.5 GPa, 4.0 GPa and 7.7 GPa, respectively.
The size of the HA crystals of the samples isin the nanosize range. Comparison of the crystal
sizeindicates that the increase of compaction pressure can constrain the gain growth.

XRD patterns of the compacted HA at 2.5 GPa and various temperatures are shown in Fig. 37.
At 2.5 GPa the diffraction peaks of HA ceramics are sharpened with an increase in
temperature. For example, the full width at half maximum (FWHM) of the (002) peak amost
linearly decreases with increasing temperature, indicating crystal perfection or crystal growth.
Fig. 38 shows XRD patterns of HA ceramics compacted at 200 °C and different pressures.
The broadening of diffraction peaks at higher pressures as shown by the FWHM of the (002)
peak confirms that with increasing the compaction pressure the crystal growth is restrained. It
has been reported that crystalline HA can become amorphous if treated at high pressures for
longer time[Vaidyaet al., 1997].
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Fig. 35 SEM micrographs of the fracture surfaces of nanosized HA ceramics before and after
compaction: (a) and (b) precompacted; (c) and (d) 200 °C 2.5 GPa; (€) and (f) 350 °C 2.5
GPa; (g) and (h) 500 °C 2.5 GPa (i) and (j) 700 °C 2.5 GPa. Note the crystal growth into
microsized grains in the sample compacted at 2.5 GPa and 700 °C.
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Fig. 36 SEM micrographs of the fracture surfaces of nanosized HA ceramics compacted at
200 °C: (a) and (b) 2.5GPa; (c) and (d) 4.0 GPg; (e) and (f) 7.7 GPa.
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Fig. 37 XRD patterns (a) of the compacted HA ceramics at 2.5 GPa and the full width at the
half maximum of the diffraction peak (002) as a function of temperature. The shape change of
the diffraction peaks indicates crystal growth and crystal perfection.
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Fig. 38 XRD patterns (a) of compacted HA ceramics at 200 °C and (b) the full width at half
maximum of the diffraction peak (002) as a function of pressure. Note the broadening of the
diffraction peaks at high pressure.

IR spectra of HA ceramics compacted at 2.5 GPa are shown in Fig. 39 as a function of
temperature. The detailed features of the regions 2400-4000 cm™, 1200-2000 cm*, 900-1200
cm™, and 400-700 cm™, respectively are shown. The bands in the range of 900-1200 cm™ and
400-700 cm™* are mainly assigned to the vibrations of phosphate groups in the HA structure
(for detailed assignments see chapter 4 ). The absorption band of water centered at ca. 3400
cm™ in Fig. 39b gradually decreases with the increase in compaction temperature, indicating
the loss of water while the absorption intensity of the OH stretching mode at 3572 cm™
increases with increasing temperature. The increase of the absorption intensity of the OH
libration at 632 cm™ (Fig. 39c) is much more pronounced than the OH stretching mode at
3572 cm™. The increase in the absorption intensity of OH bands indicates that more OH
groups are incorporated into the HA structure. This is consistent with the crystal perfection
and crystal growth observed by XRD and SEM. The absorption bands at 1420 and 1454 cm™
are assigned to carbonate groups at B sites and A sites, respectively. From the relative
intensity of these two bands shown in Fig. 39e, the transformation of carbonate groups from B
site to A site becomes obvious and is similar to dental enamel during heating (see chapter 4).
In addition, the total absorption of carbonate groups is gradually reduced on increasing
temperatures up to 500 °C while a sudden loss of carbonate groups was found near 700 °C.

IR spectra of the HA ceramics compacted at 200 °C and various pressures are shown in Fig.
40. Detailed features between 500-700 cm™ and 1200-2000 cm™ are shown as well. It can be
seen from Fig. 40 that the loss of water and carbonate groups is not obvious and that the low
intensity of OH absorption bands indicates the occupancy of OH sites is rather low. The
broadening of the bands at higher pressures, e. g. 7.7 GPa and 4.0 GPa, suggests alow atomic
order and is consistent with the XRD results.
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Chapter 5 HP and HT compaction of nanostructured HA

1.8
1.6
5 141
<(' 1.2
c 1.04
. 1
B 0.8
S 06
g o
< 0.4+
0.2+
i Precompacted
00 a i T X T X T i T ¥ T ¥ T ¥ T
4000 3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (cm ')
1.0 1.2
b % / (]
1.0 r' \‘\ /
081 776Pa I\ )// B
— o — — 7.7GPa |
) “”" D os8{ \
< oo <
-CC_) 40GPa .S 064 40Gpa
a a
5 04 5
2 2.5GPa 2 044 o
2 o N -g 25 GP/ A /\\
0.2 ' I\J
0.2 Precw \
Precompacted
PN el — :
0.01 T T T 0.0 T T T
2000 1800 1600 1400 1200 700 650 600 550 500
Wavenumber (cm™) Wavenumber (cm™)

Fig. 40 IR spectra of (a) HA ceramics compacted at 200 °C and various pressures, (b) and (c)
show details of the spectrain the ranges 1200-2000 cm™ and 500-700 cm™.

5.3.4 Mechanical Properties

Microhardness and fracture toughness of compacted HA ceramics were measured and
calculated using the crack length developed during Vickers indentation. Figs. 41 and 42 show
the effects of compaction temperature and pressure on the mechanical properties, respectively.
The microhardness of HA ceramics produced at 2.5 GPa and various temperatures does not
show obvious differences, the value is about 5.0 GPa. Fracture toughness is in the ranges
between 0.6-1.0 MPam¥? , showi ng a slight increase with increasing temperature. The higher
fracture toughness of HA compacted at 700 °C can be explained by its unique microstructure
with micron sized HA plates distributed in a nanosized HA matrix. Fig. 42a shows that
increasing pressure results in a reduced microhardness. The fracture toughness of the HA
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ceramics compacted at 200 °C is about 0.6 MPa mY2, no obvious difference was observed
(Fig. 42b).
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Fig. 41 Microhardness (a) and fracture toughness (b) of compacted HA ceramics at 2.5 GPa
and various temperatures.
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Fig. 42 Microhardness (a) and fracture toughness (b) of compacted HA ceramics at 200 °C
and different pressures.

