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CHAPTER |
INTRODUCTION

1.1 Biomaterials

Biomaterials are defiped ‘as any substance, other than a drug, or
combination of substances Synthetic or natural in original, which can be used for
any period of time, as.@ wholg or as-a pért of a system which treats, or replaces
any tissue, organ or funetion of the body [1]. In addition, biomaterials must be
compatible with the body, ‘and “there are’ often issues of biocompatibility.
Biomaterials are also used in joint replacements, artificial ligaments and tendons,
heart valves, and also in dental-tmplants. Wlth today medical technology, lost

organs may be replaced by utilizing biomaterials.

All the materials implanted in the body can elicit responses from living
tissue. There are four-possible responses of living tissue to the implants [2]: (1)
The surrounding tissue dies'due to the, toxiCity of the materials when they are
implanted. These toxic.materials should notbe used.as biamaterials. (2) The living
tissue is compatible with the implanted materials. However, gsuch implanted
materialg are encapsulated by dense fibrous tissue, which-prevents distribution of
stresses and may cause loosening of the implant. Such material is referred as the
nontoxic and biological inactive biomaterials. (3) The living tissue is not only
compatible with the implanted material, but it also binds to the implant, thus
forming tight natural bonding between the implant and the surrounding tissue.
Such materials would be referred as the biocompatible and surface-active
biomaterials. (4) The material is nontoxic and dissolves with the surrounding

tissue. Such materials would be classified as resorbable biomaterials.



Nowadays, varieties of materials have been used as the implants depend on
their ability to sustain high stresses. Some metals are used for heavy load-bearing
orthopedic implantation. However, many problems have been encountered when
metallic materials are used as implantations, such as wear, corrosion and/or
negative tissue reactions. In addition, most of metallic implants are encapsulated
by dense fibrous tissue that prevents distribution of stresses and may cause

loosening of the implantation [3].

Since modern bioceramics , are-compatible with  physiological
environments [1,2], various-ceramies have been medically used for implantations.
The compatibility of bieeeramics is the result of the fact that they compose of ions
usually found in the physiclogical environ_ment, such as calcium, potassium and
sodium ions. They also show very Iimitedrtoxic to body tissue. Thus bioceramics
do not cause inflammatory or rejection response by the body. This advantage

makes bioceramics become mare attraction in many medical applications.
1.2 Hydroxyapatite as Bioactive Material

Apatite materials are a family of inofg;lnic crystalline compounds, which
are general formula. Mio(XO4)sY2. M is usually a bivalént cation, such as Ca*,
Sr?*, Ba?*, Cd®*, Pb*", but monovalent and trivalent cations, such as Na*, K* and
AI**, can be hosted as well..XO; is usually RO,*, VO4* or AsO,>, but the possible
substitutions also include SiO4*, COs% andiSOL Y. is ajmonovalent anion, OH",
F, CI', Br[4]. Apatites are widely spread in nature, for example, the inorganic

phase ofthard tissues of vertebrates is assirnilatedto the synthetic-hydroxyapatite.

In 1971, hydroxyapatite was proposed by Monroe et al [5]. for using as
hard tissue replacement. The major interest of hydorxyapatite [HAp; chemical
formula Cajo(PO4)s(OH),], arises from the fact that HAp crystals are the main
mineral constituent of vertebrate skeletal systems, comprising 60 to 70 percent of
bone and 98 percent of dental enamel. HAp has now been proven to be the most
biocompatible, non-bioresorbable and surface active implants [6]. HAp is one of

few materials that are classed as bioactive, meaning that it will support bone



ingrowth and osseointegration when used in orthopaedic, dental and maxillofacial
applications. Bone and dental implants that made of HAp are naturally bonded
tightly to bone or teeth without having to use mechanical interlocking or
biological cements. Due to these advantages of HAp over other biomaterials, it is
a challengeable material to be developed for using in orthopedic and dental

surgeries, such as hip joints, jaw augmentation and tooth root replacement.

Unfortunately, brittleness of the materiallimits the ultimate usefulness of
HAp. The fracture toughness(K¢) of HAp does not exceed the value of about 1.0
MPam®? where K. of human hone has the value of 2:12 MPam*?[7,8]. For this
mechanical property reasonsy HApD ceramics can not be used as heavy-loaded
implants. Therefore, variousattempts have_been made to improve the mechanical
properties of HAp. Forexample, variougr'reinforcements, including whiskers[9],
fibers[10], particles[11], /have heen dispersed into the HAp matrix. These HAp
composites possess higher mechanical pererties, but may lead to decrease of
biocompatibility. Coatings of HAp, are often applied to metallic implants (most
commonly titanium/titanium alloys ‘and stainless steels) to alter the surface
properties. The coating methods; such as p’lasma spray, pulsed-laser deposition,
electrodeposition, sel=gel processing, have been commaonty used to produce thin

film form of the material.
1.2.1 Hydroxyapatite structure

The crystal structure of HAp was previously reported to belong to the
space group:P63/m-in theshexaganal systemwith-thedlattice parameters, a = 9.432
A and ¢ = 6.881 A."A simplified unit'cell' of HAp'is shown in Fig. 1.1, in which
oxygen atoms form the tetrahedron of PO,. Calcium ions occupy two different
sites; the column Ca (Cal) at z = 0, 1/2 and the screw axis Ca (Call) at z = 1/4 and
3/4[12].



1.3 Strontium-Substituted Hydroxyapatite

According to the previous topic, a bivalent cation, such as Sr**, Ba?*, Zn*,
Pb*, can be replaced Ca®* in hydroxyapatite [4,13,14]. Among these cations,
strontium has attracted a remarkable interest because of its chemical and physical
properties similarly to calcium. In particular, strontium ions (Sr?*) have been
examined in the field of osteoporosis freaiment due to its inhibition of bone
resorption and stimulation of bone formatibéfj_&trontium is also present in the
mineral phase of the bone.Even 99% of the {otak-amount of Sr in the body is
localized in bone, the t@mo nt of 'Sr in the skeleton is only 3.5% of the Ca
molar content [15]. Stronti .partially&substituted hydroxyapatite is represented
as Sri0xCax(PO4)s(OH)2, hefe! 0 < x ;ilp, while  Srio(PO.)s(OH), is called
strontium hydroxyapatite (SrH IPr_ad&itiqn, it has been reported that strontium
can improve the mechanicalpr péfrt‘ifes [é@] There are many in-vitro and in-vivo
studies indicated that stronti '-tah:'incré§@e§ bone formation and reduces bone

resorption [15,17]. RIGrEs N

Figure 1: The unit cell of hydroxyapatite



1.4 Objectives and Scope of This Work

The scope of this work is first to synthesize HAp by using the synthesis

method from the previous work [18]. The product will be used as a reference, in

order to check the structure and composition of the HAp material. Then, we

propose to transform HAp to be thin film form on silicon and stainless steel 316L

substrates by sol-gel spin coating technique: To enhance the knowledge of the

fundamental physics, the below topics are mainly fecused.

-

Effects of “anneaking  temperatures on the crystal structure,
microstructure, giain.size and elemental compositions. To study these
phenomenons, the/Specimens are characterized by using x-ray diffraction
(XRD), scanning elegtron micréscopy (SEM) and energy dispersive x-

ray spectroscopy (EDS). /i

. To improve the properties of HAp‘, Ca-atoms in the HAp structure was

substituted by strontium-atom, caif:éq;SrHAp. It has been investigated the
crystal structure and microstructuritdﬁzzr substitution by XRD, SEM and
EDS. An antibacterial test was per'f.c'Jf‘fﬁéd.

It is also necessary-to-investigate the-mechanical properties, the hardness
and elastic modulus of HAp film, were measured by nanoindentation
method. To improve the mechanical property, HAp/TiO, composite
films“have | been~fabricated cand=measuredthemechanical properties
comparison with HAp films.



CHAPTER I
SOL-GEL PROCESSING

Sol-gel processing methods were first used historically for decorative and
constructional materials. In the last century many new applications were
developed some examples~of.scientific basis became available. Today sol-gel
methods are reaching their full potential, so these were studied in the areas of
chemistry, physics and maferials'seiénce. The specific uses of sol-gel products are
derived from the various material shape-é such as monoliths, films, fibers, and
powders. Many specifigiapplications 1nclud1ng optics, protective and porous films,
optical coatings, window 1nsulators dlelg:ctrlc and electronic coatings, high
temperature semiconductors, remforcement--ﬁbers fillers, and catalysts, all of
these can now be produced by sol gel techmques In this chapter, we explain the
terms that concern in sol- gel and the process of sol-gel which consist of
hydrolysis, condensatlon drying and sintering. The sol- gel coating methods spin

coating and dip coating will be deseribed in this Chapter.

2.1 Sols,'Gels and Gelation

First,.the definitions of some words.are defined before studying in sol-gel
process. A 80l isla‘stable suspénsioni of eolloidal particles-within‘aliquid [19]. The
solid particles must be small enough for the forces responsible of dispersion to be
greater than those of gravity. Moreover, these particles must include a number of
atoms macroscopically significant. Originally, colloidal only referred to
macroscopic particles. However, this definition did not give limited and values of
the size range of the particle concerned. Practically, particles in a colloidal sol

must have a size between 2nm and 0.2um. The solvent used to disperse the



colloidal particles of a sol is often either pure water or a solution composed mostly
of water. Nevertheless, other solvents such as alcohol can also be used.

A gel is a porous 3-dimensionally interconnected solid network that
expands throughout a liquid medium [19]. If the solid network is made of
colloidal sol particles the gel is said to be colloidal. If the solid network is made of
sub-colloidal chemical units then the gel is polymer. The nature of gels depends
on the coexistence between the solid networl and the liquid medium. If the liquid
is mostly composed of watet, then the corteSponding gel is called an aquagel (or
hydrogel). If the liquid phase-is largely-compesed-of an alcohol then the gel is an
alcogel. Finally, if most of theliguid is removed, then the brittle solid obtained is
cither called a xerogel or anraerogel, depending on the drying method.

Gelation is a process agcording te which a sol, ora solution, transforms to
a gel. It consists of establishing links b(__etween the sol particles, or the solution
molecules, so as to form'a 3-dimensional:":_sc;-lid network. A sol, or a solution, can
be transformed into a colloidal gel by goiﬁg’-’through what is called a gel-point.
Practically, it is at this point that'the sol érl;(qptly changes from a viscous liquid
state to a solid phase called the gel. This gé}ai;fé;int and the properties of sols and

gels near this point are now known as “theory of critical phenomena”.

2.2 Sol-Gel Process

The sol-gel process is_a wet-chemical technique widely used recently in
the fields of materials. science land ceramic engineering, The sol-gel process
involves the evolution of organic ordnorganic networks through the formation of a
colloidal suspension “(sol)’ and' gelation of the_sol to” form/a network in a
continuous liquid phase (gel). If inorganic sols and gels can be obtained by
various methods, they are often directly synthesized from chemical reactants
dissolved in a liquid medium. The chemical reactant which contains the cation M
present in the final inorganic sol or gel is called the chemical precursor. Two
main groups are therefore distinguished: the metal salts and the alkoxides. The
general formula of a matallic salt is M;,X, where M is the metal, X an anionic

group, and m and n stoichiometric coefficients. As for aloxides, their general



formula is M(OR),, which indicates that they are a combination of a cation M
with n alcohol groups ROH [20].

In sol-gel processing, when metal salts are used, they are often dissolved in
an aqueous medium. The metal salt MX dissociates into ions which disperse in the
solution, and the anions negative charge X“ balances the positive charge of the
metal atom M”". The cation and the anion then have the same absolute formal
charge z. Since water has a dipolar moment, the positive charge z+ of the cation
attracts the partial negative charge, which'is_ihe oxygen atom, of H,O molecules
[19]. As a consequence, the-cation is entrapped -by-a number of water molecules
that shown in Fig. 2.1.

In general, the sol-gel process involves the following steps. The first step
of any sol-gel process always/consists in selecting the precursors of the wanted
materials. Then, the hydrolysis of precuréor and condensation occur respectively.

Finally, drying and sinteging are employed.

2.2.1 Hydrolysis

Hydrolysis is the deprotonation of ’a,ﬁ_so_lvated metal cation. It consists in

i

the loss of a proton by one or more of the-vs;ater molecules that surrounds the
metal M. Generally,/ for alkoxide, the hydrolysis reaction replaces alkoxide
groups(OR) with hydroxyl groups(OH). When there is no acid or base catalyst
presented, alkoxides reagt first by hydrolysis,;involving nucleophilic addition of a
water moleculg*followed by proton-transfer from water to the alkoxy group which

then leaves as aleohol (Fig. 2.2) [20],

2.2.2 Condensation

In condensation, or polymerization, one of the ligands acts as an attacking
group for linking with a second metal species and one of the existing ligand
groups may act as a leaving group. Two mononuclear complexes of M, each
comprising only one metal atom M, can react with one another in a
polymerization reaction in order to form a polynuclear complex consisting of two

metal atoms. Condensation generally occurs if at least one hydroxo ligand(OH) is



bounded to the cation M. The first step of any condensation reaction always
includes the construction of an “ol” bridge, called condensation by olation. There
is condensation by oxolation, an “ol” bridge is first established between the two
metal atoms before transforming into an “oxo” bridge. Fig. 2.3 is shown the step

by step of condensation [20].