The fracture toughness of the sample densified at 2.5 GPa and 700 °C is nearly doubled
compared to the other samples. The difference in fracture toughness might be related to the
fact that its microstructure developed into a micron sized HA crystals reinforced nanosized
HA matrix composite. The grain coarsening into micron scaled crystals plays an important
role for the structure. It has been reported that the microhardness of dental enamel is in the
range of 3.0 - 4.6 GPa, depending on the testing method and the position on the teeth [Xu et
a., 1998; White et a., 2001; Cuy et a., 2002]. The microhardness of nanostructured HA
ceramics compacted at high pressures and temperatures in this study is in the range of 3.58 -
5.38 GPa, a range similar to denta enamel. The fracture toughness of dental enamel
perpendicular and paralel to the enamel rods is quite different, which shows that dental
enamel exhibits anisotropic properties [Xu et a., 1998; White et a., 2001]. The fracture
toughness of compacted, nanostructured HA ceramics did not show any difference in
mechanical properties with the orientation and position because of its homogeneous nature.
Hassen et al. [1981] reported toughness values of molar teeth to be 0.70 + 0.02 MPam*?, in
the cervical region, 0.70 + 0.07 MPam®? in the middle region, and 0.76 + 0.05 MPam®? in
the incisal region. These values were obtained from 4 to 9 indentations at a load of 3 N. The
values compare well with the fracture toughness of compacted HA ceramics at high pressures
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and temperatures. Results of other studies aiming to disclose the anistropic properties of teeth
show that the fracture toughness of dental enamel measured perpendicular to enamel rods is
much higher, (1.3 + 0.18 MPamY? ) than that parallel to the enamel rods, (0.52 + 0.06
MPamY?) [Xu et al., 1998]. Fig. 43 shows the indentation impression of dental enamel,
compacted nano-HA and conventionally sintered HA ceramics. The network of enamel inter-
rods can deflect cracks and absorb energy. The crack path in dental enamel is much more zig-
zagged compared to the cracks in synthetic HA ceramics. This cracking mode in dental
enamel is attributed to its complex structure. It is known that enamel rods change diameters,
that they are not straight, and in some cases even woven.
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Fig. 43 SEM micrographs of representative indentation impressions and cracking patterns in
(a) dental enamel, (b) compacted HA ceramic at 2.5GPa, 700 °C, and (c) conventionally
sintered HA ceramic.

5.4 Conclusions

Nanosized HA powders have been compacted at high pressures and temperatures. The effect
of compaction temperatures from 200 °C to 700 °C and pressures from 2.5 GPa to 7.7 GPa
was studied by the investigation of the optical appearance, mechanical properties, and the
microstructure of compacted HA ceramics. It is found that the crysta growth and/or
perfection is sensitive to the temperature, accompanied by the release of water and the loss of
carbonate groups from the HA structure. The change of the optical properties from transparent
to opague reflects the grain growth and the release of water and carbonate groups from the
structure as revealed by SEM, XRD and IR. Vickers indentation measurements show that the
microhardness of compacted HA ceramics is about 5.5 GPa and the fracture toughness is in
the range of 0.6-1.0 GPa, similar to those of dental enamel. Nanostructured HA ceramics with
a transparenct/translucent appearance and mechanical properties similar to dental enamel can
be produced at temperature below 500 °C. Such translucent materials are thought to be good
candidates for enamel filling and crown replacing.
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Chapter 6

Investigation of high pressure and temperature processing
of HA-metal composites

6.1 Introduction

As reviewed in Chapter 3, the main problem encountered in the conventional fabrication of
HA-based biomaterials is the decomposition of HA into other calcium phosphates, e. g. TCP,
TTCP, Ca0 et al. [Hench 1998; Suchanek and Y osimura 1998]. The addition of metals can
promote a further decomposition of HA due to the reaction of some metals with HA [Ning
and Zhu 2002; Chu et al., 2002]. Although hot pressing, and/or hot isostatic pressing have
been used to densify HA composites [Uematsu et al., 1989; Ahn et a., 2000], HA-ZrO,
[Adolfson et al., 2000] or HA-AI,Oz-NiAl [Choi et al., 1998], these processes are usually
performed at lower pressures, e.g. at about 20 MPa. The above-mentioned problems are still
unresolved in the resulting materials [Champion et a., 1996]. Consolidification of HA-metal
composites at higher pressure and temperature as described in this thesis is suitable for
fabrication of HA-metal composites. Consolidification at higher pressure enables
densification at arelatively lower temperature and with a very short dwell time. In addition to
limiting the grain growth and reaction, such processing allows for the infiltration of metals
into the grain boundary of the HA matrix. Nanocomposite of SIC-Zn with a homogeneous
microstructure from micro-scale to nano-scale were previously reported using this method
[Swiderska-Sroda et al., 2003].

Metallic materials have been used as biomedical materials for many years. Titanium, gold and
silver were selected to reinforce HA ceramics in this work based on the following
considerations: titanium and its aloys have been clinically used because of their
biocompatibility and good mechanical properties [Long and Rack, 1998]; gold and silver have
been safely used in medicine, e.g. as restorative materials in dentistry. Silver displays severdl
biological properties including metal/protein binding, inhibitory action on enzymes and
bacteriostatic activity on alarge spectrum of microorganisms [Williams et a., 1989]. Thus, in
an oral environment, biomaterials containing silver could be favourable because specific
biological properties are required, such as antibacterial behaviour. In this chapter, titanium,
silver and gold were therefore used to reinforce HA ceramics.

The objective of this chapter was to investigate the effect of processing parameters on the
microstructure and mechanical properties of HA-metal composites and to determine the
processing parameters under which network HA-metal composites with a similar

microstructure to dental enamel in micron scale can be fabricated using high pressure and
temperature processing [Bismayer et a., 2004; Shi et a., 2003d].

6.2 Material and methods

6.2.1 HA powders
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HA powders P220S (Plasma Biotal, Tideswell, UK) were used. The particle size distribution
and morphology are shown in Fig. 44. The mean particle size of HA powder was about 5
microns. The XRD pattern and IR spectrum of HA powders are shown in Fig. 45. The XRD
pattern indicates that this HA powder is a pure HA phase with high crystallinity. The band
intensities of the carbonate groups and the OH groups in the IR spectrum show that this HA
powder is noncarbonated hydroxyapatite structure.

Accumulation (%)

10
Particle Size (um)

Fig. 44 SEM micrograph (a) and the particle size distribution (b) of HA powders
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Fig. 45 XRD pattern (a) and IR spectrum (b) of HA powders

6.2.2 Metal powders

The metal powders were supplied by the Zunyi Titanium factory, Guizhou, China (Ti); High
Pressure Research Center, Polish Academy of Sciences, Warsaw, Poland (Au); and the AMI
DODUCO GmbH, Pforzheim, Germany (AQg). Fig. 46 shows the particle morphology of Ti,
Au, and Ag powders. The particle size of Ti and Au powdersisin the range of 20-30 microns
and about 4-15 microns for Ag powders as shown in Fig. 46. The chemical compositions are
listed in table 10 and XRD patterns of the metal powders are shown in Fig. 47.

Table 10 Chemical compositions and mean particle size of Ti, Au and Ag powders

Elements Mean
Powder particle
Ti Ag As Cd Pb Mg Ca Fe % Si size (um)
Ti  |99.03% 5.5ppm | <0.2ppm | 1ppm | 0.004% | <0.004% | 0.027 |0.012%| 289
Ag >99.5% < 5ppm <100ppm 10
Au Nominal pure Au ~30
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Fig. 46 SEM micrographs of metal powders showing particle morphology and particle size: (a)
Ti, (b) Ag, and (c) Au
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6.2.3 High pressure and temperature consolidification

HA and metal powders with a volume ratio of 1:1 were mixed and pressed into a green body
and then consolidified at pressures 2.5-6.0 GPa and temperatures 500-1000 °C. For the
detailed description of high pressure and temperature compaction see Chapter 3.