#+ o s
e B

Figure 2.1: The attractions of & cation(M

g

Leaving group

M(OH)(OR)z.; + R(OH)

Figure 2.2: The mechanism of hydrolysis consist in a substitution in which a

water molecule attacks the alkoxide
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H -.__proton transfer

~
~
Ss

M—OH + M—OH — M— O —M—OH

........... . \ /

nucleophilic attack

/ “ol” bridge

M— O —M—OH; j==» M=—0—M + H,0

\—/

“ox0” bridge

Leaving.group

Figure 2.3: The mechaniSm of condensation

2.2.3 Drying

All particles in a formed moist bddy-;are surrounded by liquid medium.
The particles move closer togetherias the water is removed and then, a volume
reduction takes place. This is referted to dnylﬁg process. In this step, the drying
temperature should be high enough to remove th‘e free alcohol, water, catalyst and
other compound. The critical problem in drying is cracking can built up from
stresses. The film consists of two phases, the solid phase and connected pores
filled with liquid phas¢€. The liquid is removed from porcs during drying process.
The surface tensile,stress and eracks begin-to propagate which.result from driving
forces for liquid transport.“In"addition,’ the chemical or physical interaction of
liquids with pore walls is a crucial cause of theéscapillary forcés‘and the stress
formation [21].

2.2.4 Sintering

There is only a small degree of bonding between the particles of the
material. The ceramic bonding, and the very high strength associated with it, is
obtained only when sintering at high temperatures. Sintering (Firing) of materials
is the method involving consolidation of particles by heating the sample part to a
high temperature below the melting point, when the material of the separate

particles difuse to the neighboring particles. The processes that occur during the
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sintering of the materials, Fig. 2.4, are very complex. The sintering rate is
dependent on purity, grain size, compaction and the sintering atmosphere. During
the diffusion process the pores, taking place in the sample, diminish or even close
up, resulting in densification of the part, improvement of its mechanical
properties. Decreasing of the porosity that caused by the sintering process, can be
determined by the level of the initial porosity of the green compact, sintering
temperature and time. Through reactions that occur during sintering, a
strengthening and densification of the ceramictakes place, resulting in a reduction
in porosity. This process-sesults in a wolume reduetion; this is called sintering
shrinkage. The amount of shinkage for the various materials is widely different.
Similar to drying, well-definedtumes an‘ti suitable atmospheres are required when
firing products. Thinn€r shapes and deﬁsqu formed products behave better and

can be sintered faster than large oneswith greater wall thickness [21].

/
Initial Orientation /R Development of
situation of particles 1y, contact ..... Grain
= __" boundary
. Grain
| W Porosity
- Early stage
Contact Grain boundary
growth deyelcpmant
Middle stage
Pore healing
and grain growth
Late stage

Figure 2.4: Grain growth during the sintering process [21]
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2.3 Sol-Gel Coating Methods

Several methods can be used to make sol-gel coatings with the sol-gel
process. Spin coating and dip coating are two basic techniques used to deposit sol-
gel coating materials. Spin coating produces a one-sided coating, while dip
coating yields a double-sided coating. Both techniques are used in manufacturing
to make different coating and thin film., Roll coating is another coating technique
and is widely used for industrial coatings, especially for flexible substrates. It can

make coatings at a speed up to 200 ft a minutc.j419]

-

2.3.1 Spin coating

Spin coating is used for many ap'plications where relatively flat substrates
or objects are coated with thin layers (.)f"'.material. An amount of a solution is
placed on the substrate, which is then rot'-a’;ted at high speed in order to spread the
fluid by centrifugal forec. Rotation is conéfr}uqd while the fluid spins off the edges
of the substrate, until the'thickness: of the f:ﬂr}l 1s achieved. The applied solvent is
usually volatile, and simultaneously evapofate;s_} So, the higher the angular speed
of spinning, the thinner the film. The thic__k-Tr__lg_gs_ of the film also depends on the
concentration of the solution and the solvent. Stages of spin coating are shown

following these steps-and demonstrated in Fig. 2.5.[19]

e Deposition of the coating fluid onto the wafer or substrate. This can be
done byzusing anozzleand pouring the coating solution or by spraying it
onto the‘surface. A substantial excess of coating solution is usually applied
compared to-the;amount thatjisrequired:

o The substrate is accelerated up to its final, desired, rotation speed

o The substrate is spinning at a constant rate and fluid viscous forces
dominate the fluid thinning behavior.

o The substrate is spinning at a constant rate and solvent evaporation

dominates the coating thinning behavior

2.3.2 Dip coating
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Dip coating is a process where the substrate to be coated is immersed in a
liquid and then withdrawn with a well-defined withdrawal speed under controlled
temperature and atmospheric conditions. The coating thickness is mainly defined
by the withdrawn speed, the solid content and the viscosity of the liquid. It may be
divided in five stages: immersion, start-up, deposition, evaporation and drainage.
In the dip coating method the substrate is slowly dipped into and withdrawn from
a tank containing the sol, with a uniform velocity, in order to obtain a uniform
coating. It is a popular way of ereating thin sl eoated materials along with the
spin coating technique. The-dip coating process-ean be, generally, separated into

three stages and shown in Fig2:6.419]

o Immersion: the substrate'is immersed in the solution of the coating
material at a consgtantspeed prefefgf)ly judder free.

e Dwell time: the substrate remains full-'y immersed and motionless to allow
for the coating material to, apply itSé_lf to the substrate

o Withdrawal: the substrate is withdréyyg from the tank again at a constant

speed to avoid any shake.

2.4 Advantages-and Limitations of Sol-Gel Processing
There are many advantages to sol-gel processing {20]

e Sol-gel processing not only allows for materials to have any oxide
composition, but it also, permits, the production of organic-inorganic
materials.

e Very pure products are obtaified by purifying the precursors.

e The thermal degradation of any materials is minimized with higher purity
and stoichiometry since the temperature required in the process is low.

e The growth of the colloidal particles can be controlled in order to give
particles with given shape, size, and size distribution.

e The association of the solid colloidal state with a liquid medium, thus

avoiding any pollution by the dispersion of dust.
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However, it should be noted that there are also some limitations from the
sol-gel process. Those are [20]:
e The precursors are often expensive and sensitive to moisture especially for
alkoxide. The sol-gel process is time consuming, particularly where
careful aging and drying are required.

e [t is likely to occur the problem of dimensional change, such as

on drying.

e TTTe
—-".’3“’:5‘3'}'-"-.?;% e

Figure 2.5: The spin ¢oding process begin v

evaporation(c)

(@) (b) (© (d)

Figure 2.6: The dip coating process begins with immersion(a), dwelling(b),

withdrawal(c) and evaporation(d)



Metal or Alkoxide

solution

Hydrolysis &8s Gelation Supercritical %
— - r y
Condensation s " drying

l Sinter

Dense
ceramics

Figure 2.7: Summary of sol- gel from startmg materials to final products

ﬂ‘lJﬂ’Wlﬂ‘ﬂ‘ﬁWﬂ']ﬂ‘i
ammnim UAIINYAY



CHAPTER Il

THEORETICAL BACKGROUND OF
CHARACTERIZATION METHOD

There are several characterizations methods were used in this work, so the
basic understandings of them are explained~in this chapter. The essential
characterizations of this chapter-eonsist of secanning electron microscopy (SEM),
energy dispersive x-ray spectrescopy (EDS), x-ray diffraction technique (XRD)

and nanoindentation for mechanical properties.