6.2.4 Microstructure and mechanical properties

To optimize the processing parameters, the microstructure of consolidified HA-metal
composites was examined using SEM with an EDS spectroscopy, XRD and IR. The
microhardness was measured using a Vickers indentation tester with a load of 100 g and a
dwell time of 15 s. The flexural force was measured with an universal testing machine
(Zwicki Z2.5, Ulm, Germany) attached with a specially designed miniaturized 3-point
bending jig. Rectangular bars of 4.0mm x 1.2mm x 0.6mm were cut from each composite
using a diamond-coated wire saw (Model 3032-4, Well-W. EBNER, Switzerland ).
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6.3 Results and discussion

6.3.1 HA+50v0l% Ti composites
Effect of temperature on the microstructure of HA+50vol% Ti composites

The fractured surfaces of HA-Ti composites with a volume ratio of 1:1 consolidified at 2.5
GPa and different temperatures are shown in Fig. 48. Pullouts of HA grains occurred at the
fracture surfaces. As a result, voids were created on the fractured surfaces and some particles
were found to adhere to the fractured surface. Fig. 49 shows XRD patterns of the HA+50% Ti
mixed powder, and HA-Ti composites consolidified at 2.5 GPa and 700 °C, 800 °C and 900
°C, respectively. The powder mixture consisted of HA and Ti phases. After consolidification
at high temperature, the XRD patterns showed only HA and Ti phases. Reaction products
between HA and Ti were not detected by XRD technique. This can be attributed to the short
sintering time and relatively low temperature of high pressure and temperature processing.

Fig. 48 SEM micrographs of fractured surfaces of HA+50 vol% Ti composites
consolidified at 2.5 GPa and different temperatures: (a) and (b) 700 °C, (c) and (d)
800 °C, (e) and (f) 900 °C
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Fig. 49 XRD patterns of HA + 50 vol% Ti: (a) mixed powders, (b) composites
consolidified at 2.5 GPa and temperature 700 °C, 800 °C, 900 °C. “A” in (b)
denotes HA.

Fig. 50 shows IR spectra of HA+50vol% Ti composites consolidified at 2.5 GPa and different
temperatures. The absorption bands were ascribed to the vibrational modes of the phosphate
groups and OH groups in the apatite structure. The bands at 1090, 1040 and 962 cm™* are anti-
symmetric and symmetric vibrational modes of phosphate groups in the apatite structure. The
stretching mode at 3570 cm™ and the libration at 630 cm™ of OH groups were also observed.
The intensities of OH absorption bands slightly decrease with the increase in consolidification
temperature, indicating the loss of OH groups due to dehydration. No additional absorption
bands were recorded, which confirms that the decomposition of HA into other phases and the
reaction between HA and Ti were hardly occurred during high pressure and temperature
consolidification.

The HA+50vol% Ti composites prepared at high pressure and temperature show an distinct
interface zone between HA and Ti particles. Energy dispersive microanalysis indicates that
this interface is composed of Ca, P, and Ti elements. The thickness of this layer was
approximately several hundred nanometers. Fig. 51 shows the representative interface
composition and morphology in the HA-Ti composite consolidified at 2.5 GPa, 800 °C. The
porous nature of the interface zone suggests that a decomposition of HA and reaction of HA
with Ti took place. The formation of this zone might be similar to the reaction that occurred in
HA-Ti composites fabricated in ambient conditions as reported by Ning and Zhou, [2002] and
Chu et al., [2003]. During consolidification in the high pressure and temperature cell, HA may
have lost OH groups with increasing temperature due to the following reaction [Wen et a.,
1994; Yang et a., 2004 ].

Calo(PO4)6(OH)2 — Calo(PO4)6(OH)2_XOX + xH>,0O (61)

Subsequently, as shown in equation (6.2), water vapour oxidized Ti metal in the high pressure
and temperature cell to form titanium oxides,

2H,0 + Ti — TiO, + 2H, (6.2)

TiO; finaly reacts with HA and thereby produces CaTi,Os [Yang et a., 2004] according to
eguation (6.3),

Calo(PO4)6(OH)2 + 2TIO, — 3C8<3(PO4)2 + CaTli,Os5 + H,O (63)
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However, thisreaction israther limited, and therefore, these reaction products can not be
detected using XRD and IR techniques.
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Fig. 50 Normalised IR spectra of the HA+50 vol% Ti composites consolidified at
2.5GPa and different temperatures: (a) spectra in the range of 3000-4000 cm*
showing the stretching band of OH groups, (b) spectrain the range of 800-1800 cm’
! showing the vibrational bands, v; and vs, of phosphate groups, and (c) the spectral
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Fig. 51 Interface morphology and composition of the HA+50 vol% Ti
composite consolidified at 2.5 GPa, 800 °C. (a) Interface morphologies;
(b), (c) and (d) EDS spectra of points marked as 1, 2 and 3in (a).

Effect of pressure on the microstructure of HA+50vol % Ti composites

Fig. 52 shows fractured surfaces of HA+50vol % Ti composites compacted at 700 °C and
different pressures. The fractured surfaces show similar morphology indicating no obvious
effect of pressure on the microstructure of HA+50vol % Ti composites. XRD and IR spectra
of HA+50v0l% Ti composites compacted at 700 °C and different pressures are shown in Fig.
53 and Fig. 54. It can be seen that no decomposition of HA or possible reaction between HA
and Ti occurred at 700 °C for pressures ranging from 2.5 to 6.0 GPa. The assignment of the
vibrational bandsisthe same as given in Fig. 50.

Effect of temperature on the mechanical properties of HA+50vol% Ti composites

Fig. 55 shows the microhardness and fracture force of HA+50vol% Ti composites
consolidified at 2.5 GPa and different temperatures. Microhardness and fracture toughness
increased dightly with the consolidification temperature. This can be explained by the fact
that the formation of interface bonding between the HA and Ti grains is facilitated at higher
temperature. This interface reaction might bond Ti and HA grains and improve mechanical
properties, especially the fracture force. The interface bonding is known to stop crack
propagation.
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Fig. 52 SEM micrographs of fractured surfaces of HA+50vol% Ti composites
compacted at 700 °C and different pressures:
(@) and (b) 2.5 GPa, (c) and (d) 4.0 GPa, (e) and (f) 6.0 GPa.

Effect of pressure on the mechanical properties of HA+50 vol% Ti composites

Fig. 56 shows the microhardness and fracture force of HA+50 vol% Ti composites
consolidified at 700 °C and different pressures. There is no obvious difference in
microhardness and fracture force for specimens synthesized at different pressure studied. The
microhardness is about 5.0 GPa and the fracture force is about 7.5 N. The fracture force is
about 2 times compared with that of conventionally sintered HA ceramics.

Taking into consideration mechanical properties and microstructure of the HA+50vol% Ti
composites fabricated at high pressures and temperatures, there is a relationship between
mechanical properties and processing parameters. The microstructure of HA+50vol% Ti
composites depends much on the consolidification temperature. As shown in Fig. 55, with
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increasing consolidification temperature, the formation of interface bonding between HA and
Ti grains is favourable to improve the fracture toughness of the materials. At temperatures
above 900 °C, however, the reaction between HA and Ti could lead to the decomposition of
HA into TCP and CaO [Wen et a., 1994]. This could result in a much thicker and less dense
interface layer which may weaken the bonding between HA and Ti as often observed in
conventionally sintered HA-Ti composites. At high pressure, the reaction between HA and Ti
could be limited to some extend during a very short consolidification time. Therefore, the
consolidification of HA+50vol% Ti composites was carried out at 2.5 GPa and moderate
temperature such as 800 °C.
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Fig. 53 XRD patterns of HA+50 vol% Ti composites consolidified at 700 °C and pressures of
2.5 GPa, 4.0 GPaand 6.0 GPa.
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Fig. 55 Microhardness and flexural force of HA+50vol % Ti composites
consolidified at 2.5 GPa and different temperatures: (a) microhardness compared
with conventionally sintered hydroxyapatite (C-HA) and bovine enamel, (b)
flexural force compared with C-HA.
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Fig. 56 Microhardness and fracture force of HA+50vol % Ti composites
consolidified at 700 °C and different pressures. (a) microhardness compared
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6.3.2 HA + 50vol% Ag composites

Effect of temperature on the microstructure of HA + 50vol% Ag composites

The fractured surfaces of HA+50vol% Ag composites fabricated at 2.5 GPa and different
temperatures are shown in Fig. 57. A silver network in the composites was evident. Pullouts
of HA grains from the silver network resulted in dimples on the fractured surface.
Transgranular fracture of HA grains was also observed. The well developed silver network
within the HA-silver composites is attributed to the low melting point of Ag compared to Ti
(961.9 °C vs 1660 °C). Fig. 58 shows the XRD patterns of HA+50vol% Ag composites
consolidified at 2.5 GPa and different temperatures. From the XRD patterns, diffraction peaks
of the HA phase and the silver phase were identified. Decomposition products of the HA
phase were not detected. FTIR techniques are much more sensitive to molecular structural
changes. IR spectra of HA+50vol% Ag composites are shown in Fig. 59. Generaly, the
absorption bands are attributed to the vibrational modes of the phosphate and OH groups in
the apatite structure. The absorption intensities of OH stretching at 3570 cm™, and OH
libration at 632 cm™* decrease on increasing temperature from 700 to 900 °C. Correspondingly,
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the intensity of water absorption centered at 3420 cm™ increased with the increase in
temperature. The relationship between OH and water absorption bands on temperature
indicate the dehydroxylation of the HA phase at high temperatures in the high pressure and
temperature cell according to equation (6.1). No additional absorption bands were recorded,
indicating that the structural change of HA was confined to dehydration rather than phase
transformation. The structural stability of HA is attributed to the consolidification process at
high pressure and temperature with a short treat time.
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Fig. 57 SEM micrographs of fractured surfaces of HA+50vol% Ag composites fabricated at
2.5 GPa and different temperatures: (a) and (b) 700 °C, (c) and (d) 800 °C, (e) and (f) 900
°C. Note that awell developed silver network was formed in the composites. Pullout of HA
grains and transgranular fracture are evident in HA-Ag composites.
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Effect of pressure on the microstructure of HA+50vol% Ag composites

Fig. 60 shows fractured surfaces of the HA+50vol% Ag composites consolidified at 700 °C
and different pressures. The silver network was clearly observed at pressures from 2.5 to 6.0
GPa, indicating that at 700 °C silver can easily infiltrate into the grain boundaries of the HA
matrix with a pressure of and above 2.5 GPa. XRD patterns of the HA+50 vol% Ag
composites consolidified at 700 °C and different pressures are shown in Fig. 61. There is no
evidence for decomposition of the HA phase in the composites consolidified at 2.5 GPa and
temperature from 700 to 900 °C. IR spectra of the composites shown in Fig. 62 indicate a
slight decrease in the intensity of the OH libration band with increasing pressures. This could
be caused by the transformation of HA from the crystalline to the amorphous state and a
reduced atomic order along the c-axis of the HA crystallographic structure [Vaidya et al.,
1997]. The remaining absorption bands are assigned to the vibrational modes of the phosphate
and OH groups of the apatite structure.
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Fig. 60 SEM micrographs of the fractured surfaces of the HA+50 vol% Ag
composites consolidified at 700 °C and different pressures:
(& and (b) 2.5 GPa, (c) and (d) 4.0 GPa, (e) and (f) 6.0 GPa

Effect of temperature on the mechanical properties of HA+50vol% Ag composites

The microhardness and flexural force of the HA+50vol% Ag composites fabricated at 2.5GPa
and temperature from 700 to 900 °C are shown in Fig. 63. The microhardness of the
HA+50vol% Ag composites shows no obvious difference and is about 1.6 GPa. The flexural
force is in the range of 14.5 to 20.6 N, 4-5 times of that of conventionally sintered HA
ceramics. As the flexural force did not show a regular dependence on temperature, the
difference of flexural force is most likely caused by variations in specimen size resulting from
cutting. It can be concluded that within the pressure and temperature ranges investigated the
mechanical properties of HA+50vol% Ag composites did not substantially depend on
pressure parameters.
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Fig. 62 Normalised IR spectra of the
HA+50vol% Ag composites fabricated
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spectra in the range of 3000-4000 cm™,
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Effect of pressure on the mechanical properties of HA+50vol% Ag composites

Fig. 64 shows the microhardness and flexural force of the HA+50vol% Ag composites as a
function of pressure. The microhardness did not depend on the pressure. The microhardness

measured was about 1.60 GPa. However, the flexural force decreased with increasing pressure

from 20.6 N at 2.5 GPato 9.6 N at 6.0 GPa. A possible explanation for the observed decrease
in the flexural force is the transformation of crystalline HA phase to an amorphous state

[Vaidya et a., 1997], but an influence of variations in specimen size reflecting in the scatter

of flexural force can not be clearly ruled out.

As shown above, HA+50vol% Ag composites consolidified at pressure from 2.5 to 6.0 GPa

and temperature from 700 to 900 °C characterize a network structure. Mechanical properties
are similar for all HA+50vol% Ag composites fabricated at temperature and pressure ranges
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studied. Increasing compaction pressure from 2.5 GPa to 6.0 GPa did not influence the
microstructure further but possibly resulted in a decrease in flexural force. The processing

parameters of HA-Ag composites at 2.5 GPa and 800 °C are selected for further investigation
in next chapter.
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Fig. 63 Mechanical properties of the HA+50vol% Ag composites consolidified at 2.5
GPa and different temperatures: (a) microhardness and (b) flexural force.
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Fig. 64 Mechanical properties of the HA+50vol% Ag composites consolidified
at 700 °C and different pressures: (a) microhardness and (b) flexural force.