3.1 Scanning Eleetron/Microscopy. (SEM)

Scanning electron microscope (SEM)"is a type of electron microscope that
images the sample surface or microstructuré by scanning a high-energy beam of
electrons throughout, the surface. The first SEM image.was obtained by Max
Knoll, who in 1935 -obtamnedan—image of stiicon -steel showing electron
channeling contrast. Further pioneering work on the physical principles of the
SEM and beam specimen interactions was performed by Manfred von Ardenne in
1937, who produced; asBritishapatent but never made-a practical instrument. The
SEM was further, developed by Professor Sir Charles Oatley and his postgraduate
student.Gary..Stewart and.was. first. marketed..in>1965. by Cambridge. Instrument
Company [22].

3.1.1 Scanning process and image formation

There are many types of signals produced by an electron beam in SEM,
e.g., secondary electrons, back-scattered electrons (BSE), characteristic x-rays,
light (cathodoluminescence), specimen current and transmitted electrons (see Fig.

3.1). These types of signal all require specialized detectors that are not usually all

present on a single machine. The signals result from interactions of the electron
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Electron
beam

secondary

electrons Auger

electrons

W IE and visible  X-rays

cathodoluminescence

Figure 3.1: Schematic representation of the‘energies produced from electron beam

Back-scattered
electrons

Sample surface

beam with atoms at or near-the surface of ihe sample. As the primary electron
beam interacts with the sample,the electrons lose energy by repeated random
scattering and absorption within a teardrop-shaped volume inside the specimen
known as the interaction velumes The energy exchange between the electrons and
the sample results in the reflection of hiéh-energy electrons by elastic scattering,
emission of secondary selegtrons by inélz{étic scattering and the emission of
electromagnetic radiation. The beam current'absorbed by the specimen can also be
detected and used to create images of 'tﬁg distribution of specimen current.
Electronic amplifiers of various-types are used to amplify the signals which are
displayed as variations in brightness on-a cathode ray.tube.. The raster scanning of
the CRT display is synehronized-with-that of the beani-on the specimen in the
microscope, and the resulting image Is therefore a distribution map of the intensity
of the signal being emitted from the scanned area of the specimen. The image may
be captured by photography cfrom jashigh: resolationcathede ray tube, but in
modern machines is digitally captured by CCD and displayed on a monitor.

A basic.diagram of. SEM is shown.in Fig..3.2.. The electron-gun produces a
beam of electrons' that Is'attracted through the“anode-and! condensed by the
condenser lens and then focused as a very fine point on the specimen by the
objective lens. A set of small coils of wire, called the scan coils, is located within
the objective lens. The coils are energized by a varying voltage produced by the
scan generator and create a magnetic field that defects the beam of electrons back

and forth in a CRT or television receiver.


http://en.wikipedia.org/wiki/Elastic_scattering
http://en.wikipedia.org/wiki/Inelastic_scattering
http://en.wikipedia.org/wiki/Electromagnetic_radiation
http://en.wikipedia.org/wiki/Electronics
http://en.wikipedia.org/wiki/Cathode_ray_tube
http://en.wikipedia.org/wiki/Photograph
http://en.wikipedia.org/wiki/Visual_display_unit
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Figure 3.2: Schematic-of a scanning electron microscope.

3.1.2 Interaction volume

When (electron: beam™ interacts | with 'the. atoms of the sample, each
interaction causes the incident electron to change direction, and many interactions
cause the lose of energy. Thesinteraction is @ seattering;process imwhich there are
no sharply defined"limits " to" the ‘extent” of scattering "(Fig.' 3.3). For ease of
illustration, a defined limit may be placed on the remaining incident electron
energy and on the region of interaction illustrated. Such an illustration would
describe the area in which the interactions are most likely to occur. The interaction
volume is usually described as tea-drop or pear-shaped. In whole sample, the
volume (both depth and width) of the interaction varies directly with the
accelerating voltage (Fig. 3.4) and inversely with the average atomic number of
the sample (Fig. 3.5).
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3.1.3 Accelerating voltage

The accelerating voltage in most SEMs varies between several hundred
volts up to forty thousand volts and has a tremendous effect on the images
produced. In theory, a higher voltage gives better resolution because the reduction
in wavelength of the beam of electrons enables a spot size of smaller diameter to
be obtained. The interaction volume increases with increasing accelerating
voltages (see also in Fig. 3.4) because of/the greater energy of the beam of
electrons. In general, hard specimens like metalimay benefit from higher voltages,

but most biological samples produce better images at lower voltages (low energy).

3.1.4 Working distance and aperture size affect depth of field

and resolution

The beam of eleetrans /s cone-éﬁéped when it strikes the sample. The
angle of the cone, and whether it s a Wi(:l—? cone or narrow cone, is determined by
the diameter of the final"apertures and thé’WOfking distance. A final aperture with
a small diameter produces a narrow cone _géf_électrons, on the other hand, with a
large diameter produces a wide cone (Fig. 3’.’6)_‘_.- Waorking distance is the distance
between the objective lens and the sample_._.f—lyl_c_)rst,SEMs have a working distance
that varies from about 10 mm. to 50 mm. A large working distance results in a
narrow cone of electrdns, a small one in wide cone (Fig-3.7). The angle of the
cone is the most important factor in determining the depth of field at any given
magnification. Depth of field is the amount.of sample that is in acceptably sharp
focus. The effect of the angle of the cone on depth of field is-due to the fact that
the focused beam of electrons normally scans not a flat sample, but.a sample with

a irregular'surface.