6.3.3 HA+50v0l% Au composites

Effect of temperature on the microstructure of HA+50vol% Au composites

The fractured surfaces of HA + 50vol% Au composites consolidified at 2.5 GPa and
temperatures from 500 to 900 °C are shown in Fig. 65. The network of gold was formed in the
composites and became more evident with the increase in temperature. Pullouts of HA grains
led to dimples on the fractured surface. For the sample fabricated at 500 °C and 2.5 GPa, the
distribution of gold was not as homogeneous as for the other samples. Unlike HA-Ag
composites, transgranular fractures within HA grains were not observed, indicating that the
fracture mode of HA+Au composites was dominated by an intergranular pullout mode. Fig.
66 shows XRD patterns of the HA+50vol% Au composites. HA and Au are the added phases
of the composites. There is no evidence for the decomposition of the HA phase or any
reaction between HA and gold during the consolidification process. Hence no other phases
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were detected using the XRD technique. To reveal local structural changes, the IR spectra of
HA+50vol% Au composites were recorded using KBr pellets as shown in Fig. 67. The
absorption bands were ascribed to the phosphate and OH groups in the apatite structure.
Again, no other structural groups were found, confirming the observation by XRD that there
was no decomposition of HA and/or any reaction between HA and gold. However, structural
modifications of the HA phase were found when compacted at different temperatures. The
intensities of the stretching mode of OH groups at 3470 cm™ and the libration mode of the OH
groups at 630 cm™ gradually increased with increasing temperature (Fig. 67 a and c). From
the characterization of the HA powders (Fig. 6.2), one can deduce that this powder lacks of
OH groups in its crystallographic structure because the intensity of the OH stretching mode is
lower than in stoichiometric HA powders. The coexistence of O* and OH vacancies in the c-
axis channel is also supported by the lower OH stretching intensity [Sadlo et al., 1998]. At
high pressure and temperature, the absorbed water on the mixed powder surface first
evaporated as a water vapour and saturated within the high pressure and temperature cell. This
water vapour reacts with O to form OH groups and eventually occupies the OH sites as
shown in this equation (6.4):

O + H,0 — 20H (6.4)

The increase in the occupancy of OH sites is reflected by the increase in OH absorption
intensities.

Effect of temperature on the mechanical properties of HA+50vol% Au composites

The microhardness and flexural force of HA+50vol% Au composites consolidified at 2.5 GPa
and various temperatures are shown in Fig. 68. No significant difference in microhardness and
flexural force was observed after sintering at 2.5 GPa and temperature from 500 to 900 °C.
The microhardness of the composites is approximately 1.2 GPa and the flexura force is
approximately 6.5 N. The flexural force of HA+50vol% Au is less than that of HA+50vol %
Ag, and HA+50vol % Ti. This can be explained by differences in the microstructure. In
HA+50 vol% Ag composites a well developed silver network was formed. In HA+50vol% Ti
composites interfacia reactions can form an interfacial bonding between HA and Ti grains.
Both microstructural characteristics effectively improve the fracture toughness. For HA+50
vol% Au composites, however, neither a well developed gold network nor an interfacial
bonding between HA and gold grains were observed and the flexural force of HA-Au
compositesisless than that of HA-Ag and HA-Ti composites fabricated in the same condition.
In spite of this, the flexural force of HA+50vol% Au compositesis about 1.5 times larger than
that of conventionally sintered pure HA ceramics.
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Fig. 65 SEM micrographs of fractured morphologies of HA+50vol% Au
composites consolidified at 2.5GPaand different temperatures:
(@) and (b) 500 °C, (c) and (d) 700 °C, () and (f) 800 °C, (g) and (h) 900 °C.
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Fig. 68 Mechanical properties of the HA+50vol% Au composites consolidified at
2.5 GPa and different temperatures compared with conventionally sintered HA (C-
HA) and bovine enamel: (a) microhardness and (b) flexural force.

6.3.4 Toughening mechanisms of HA-metal composites

Fig. 69 illustrates the toughening mechanism of HA-Ti composites fabricated at 2.5 GPa, 800
°C. Fig. 69a shows the crack propagation path in HA-Ti composites demonstrating the
branching, deflection and eventually dissipation in an interfacial zone. A rack (I in Fig. 69a)
initiated in a Ti grain branched out and formed 3 cracks (I, 111 and VI in Fig. 69a) where
cracks Il and 111 disappeared at an interface zone by energy dissipation. Crack IV continued
the propagating direction of theinitial crack | , thus carrying more energy and extending to an
interface of HA and Ti. Consequently a new crack V is generated in the brittle phase of HA
rather than stopping at an interface like cracks 1l and I1l. An intact interfacial zone after
facture shown in Fig. 69b indicates the effective bonding between HA and Ti grains. Hence,
interface bonding in HA-Ti composites is the main toughening mechanism.

Fig. 69 Crack propagation paths and interfacial zone of HA+50vol% Ti
composites, showing crack branching and deflection as well as crack dissipation in
an interfacial zone (a). Theinterfacial bonding through areaction zone (b).

In HA+Ag composites the observed facture modes are pullouts of some HA grains (also
intergranular fracture, | in Fig. 70a), the transgranular brittle fracture of HA grains (T in Fig.
70a and b) and the ductile fracture and/or peeling of Ag layers (indicated by arrow bars and
arrow heads in Fig. 70a and b). The connective 3-dimensional silver network formed in HA-
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Ag composites is similar to the inter-rod network of dental enamel. The toughening effect in
HA-Ag compositesisthe result of the formation of the silver network surrounding HA grains.

Fig. 71 shows the toughening mechanism in HA-Au composites. No interfacial bonding was
observed in HA-Au composites. The penetrating layer of gold is much thicker than in the
other metal-HA composites, which indicates that the gold network is not as homogeneous as
that in other composites. The toughening mechanism of gold is limited by the pullout of HA
grains. Increasing fabrication temperature might improve the distribution of gold and enhance
toughening effects, but it might also lead to decomposition of HA.

Tum ) 1000m
— Mag= 1000 KX LED 1530 - CEW PAN Mag= S000KX LEO 1530- CBW PAN

Fig. 70 Fracture modes in HA-Ag composites. The pullout of HA grains (1),
the transgranular brittle fracture of HA grains (T), ductile fractures and peeling
of HA layer (arrow bars and arrow heads) are shown. Penetration of an Ag
layer between HA grains (b).

Mag= 10.00KX LEO 1530- CBW PAN Mag= 2500KX LEO 1530- CBW PAN

Fig. 71 Fracture Mechanism and interfacial structure of HA+50vol% Au
composites fabricated at 2.5 GPa, 500 °C: (a) fracture mechanism and (b)
interface between HA and Au.
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6.4 Conclusions

The effect of consolidation pressures and temperatures on the microstructure and mechanical
properties of HA-based composites reinforced with 50vol% Ti, Ag, and Au particles was
studied. Main conclusions from the experimental results and analyses can be summarized as
follows:

(1) The processing parameters studied, i.e. pressures from 2.5 to 6.0 GPa and temperatures
from 700 to 900 °C, do not significantly influence the microstructure and mechanical
properties of the HA-metal composites. Processing parameters of 2.5 GPa and 800 °C
were chosen for further experiments.

(2) No interfacial interaction zone has been observed in HA-Ag and HA-Au composites,
while an interfacial zone occurs at the HA-Ti interface. The reaction layer is composed of
Ca, Ti, and P.