Elactron
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Figure 3.4: Interaction-volume variation \}\fith accelerating voltage.
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Figure 3.5: Interaction-volume variation with average atomic number of sample.
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Figure 3.7: Working distance and depth of field. The depth of field is greater at
long working distance.
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3.2 Energy Dispersive X-ray Spectroscopy (EDS)

Due to the principle of a scanning electron microscope (SEM), the sample
in this instrument is bombarded by an electron beam in order to obtain an image
of the surface of the sample. At rest, an atom within the sample contains ground
state (or unexcited) electrons in discrete energy levels or electron shells bound to
the nucleus. The incident beam may excite electrons in an inner shell, ejecting
them from the shell while creating hole wherg.ihe electron was. An electron from
an outer, higher-energy shell then fills the fhole, and the difference in energy
between the higher-energy.sheli‘and the lower energy shell may be released in the
form of X-ray photons (Fig 3:8). The number and energy of the X-rays emitted
from a specimen can be imeasured by an energy dispersive spectrometer. As the
energy of the X-rays are characteristic of fhe,‘.difference in energy between the two
shells, and of the atomi€ structure of thefJe_lement from which they were emitted,

this allows the elemental compositidn of tH_e-;specimen to be measured [23].

-

Back-scattered 5}

Primary e’

ondary e

Figure 3.8: Schematic drawings of the x-ray radiation from an atom.
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3.3 X-ray Diffraction Technique (XRD)

X-ray diffraction (XRD) is a technique used to characterize the
crystallographic structure, grain size, preferred orientation in polycrystalline or
powdered solid samples, chemical composition, and physical properties of
materials and thin films. The diffraction technique is commonly used to identify
unknown substances, by comparing diffraction data against a database maintained
by the International Centre for Diffraction Data. Fhe x-ray diffraction techniques
are based on the elastic seattering of X-rays from-structures that have long range
order. These techniques are basedon observing the scattered intensity of an X-ray
beam hitting a sample as asfunetion of incident and scattered angle, polarization,

and wavelength or energy.

As the crystal laitice/is a reguldp three-dimensional distribution (cubic,
rhombic, etc.) of atoms in space. These até_;_ar;anged so that they form a series of

parallel planes separated from one anotherfby_,a distance d, which varies according

to the nature of the material. Forany crystal, planes exist in a number of different
orientations - each with its own specific d-sp—a(‘:ihg. When a monochromatic X-ray
beam with wavelength is projected onto a crystalline material at an angle theta
(6), diffraction occurs_only when the distance traveled by the rays reflected from
successive planes differs by a complete number n of wavelengths. By varying the
angle theta (6),.the Bragg's Law conditions; are, satisfied by different d-spacings
in crystalline materials.

2d,,5in6. = nA (3.1)

where n is an integer determined by the order given, 4 is the wavelength of the X-
rays, duu 1S the spacing between the planes in the atomic lattice, and 6 is the angle
between the incident ray and the scattering planes(see Fig. 3.9). Plotting the
angular positions and intensities of the resultant diffracted peaks of radiation
produces a pattern, which is characteristic of the sample. Where a mixture of
different phases is present, the resultant diffractogram is formed by addition of the

individual patterns [24].
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Figure 3.9: Schematiewrepreseniation of x-ray Scattering from a crystalline

material.

3.4 Nanoindentation

Nanoindentation is'a new method to bﬁaracterize mechanical properties on
a very small scale of materials, as well as thm lfilms. The idea of nanoindentation
arose from the realization that an-indentation tést is an excellent way to measure
very small volumes+of materials. In prinbipié',- If a wery- sharp tip is used, the
contact area between-the sample and the tip, and thus the volume of material that
is tested, can be made arbitrarily small. The only problem is determining the
indentation area. It is easy to make an indentation that is so small that it is difficult

to see without/apowertul microscope.

In this work, a Berkovich diamond tip, whieh is a three sided pyramid with
a total included angle of 142.3° and:a half angle of 65.35%, pressed into the sample
with a known load. After some time, the load is removed, and then the area of the
residual indentation in the sample is measured. A set of tools can be seen in the
schematic of a nanoindentation (Fig. 3.10). As the load is increased, the indenter
sinks into the material due to both elastic and plastic deformation. An analysis
models can be done from an indentation load-displacement curves, see Fig. 3.11,

and interpreted to obtain hardness, modulus, and other mechanical properties.[25]
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Figure 3.11: Load-displacement curve of indentation process.
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Figure 3.12: Schematie-representation of the indentation processes showing the

decreasing of the penetrationdepth during loading

The previous curve cansbesused to extract mechanical properties of the the
material. The slope of the curve, dP/di;; upon unloading is stiffness(S) of the
contact. The stiffness of the Contact can bé._qsgd to calculate the reduced modulus
of elasticity (E,) as [26] '

FTWL S,

r 2 \//T -

Where 4, is the area-of the indentation at the contact depth, called projected

(3.2)

contact area. A, is calcdlated from

] E
A, = CohZ+Cih, + Ch? + C;h ¥ + . (3.3)
and
F A
h, =h, —g?’" (see h.and h,, in Fig. 3.12) (3.4)

The reduced modulus E, is related to the modulus of elasticity E; of the test

specimen through the following relationship from contact mechanics [26]:

1 _(@-0) -0
E E E.

r s 1

(3.5)
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Here, the subscript i indicates a property of the indenter material and o is

Poisson’s ratio. For a diamond indenter tip, £; is 1140 GPa and o, is 0.07.
Poisson’s ratio of the specimen o, generally varies between 0 and 0.5 for most

materials and is typically around 0.3.

The hardness (H) is given by the equation below, relating the maximum

load(F,,) to the projected contact area(A4,,).

= ¥ (3.6)

The fracture toughngss s a property which describes the ability of a

material containing a craek to resist fracture. It is denoted X; and has the units of

Pav/m. It is another smechanical pf_ope‘rty that can be measured using
nanoindentation techniques For the calc[}_l_atj_on of the fracture toughness, the

relationship can be considered using the following equation.[27]

T
K=y . (37)

Where K- is the mode | critical stress intensity factor, w is a material-

independent constant that is 0.016 for Berkovich-type indenters and c is the length

of the radial cracks:



CHAPTER IV
EXPERIMENTAL PROCEDURE

In this work, we attempt to synthesize two forms of hydroxyapatite, one is
hydroxyapatite powders.ang anoiner is hydroxyapatiie sol for the sol-gel process.
The HAp powders are.synthesized in order to use as a reference. To confirm the
previous work [18], thesHAppowcers are characterized for their crystal structures
by X-ray diffraction comparing with thje'-;standard HAp data. The HAp sol is
prepared in order to producesthe HAp films on substrates by the sol-gel method.
Moreover, we synthesize HApP substituted with strontium in the form of powder
and sol to improve the properties. The HAp/TiO, composite film has also been

fabricated and characterized for.mechanical properties modification.