(3) A metallic network within HA-Ag and HA-Au composites is formed when compaction
temperatures above 700 °C. A well developed silver network in the HA-Ag composites
makes the microstructure similar to the inter-rod network of dental enamel.

(4) The flexural force of HA-metal composites with a volume ratio of 1:1 is improved
compared to the flexural force of conventionally sintered pure HA ceramics. The highest
value of fracture force is achieved in HA-Ag composites which show an improvement by
a factor of 4-5. This higher flexural force of the HA-Ag composites is ascribed to their
unique microstructure.

(5) XRD and IR analyses do not reveal possible decomposition of the HA phase into other
non-apatitic phases. The reaction at the HA-Ti interface is rather limited and no reaction
products can be detected. The structural stability of HA in HA-metal composites in this
study is attributed to the short treatment time and relatively lower temperature during
consolidification at high pressure.

(6) The operating toughening mechanisms in the HA-metal composites are crack deflection,
crack branching, pullouts of HA grains, plastic stretching or peeling of metal layer and
interfacial bonding. The contributions of interfacial bonding, and crack deflection and
branching are evident in HA-Ti composites while the pullout of HA grains and the
stretching of the metal layers are of important in HA-Ag composites.
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Chapter 7

Biocompatibility of HA-metal composites consolidified at
high pressure and temperature

7.1 Introduction

In chapter 6 it was reported that HA-Ti and HA-Ag compositdsitated at high pressure
and temperature show substantially improved fracture resistaowrapared with
conventionally sintered HA ceramics. Moreover, the degradation aitithetural stability of
the HA phase was not seen using XRD and IR techniques, unlike convegtsinited HA-
metal composites in which the decomposition of the HA phase was stiddstiding and Zhu
2002, Chu et al. 2002). As also described in chapter 6, the mechanical psopEHA-metal
composites did not significantly depend on temperatures between 760-89@ on pressure
between 2.5 - 6.0 GPa. The results of HA-metal composites demedstitzdt the
consolidification at high pressure and temperature is a supabiess to prepare new HA-
metal biomaterials.

Prerequirements of potential biomaterials for clinical usém@ompatibility and mechanical
integrity to maintain skeletal functions [Oreffo and Triffitt 199@jsteoblast cell cultures in
vitro enable an evaluation of the cytotoxity or biocompatibilitybadmaterials and have
improved the assessment of such materials for in vivo use. In getherdiocompatibility
and mechanical properties of biocomposites largely depend on their ¢bompdsut are
influenced by their processing as well. In this chapter, therefoe report on the effect of
the composition, i. e. the metal content in HA-metal compositeg&abd at 800C and 2.5
GPa on the mechanical properties and biocompatibility of HA-metal comgosite

7.2 Materials and methods

7.2.1 Raw materials

Powder characteristics such as morphology, particle size, amthlcstructure and the
supplier of HA, Ti and Ag powders, see chapter 6.

7.2.2 Fabrication of HA-metal composites

HA — metal powders containing either Ti or Ag of 10 vol%, 20 vol%y@%, 40 vol% and
50 vol%, respectively, were thoroughly mixed in a ball millingtesys The mixed powders
were consolidified at 80%C and 2.5 GPa according to the steps described in Chapter 3.

7.2.3 Characterization of microstructure and measurement of mechanical psoperti

The microstructure of the HA-metal composites with differenfahmmntent was evaluated by
SEM, XRD and IR microspectroscopy in reflection mode. Microhardwassneasured using
a Vickers indentation tester with a load of 100g and a dwell ¢ivi&s. The flexural force of
the composites was examined using a miniaturized 3-point bendingaaied to a Zwicki
Z2.5 universal testing machine (Zwicki Z2.5, Ulm, Germany). The benslirength was
calculated from the recorded force and the specimen size of 4In2Znmmx 0.5mm. At least
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three data were averaged to obtain the mean value and standarcbaeviabr details see
chapter 3.

7.2.4 Biocompatibility study

HA-metal composites were cut into discs using a diamond-coatedsaw (Model 3032-4,
Well-W. EBNER, Switzerland). The sectioned specimens werdiztdrwith water vapour
prior to the cell culture. Biocompatibility testing of HA-rakttomposites was performed
using primary osteoblast cells. The osteoblast cells wereddofeom the calvaria of fetal
Sprague-Dawley rats (< 48 h old) and seeded with a cell dexfstypx10° cells/ml on the
sterilized discs in a 96-well culture plate. After culture3aand 7 days, the cell morphology
and cell viability on each material was investigated using SEdvl the details of cell culture
studies see chapter 3.

7.3 Results and discussion

7.3.1 HA-Ti composites
Effect of Ti content on the microstructure of HA-Ti composites

Fig. 72 shows the fractured surfaces of HA-Ti composites witkerdiit Ti content
consolidified at 2.5 GPa and 880. The fractured surfaces of HA-Ti composites demonstrate
an irregular surface topography with some cavities originating fromputeuts of HA grains.
With increasing Ti content, fractured surfaces of Ti and HA igdest were observed. Fig. 73
shows XRD patterns of HA-Ti composites with different Ti con@nisolidified at 2.5 GPa
and 800°C. The XRD patterns indicate that the composites consist aiitdlATi phases. The
peak intensities of the HA phase decreased with increasingniérd. No decomposition of
HA or any reaction products of HA and Ti were identified in the pasites. IR reflectance
spectra of HA-Ti composites recorded using an IR microscope461400 crit are shown

in Fig. 74. The vibrational bands in the IR spectra were deternainddassigned (Fowler
1974, Koutsopoulos 2002 ). Bands at 1098-1092,c1052-1042 cify, and a weak shoulder
at 1031crit are excitations from the triply degenerated asymmetetcsting modeys, of the
P-O bonds of the phosphate groups in the apatite structure. Withctkase in Ti content
from 10 vol % to 50 vol %, a slight shift of the first twgbands was observed from 1098 to
1092 cnt, and from 1052 to 1042 ¢ The reason for these shifts is unclear yet. The peak at
960 cm' is assigned to the non-degenerated symmetric stretching mooéthe P-O bonds
of the phosphate group in the apatite structure. No band position shiftvi@s found in all
spectra of the composites with different Ti content. The bands at 6D0asd 561 ci are
assigned to the triply degenerated bending magef the O-P-O bonds. There is no shift of
the v4 bending mode seen in the IR spectra of the composites. The Q¢hisggemode at
3570 cm® was not recorded in IR reflectance spectra, however, theidibrat OH groups
was observed at 630 émThe doubly degenerated bending mode of the O-P-O \poimcthe
apatite structure were not recorded in IR reflectance spectra rdamiy its weak intensity.

Effect of Ti content on the mechanical properties of HA-Ti composites

The dependence of microhardness and bending strength of the HA-Ti despos
consolidified at 2.5GPa and 800 on Ti content is shown in Fig. 75. The microhardness and
bending strength of C-HA were approximately 7.0 GPa and 31.97 MPa respectividythenhi
HA-Ti composites had lower microhardness and higher bending dtrahgh C-HA
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ceramics. With an increase in the Ti content from 10 to 50 vol%, itremardness of HA-Ti
composites decreased gradually from 4.3 to 2.8 GPa while the beningtls of HA-Ti
composites gradually increased from 58.3 to 87.1 MPa, thus showing eas&dn bending
strength of about 2-3 times compared to C-HA. Therefore, the additiohi @ HA
remarkably enhanced the mechanical properties of the pure HA ceramics.

Fig. 72 SEM micrographs of t
fractured surfaces of the HRA-
composites with different
content fabicated at 2.5 GPa a
800°C:

(a) 10vol% Ti, (b) 20vol% Ti,
(c) 25vol% Ti, (d) 40vol% Ti
and (e) 50vol% Ti.

Osteoblast cell morphology and attachment on HA-Ti composites

The morphology of SD osteoblast cells cultured for 3 days on the HA+10v6)%
HA+25vol% Ti and HA+50vo0l% Ti composites is shown in Fig. 76 (a)-(fplifaration and
attachment of osteoblasts after incubation for 3 days were obsemviébte composites with
different Ti content. At low magnification (50 it is seen that a dense layer of cells covered
the surface of the composite containing 10 vol% Ti and one cell teganty covered the
surface of HA + 25 vol% Ti composites. Osteoblasts were foundstwedely attach on the
surface of HA+50 vol% Ti composite as shown in Fig. 76e. At highgnifieation, cells on
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the HA+10 vol% Ti composite displayed a flattened, osteoblast-likgpmotgy, with cell
processes attaching to either the composite surface or a cihssyer (Fig. 76b). On the
surface of HA+25 vol% Ti composite cells spread from the cemtdenaultiple filopodia
extending along the substrate surface were observed. The cells on HA+ 50 vol%pdsitem
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Fig. 73 XRD patterns of the HA: Fig. 74 IR reflectance spectra of the HA-
composites with different Ti contel Ti composites with different Ti contel
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Fig. 75 Microhardness and bending strength of theTH&emposites consolidified
2.5 GPa and 80%C as a function of Ti content.

however, did not spread completely and exhibit more or less cuboidaiounded
morphology. Fig. 77 shows the cell morphology cultured on the HA-Ti compaHits7
days. A dense layer of cells appears on the HA-Ti compaitgsining 10 and 25 vol% Ti.
Cell numbers increased on the surface of HA+50vol % Ti compostesirecubation for 7
days, however, they did not covered the whole surface. Cells on the ld8nTposites
containing 10 vol% Ti and 25 vol% Ti illustrate a higher level of aghchment than on the
composite containing 50 vol % Ti, with the greatest number opoetlesses observed on the
composite containing 10vol% Ti. The unexpectedly retarded cell resporise HA+50vol%
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Ti composite in this study seems to be caused by the amountirothié composite. This is,
however, contrary to other studies showing that osteoblasts car@taifind attach well on
titanium surface even at earlier culture stages, for exa®mlays [Schmidt et al., 2001].
Although the degree of surface roughness can influence the levptoliferation and
attachment [Schmidt et al., 2001], there could be a slight differienserface states which
results from the different volume ratios in the HA-Ti compositéswever, this does not
entirely explain the phenomena observed in this study, because tiraespewere cut by the
same method. Reasons for the retarded cellullar response to HA+50vb&nhce need to be
confirmed and explored in future studies.

Mag= 2,00 KX

Mag= 200K X

Fig. 76 SEM micrographs of the morpbgl of the osteoblast cells cultu
for 3 days on the surfaces of HA-Ti composites: (a) HA+10voli %600 x,
(b) HA+10vol % Ti, 3000%, (c) HA+25 vol% Ti, 500%, (d) HA+25vol ¥
Ti, 3000x, (e) HA+50vol % Ti, 50(x, and (f) HA+50vol % Ti, 200ix.
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Figure 77 SEM micrograpt
(magnification 1000x ) of the
morphology of the osteoblast ct
cultured for 7 days on the surfa
of HA-Ti composites:

(a) HA + 10vol% Ti,

(b) HA + 25vo0l1% Ti,

(c) HA + 50vol% Ti.

It was shown that HA-Ti composites with Ti content up to 25vol % cattifieli at high
pressure and temperature possess excellent biocompatibility apdgeed mechanical
properties. The bending strength of HA+20-25 vol% Ti is approximaéély MPa,
corresponding to two times the value of that of C-HA. The microhasdmeasured is ca. 4.0
GPa. Moreover, there is no degradation of the HA structure afteolmbfisation at 2.5 GPa
and 800°C. As revealed in the chapter 6, the toughening mechanism of HA-Ti cilespiss
mainly caused by the interfacial bonding between HA and Tingirand the crack deflection
and branching. To extend the application of the HA-Ti composite, uldMoe of significant
interest to compare both the in vitro and in vivo behaviour of the HAsfiposites produced
by a conventional sintering process and by high pressure and teim@earamsolidification,
with particular attention to the cell attachment and bone apposition.

7.3.2 HA-Ag composites

Effect of Ag content on the microstructure of HA-Ag composites

Fig. 78 shows fractured surfaces of HA-Ag composites withréifiteAg content fabricated at
2.5 GPa and 808C. The silver network formed in the HA-Ag composites became more
pronounced with increasing Ag content. All fractured surfaces whbegacterized by
transgranular fractures of HA grains and pullouts of HA grains fitmrsilver network. The
extension and peeling of the silver layer during the fractugeevalso observed in SEM
micrographs. Fig. 79 shows XRD patterns of HA-Ag composites wathiing silver content
densified at 2.5 GPa and 8%0. The HA-Ag composites consist of HA and Ag phases. There
was no detectable decomposition of HA into other phases. Two néw aeabout @ =36’

and B = 37.2° were stemming from another silver polymorphs. Zhang et al. (@9d)ted

in conventionally sintered HA ceramics toughened with Ag pagithe decomposition of
HA into the TCP phase increased with increasing Ag content, up to HB%being
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transformed into the TCP phase in a HA+30 vol% Ag composite. 8addisplays the IR
spectra of the HA-Ag composites recorded in reflection modetdfons were found in the
range from 400 to 1200 ¢hand were ascribed to vibrational modes of phosphate groups and
OH groups of the apatite structure (Fowler 1974, Koutsopoulos 2002). Bands aiQ482,
and 1032 cil were assigned to the antisymmetric stretching mode of P-O baihes
symmetric stretching of P-O in the apatite structuiedated at 961 cth The bands at 603,
575 and 562 cih are vibrational modes of the P-O-P bending of the apatiietste. The
OH stretching mode at 3572 ¢nwas not recorded, however, the librational mode of OH
group occurs at 632 ¢inFrom the results of IR and XRD, it can be deduced that the stabili
of the structure of the composites was not influenced by the seieaAg content. The
obvious advantages of high pressure and temperature densification Af lddmposites are
the structural stability of the HA phase and the infiltrations¥er into the HA grain
boundaries, both improve their mechanical properties.

Fig. 78 SEM micrographs of t
fractured surfaces of the HAg
composites with different #
contents and fabricated at 2.5 (
and 8006C:

(a) 10vol% Ag, (b) 20vol% A
(c) 25vol% Ag, (d) 40vol% A
and (e) 50vol% Ag.