4.1 Synthesis efHydroxapatite

4.1.1 Introduction

The HAp powders gan be synthesized by means of various techniques,
either by the dry or the wet method: The dry chemical method makes use of the
solid-state " reactions! between-calcium and phosphorus ‘compousds-and has the
advantage of providing stoichiometric HAp powders (at Ca/P = 1.67). For
example, the HAp powders can be synthesized by the solid state reaction between
calcium carbonate (CaCOg3) and calcium hydrogen phosphate (CaHPO,) powders.

The chemical of the reaction can be described as [28]

4CaCO;3; + 6CaHPO, — Calo(PO4)6(OH)2 + 4C0O, + 2H,0.
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Another method is the wet chemical synthesis, which utilizes either the

precipitation from mixed aqueous solution or hydrolysis of calcium phosphate. In

the precipitation reaction, the solution of Ca(NOs3),, which is a source of Ca, and

(NH4)3POg4, which is a source of P, are brought to pH 11-12 with concentrated

NH4OH. The phosphate solution is dropwise added to the stirred calcium solution.

The HAp can be synthesized by the chemical reaction below [12],

10C3.(NO3)2 + 6(NH4)3PO4 + 2NH,OH —>Ca10(PO4)6(OH)2 + 20NH4NO:3.

4.1.2 Synthesizing-Procedure of Hydroxyapatite Powder

The precipitation reaction‘method is used to synthesize HAp powders. The

Fig. 3.1 is the flow chart summarized the synthesizing procedure employed in this

work and the details are'shown'in following steps below.

VI.

Seventy-eight and¢sevenstenthi grams (0.33 mol) of Ca(NO;).4H,O were
dissolved in 300 ml of de=ionized Waté'f to get 1.00 M concentration. The
solution was adjusted to pH 11 tb‘i 12 by the addition of ammonium
hydroxide and then diluted to 600 ml.

. Twenty-six and.four-tenth grams (0.20 'r'h'o'l) of (NHz),HPO, were dissolved

in 300 ml of de-ionized water in flask to get 0.60 M concentration. The
solution was adjusted to pH 11 to 12 by the addition of ammonium
hydroxide and then_diluted to 800 ml.

Calcium/solutian; vigorously stirred for 3.5 hours, was dropped slowly into a
solution of di-amonium hydrogen phosphate at the speed of 40-50 drops per
minutes The milky reaction-mixture wassset-under, the;pH centrel; (pH 11 to
12) at room temperature (25°C) during 'synthesizingprocess (seeFig. 4.1).
The reaction mixture was boiled for 30 minutes and left overnight at room
temperature to allow the precipitate to settle in the supernatant solution.

The supernatant solution was filtered from the precipitate by using a suction
filter, with the application of a weak vacuum from mechanical pump.

The filtered cake was dried in an oven for 24 hours at 100°C, and then
broken down by grinding in a mortar. The powders were calcined within 60

minutes at 240°C to remove the ammonium nitrate (NH4NO3).
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Stirring
machine
Dropping of
(NHg4)2HPO,
Hydroxyapatite
Figure 4.1: The experim rocedure
4.1.3 Preparatio
An inorganic route ade by the same procedure
of Hydroxyapatite powder. Accoi in the previous part, calcium
. AT T .
nitrate [Ca(NO3).4H,0] and--ammoni ydrogen phosphate [(NH4)H2PO4]
were used as calciufi-and phos phorus |  Fespec ‘ y, and the molar ratio
of Ca/P was control ega . Cont onium hydroxide was used to
| )
adjust the pH of solution to be about 11-12. The mixed HAp sol was ready for
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Strontium(Sr) is an alkaline earth metal with the atomic number 38.
Strontium is also present in the mineral phase of bone like calcium, and it
increases the number of osteoblasts and reduces the number and activity of
osteoclasts [17]. The radius of strontium ion is 0.118 nm., which a bit larger than
calcium ion (0.100 nm.). Both chemical and physical properties of strontium are

closely related to calcium, it can be substituted in calcium site.
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Therefore, in this study, we prepared Sr-substituted hydroxyapatite
(SrHAp) using a precipitation method. To synthesize SrHAp, calcium nitrate 4-
hydrate [Ca(NO3).4H,0] and/or strontium nitrate [Sr(NOz3),] were dissolved in
200 ml of distilled water. The pH of the solution was adjusted to 11 using
ammonium hydroxide (NH;OH) then 400 ml of distilled water was added to the
solution. At the same time, ammonium dihydrogen phosphate [(NH4)H2PO4] was
dissolved in 120 ml of distilled water and adjusted pH = 11 before distilled water
(160 ml) was then added. The weights used.for.each composition are shown in
Table 4.1 and the summaiy-of-thin film'and powderforms are shown in Fig. 4.3,
respectively. After that, Ca(N©O3)4H,O and/or Sr(NO3), and (NH,;)H,PO,4-droped
were mixed together and stirred: The mixed solution was boiled and then filtered.
The filtered cake was“dried in the oven for 24 hours at 100°C, and then broken
down by grinding in amortar. The powdérs were calcined within an hour at 240°C
before characterizations The ; chemical formula of SrHAp is represented
(Sr«Caix)s5(PO4)30H, where xis the atomic'ratio. In this work, x was adjusted to
be equal to 1.00 and 0.50. 2L2

4.3 Synthesis of Hydroxyapatite/fioz Composite

The HAp sol was prepared by the same as previeus method that explained
in topic 4.1.3. _The TiO,“sel was_prepared-by dissolving 7.98 g of TiO, (Alfa
Aesar 99.9%) In 100:mlof distilled. water under stirring at room temperature for 1
h. After that the HAp sol was fimally added te the TiO, solswith 20 vol.%
concentration and.continuously stirred for'2 h. The mixed sol was moved to the
spin coater for the coating. The coating condition and the annealing temperatures

were followed the same way as previous method.

4.4  Preparation of Coatings

Metallic implants are the main materials in orthopedic and dental

applications due to their high mechanical properties. Among the standard surgical
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implant materials, the most uses are stainless steel 316L, cobalt based alloys and
titanium alloys. The stainless steel 316L is defined as a steel alloy with a
minimum of 11% chromium content by mass (see Table 4.2). Stainless steel has
sufficient amount of chromium present so that a passive film of chromium oxide
forms which prevents further surface corrosion and blocks corrosion from
spreading into metal's internal structure. The L-grade has 0.03% carbon maximum
and resists to sensitization in shori-term exposures or heat treatments. The 316L
stainless steel is widely used in applications.where the implant is temporary or
permanent because of high-mechanical’ properiies-(see Table 4.3), but it is also
bioinert materials [29]. Therefore, the coating of HAp on stainless steel 316L
substrate has been investigated.in.this waork.

We use two types of substrate, silicon pieces from a wafer and stainless
steel 316L. Flat sheets of sstainless steei 316L with 1 mm thick were used as
substrate. They were cut'int@ area of 1 cmzz-and then were surface polished with
150, 320, 600 grit SIC, ‘respectively, foif'ehhancing the adhesion of coating
material. Then, these substrates were Ctéa'r]ed with a soap solution, alcohol,
acetone in ultrasonic bath and dig-in hydré)fld’bric acid, respectively, to remove
impurities before the coating process. At the same time, Si wafer were prepared
by the same method as-stainiess-steei-316i=but they were surface polished only
150 grit. We selected t0 use silicon substrate because it'can be used as reference
peak position in X-rays diffraction technique and separated the film and substrate

composition in"EDS.

Sr (X) Ca(NO3)" | wt.% | mol. SK(NO3), | wt.% | mol. | (NHz)H,PO, | wt.% | mol.

4H0 % %

%

1.00 - - - 42.34 72.76" | '62.50 15.85 27.24 | 37.50

0.50 23.62 38.95 | 31.25 21.17 34.91 | 31.25 15.85 26.14 | 37.50

Table 4.1: Experimental weights (in gram) synthesis for (SrxCai«x)s(PO4)3s0OH

Grade C Mn Si P S Cr Mo Ni N

316L | Min - - - - - 16.00 | 2.00 | 10.00 | -

Max | 0.03 | 2.00 | 0.75 | 0.045 | 0.03 | 18.00 | 3.00 | 14.00 | 0.10

Table 4.2: Composition ranges for 316L stainless steel
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Grade Tensile Yield Elongation Hardness
Strength Strength (% in Rockwell B Brinell
(MPa) min | 0.2% Proof | 50mm) min (HR B) (HB) max
(MPa) min max
316L 485 170 40 95 217
Table 4.3: Mechanical properties of 316L stainless steel
Ca(NOs).4H,0 78.7g (NH4)H2PO, 26.4g

Calcium Solutien
1.00M, 300 ml, pH.41-12

A 4

Calcium Solution
600 ml, pH11-12

A 4

Phosphate Solution
0.60M, 500ml, pH 11-12

A 4

Phosphate Solution
800 ml, pH 11-12

Stirring (pH

11) 3.5 hours

A

y

Boling 0.5;hour

A

y

Suctien Filtration

A

y

Drying 100°C, 24 hours

A

y

Calcination 240°C, 1 hour

Keeping overnight

Figure 4.2: The flow chart for synthesis of hydroxyapatite powder employed in

this work
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Figure 4.3: The flow chart of synthesis and preparation of thin film and powder

forms of HAp and SrHAp
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4.5 Spin Coating

In this work, HAp and SrHAp films were prepared by a sol-gel spin coater.
The spin coater, model P6700 series, which is shown in Fig. 4.4, was used to cast
the film. These films were deposited at a speed of 2,000 rpm at room temperature.
After that, the prepared films were dried in an oven at 150°C. Then, these were
sintered in various temperatures of 300,, 500, 700, 900 and 1,100°C for 10

minutes, finally cooled to room temperature before characterizations.
4.6 Sample Characterizations

4.6.1 Scanning.eleciron microscope (SEM) and energy

dispersive x-ray'speciroscopy (EDS)

Scanning electron microscope, SEM (JEOL JSM-6480 LV), see Fig. 4.5,
was used to investigate the microstructure a_ina the grain size of HAp and SrHAp
films. Energy dispersive x-ray spectrosc-c‘)‘{)yrl(EDS) was used to measure the
elemental composition of the speeimen, whi’ch; are films and reference powders.
The specimen for SEM was stuck on the stUbrby carbon tape and coated on the
surface with very thify larger gold by sputtering, but non-coated specimens were

used for EDS analysis.
4.6.2 Xiraydiffractometer{(XRD)

The structure of synthesized HAp and SrHAp powders were/determined by
a Rigaku D/MAX2200 Ultima®| Xray.diffractometer equipped with Cu target X-
ray tube (40 kV, 30mA) at 2-theta between 0.5 to 3.00 degrees. The scattering slit,
divergent slit and receiving slit were fixed at 0.5 degree, 0.5 degree, and 0.15 mm,
respectively. X-ray instrument (Bruker-AXS D8 DISCOVER, see Fig. 4.6) was
used to characterize the crystal structure of HAp and SrHAp films with
conventional Cu target operated at 40 kV and 40 mA. The CuKo radiation is

monochromatized into Ka; with the incident X-ray wavelength of 1.5406 A.
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4.6.3 Nanoindentation

The mechanical property of the films was measured by nanoindentation
system (CSM instrument), which illustrated in Fig. 4.7. A Berkovich three-sided
pyramid indenter tip was used in this study. Before measurement, calibration was
performed on the fused silica (FS) standard, which is normally used to calibrate
due to its low modulus to har [26]. The elastic modulus of FS,
assuming a Poisson’s ratio . be 73.4+ 4% GPa. Then, the
experiment was carried lculated unload curve by using the

u \\\@:‘\ tests were performed at

Oliver-Pharr calculati
three different loads

AULINENTNEINS
AN TUNN NN Y
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Figure 4.4: The spin ca achine (model P6700 series) at Department of
Physics, Faculty of S¢
EDS - | '
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Figure 4.5: Scanning electron microscopy (JEOL, JSM-6480LV) at Faculty of
Science, Chulalongkorn University
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Figure 4.7: The nanoindentation tester (CSM instruments) at Metallurgy and

Materials Science Research Institute, Chulalongkorn University



CHAPTER V
RESULTS AND DISCUSSIONS

In this chapter, the results and discussions of the whole will be divided into
three parts, regarding the materials.aspect; hydroxyapatite, strontium-substituted
hydroxyapatite and hydroxyapatite/TiO, compesite. Each part consists of XRD,
SEM and EDS results, analyses-and disgussiois. Furturemore, the characterization
results on the mechanicalproperiyv of HAp and HAp/TiO, composite films will be

demonstrated.

5.1 Results and Discussions Of Hydroxyapatite Powder

5.1.1 XRD Analysis of Hydro“'xyapatite Powder

The powder form of hydrOxyapatiﬁ}é was synthesized to identify and use
as the reference, so that the ©btained mateﬁ:&ds_ ]c_onsisted of hydroxyapatite phase.
The powder specimen was dried and calci__ﬁe'gl;—at 240°C before characterization.
The phase structures of calcined powdef wzfs 'investigated by powder X-ray
diffractrometery, using Cuko with 20 scanning from® 15° to 60°. The X-ray
diffraction pattern (Fig. 5.1) tllustrates that the maximum diffraction peak was at
20 = 31.8° referring to_the reflection plane of (211). Most peaks are clearly
observed for fanstance. (002),(300), '(310)" planes, ete.. “Also, it shows the
comparison of AXRD patterns of the obtained powders (black line) with the
standard\reference HAp according to JCPDS #9-432«(gray dash Jme), This can be
seen that both patterns are closely matched, thus confirming ‘that“the obtained

powder are polycrystalline hexagonal structure without impurity phase.