Effect of Ag content on the mechanical properties of HA-Ag composites
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The microhardness and bending strength of HA-Ag composites wiéneift Ag content and
consolidified at 2.5 GPa and 860G are shown in Fig. 81. The microhardness and bending
strength of C-HA, of about 7.0 GPa and 32 MPa, respectively. Thelmitiness of HA-Ag
composites decrease with increasing Ag content, from 3.88 GPa Aefl(Wol% Ag
composites to 1.06 GPa for composites containing 50 vol% Ag, while titinigestrength
increase with increasing Ag content, to 100 MPa for the compamitaining 50 vol% Ag.
The higher bending strength of HA-Ag composites compared to thesponding HA-TI
composites can be explained by their microstructure. Inspectiotheofmicrostructures
(depicted in Fig. 78 and Fig. 72) reveals that the silver networkels developed with
increasing metal content, and the presence of cavities origgnfatim pull-out of HA grains
which shows the bonding between Ag and HA matrix is weaker thaninh&A-Ti
composites. The silver network in HA-Ag composites seems to batdérmore effectively to
the toughening of HA ceramics than the interfacial bonding in HAdmposites when
consolidified at high pressure and temperature, such as 2.5 GPa & 800
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Fig. 81 Microhardness and bending strength of the HA-Ag composites
consolidified at 2.5 GPa and 880 as a function of Ag content.
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Osteoblast cell morphology and attachment on HA-Ag composites

Fig. 82 shows the cell morphology of SD calvarial osteoblastsired for 7 days on the
surfaces of the HA-Ag composites with 10 vol% Ag, 25 vol% Ag and 50 vol§p A
respectively. It was observed that the cell numbers were yreatliced on the surfaces of
HA-Ag composites with an increase in the Ag content. Fig. 82 rid) (a) displayed cell
morphology with good spreading, indicating good cytocompatibility. Theoresafor low cell
numbers observed on the HA-Ag composites are not clear. One posasd@ could be that
the cells were not carefully removed during washing and dehydrditkation procedure.
Bosetti and coworkers carried out a biocompatibility and genotgystitdy on silver coated
and uncoated stainless steel pins (Bosetti 2002). After two daysliseyved very low cell-
spreading and only some nuclei were seen on the materialsf@\itestays the cell showed a
good spreading and the numbers on silver coated stainless stdefhasthan on uncoated
stainless steel. The cell number on the silver coated pins daigmificantly increase from 2
days to 4 days ( 2415742.5 per 0.2 cfat 2 days vs 2004:8660,1 per 0.2 cfrat 4 days ).
They observed in vivo that an increase in silver concentratioroodlwas a consequence of
the high release of silver from the silver film on stainlesslins (Masse et al. 2000). From
theses studies it can be deduced that the cell response to tAg EtAnposites could also be
affected by the release of Ag into the culture medium. Agtualimerous small precipitates
on the HA-Ag composite surfaces were observed in this study, i d®ub silver salt or a
calcium phosphate deposited from the culture medium.

o~ ~ e 4
SEI 10.0kY  X3,000 1;tm_ WD 7.9mm

Fig. 82 SEM micrographs of the cell
morphology of the osteoblasts cultured
for 7 days on the surfaces of the HA-
Ag composites:

(&) HA+10vol% Ag, (b) A+25vol% A
and (c) HA+50vol% Ag. Note the sm
precipitates on the surfaces of cells and

€, composites.
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7.4 Conclusions

HA-Ti and HA-Ag composites with different Ti or Ag content wéabricated at 2.5 GPa and
800 °C. Effects of the metal content on the microstructure and meectharimperties were

investigated. The biocompatibility of HA-Ti and HA-Ag compositeas also evaluated by
osteoblast cell cultures. The following conclusions can be drawn:

(1) The mechanical properties of HA-Ti and HA-Ag composites depenth@mmetal
content. For HA-Ti composites with Ti content from 10 vol% to 50 vol%, the
microhardness decreased from 4.3 to 2.8 GPa while the bendingtstiecrgased
from 58.3 to 87.1 MPa. For HA-Ag composites with Ag content from 10 vad %0t
vol%, the microhardness decreased from 3.88 to 1.06 GPa while the beneigghs
increased to approximately 100 MPa.

(2) The toughening mechanism in HA-Ti composites fabricated git pressure and
temperature is assumed to result from the presence of thaamérdone between HA
and Ti. The operating toughening mechanism in HA-Ag compositelatified at
high pressure and temperature is mainly attributed to the sirenrk formed within
the HA-Ag composites. The silver network which formed in HA-Ag contpssinore
effectively toughens the HA ceramics than the interfacial bmndn HA-TI
composites.

(3) HA-Ti and HA-Ag composites consolidified at 2.5 GPa and 8D0demonstrated
good biocompatibility. The increase in metal content in HA-composites led to
influences the response of the osteoblast cells.

(4) From both, the mechanical and biocompatible aspects up to 25 vol & met

component can be incorporated in HA-metal composites in order to acmiere/ed
mechanical properties and good biocompatibility.
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Chapter 8

Potential applications and future works

8.1 Potential applications

In this dissertation, new concepts for the design nanostructured HA ceramics and network
HA-metal composites were derived from microstructural studies of denta enamel. The
fabrication of nanostructured HA ceramics and network HA-metal composites was
successfully achieved by compaction at high pressures and temperatures. The effect of
processing parameters, such as pressure, temperature, and the metal content in HA-metal
composites on the microstructure, mechanical properties, and biocompatibility of HA-metal
composites was investigated. Nanostructured HA ceramics with a translucent appearance
were be obtained at 2.5 GPa and temperature lower than 700 °C. HA-Ti and HA-Ag
composites with up to 25 vol % metal content possess good mechanical properties and
biocompatibility. The HA-based biomaterials fabricated at high pressure and temperature are
useful for applications in hard tissue replacement, especially in dentistry. Figure 8.1
schematically illustrates a concept of a whole tooth replacement with a translucent
nanostructured HA ceramic together with a HA-metal network composite. Further clinical
studies are in progress.

Currently
used
materials:
Porcelain,
Zr0O,,
Polymer,
etc.

HA
Nanoceramic

Currently used

materials: HA-Metal

m,iteclgated network
Composites

Metal, etc. "

Fig. 83 Schematic illustration of a whole tooth replacement with HA-based biomaterials
fabricated at high pressure and temperature. Translucent nanostructured HA ceramics
can be used to replace dental enamel, and HA-metal network composites are suitable for
tooth root implant.

8.2 Future works

The detailed understanding of the mechanisms of the densification of nanostructured HA at
high pressure and temperature will help to fine tune its mechanical properties and optical
appearance. Incorporation of natural biocompatible polymers, such as chitin, silk fiber, into
nanostructured HA ceramics could further improve the mechanical properties. Investigation of
the effect of metallic particle sizes on the microstructure and physical properties of HA-metal
composites, especially of HA-Ti composites leads to an optimised microstructure and
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mechanical properties. The bone bonding abilities of the novel network HA-metal composites
needsto be evaluated in comparison with currently classic used materials.
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