5.1.2 EDS Analysis of Hydroxyapatite Powder

The elemental compositions of the HAp powder were measured by EDS.
The EDS spectrum of the sol-gel HAp powder is given in Fig. 5.2. The atomic
percentage of Ca and P are calculated as 22.36% and 13.8%, respectively. This
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represent in Ca/P ratio 1.62, which is close to the theoretical value 1.67. This
confirms that the sol mixture in our sol-gel technique is able to synthesize and

reproduce HAp in the form of powder.

211)

(002)

Intensity

"
'

L " F—
N T T T T T I

30 135 ﬂ4o 45 50 55 60

Meta@ég )

Figure 5.1: The XRD diffraction’ pattern of‘HAp powder comparing with the

standard reference accordmgfo—}GPBS—#9—4—32——i 1

Figure 5.2: The EDS spectra of HAp powder calcined at 240°C
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5.2 Results and Discussions of Hydroxyapatite Film

5.2.1 XRD Analysis of Hydroxyapatite Film

As confirmed that the HAp powder form can be synthesized HAp without
impurity phase. The HAp thin films were also structural characterized by XRD.
We used two types of substrate, silicon and stainless steel 316L. The obtained
films were annealed at various temperatures. The XRD diffractograms of the HAp
thin films which annealed at'various temperatures'and different substrates show in
Fig. 5.3 and Fig. 5.4. TheXRD patierns in Fig. 5.3 showed the coatings on silicon
annealed at 300°C, 500°C, 700°C. 900°C and 1,100°C, respectively. The broad
peak of the main reflegtion that corresp(;_nding to the HAp (211) plane appears at
300°C, 500°C and 700°Cs This indic;e}:"[.es that the HAp sintered at these
temperatures has a poor gystallinity. At I_;ig’her temperatures (900 and 1,100°C),
the HAp structure peaks bgcome, st,ronger,:.yvh_ich corresponds to the (002), (211),
(202), (310), and (222) reflections, This suggests thatthe HAp coatings structure
develop to polycrystalline with'preferred oriéﬁfétions. The B-tricalcium phosphate
(B-TCP) peaks can be detected at 29:30.795@;1 27.7°[10] only in the HAp film
that is annealed at 1,100 °C_ It can be explained that the ElAp may be decomposed

at temperature above 1050 °C, as the following [18],

Calo(PO4)6(OH)2 _— ZBCa3(PO4)2+Ca4P209+HzO.

The XRD pattern of HAp on stainless steel 316L annealed at different
temperatures, also shows in Fig. 5:4. The results are (quit€ similan to the previous
pattern on the silicon substrate, but only the peaks in XRD pattern of substrate are
not the same. The results show that the strongest peak of HAp still observed from
all annealed films and the intensity is sharper as temperature increase. There is no
impurity phase in the films that annealed reach 900°C. From these XRD analysis
results, it indicates that the structural evolution of HAp film develope as the
annealing temperature increased and B-TCP can be found at the annealing

temperature of 1,100°C and above.
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Figure5.3: The XRD patterns of HAp films on silicon (Si) substrate annealed at
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Figure 5.4: The XRD pattemns of HAp ﬁlni"s:' On stainless steel 316L substrate
annealed at various temperatures=(¥): HAp, f*): stainless steel 316L

5.2.2 EDS Analysis of Hydroxyapatite Film

The elemental composition of HAp films on silicon and 316L stainless
steel substrates that annealed at various temperatures is shown in Table 5.1. The
results indicatethat the obtained films consist of calcium, phosphorus, oxygen and
carbon, while silicon was also detected as substrate. The atomic percent of Ca, P
and O‘are' ¢closely-resenible“values in both' films)on silicon jafid 316L stainless
steel. The carbon content appears at every annealing temperature except 1,100°C,
but it decrease as temperature increased. It can be explained that carbon may come
from the atmosphere during synthesis process and sintering [12]. It completely
occurs pyrolysis at higher temperatures [31]. The Ca/P ratios of the films are in

the range of 1.61 to 1.65 in both substrates, which are nearly close to

stoichiometric HAp (Ca/P = 1.67).
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Atomic %
Annealing temperature (°C) | 300 | 500 | 700 | 900 ]| 1,100

Carbon (C) 101] 704 5.04| 387 o
Si Oxygen (O) 575 60.1| 602 |62.72 | 64.44
substrate | Phosphorus (P) | 125 | 119 12.8]12.17 | 12.81

Caleium (Ca) | 1961 197 20.6]19.92] 2081
Silicon (8i) 065 4 126 | 1.45] 1.32 | 1.94
Ca/Pratio | 1614165 1.61| 1.64| 1.62
Carbop 0.2 £ 7964553 | 403| -
316155 | OveEen (O) 502 596 61.1]61.93| -
substrate | MOPRORSABIS b ol 1040108 | 12.88 | -
Calcium (Ca)

19 201 20.6 | 21.16 -

Ca/RPratig. 1,164 | 162,161 | 1.64 -
‘.;i ’

Table 5.1: The atomic percent of-leaich eleﬁ;é;nf found in HAp films on Si and
bl v ol

316L SS substrate annealed/at yarious tempq@ﬁnes

5.2.3 SEM Analysis of Hydrok§£ﬁdfite Film

SEM techniql_fe—was used to observe the microstméture of the HAp films.
The SEM micrographs_ of the HAp films annealed at various temperatures are
shown in Fig. 5.5. Allﬁ images (using 15 keV in seconéary electron mode) were
captured at thé:same magnification of 30,000 times. Fig. 5.5 (a) and (b) show that
the films are quite homogeneous, while the film annealed at 700 °C (Fig. 5.5(c))
exhibited small~fine graim structure. (At (900-2C~(Figy 5:5(d)),thepgrain size is
increased and some pores can be observed. When'the film was annealed at 1,100
°C, the grains size is still increase and had a cross-linking structure. The HAp
grains size is found to be approximately 0.5 pm. at 1,100 °C. Therefore, the
evolution of grain size depends on the annealing temperatures and the structure of
the film develops from amorphous to more crystalline. Moreover, the SEM
micrographs represent that the HAp has porous structure, which can be observed

from the pore in the microstructure.
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(b)500 °C

(d)900 °C

(e)1.100 °C

Figure 5.5: The SEM micrographs of HAp films annealed at (a) 300 °C, (b) 500
°C, (c) 700 °C, (d) 900 °C and (e) 1,100 °C
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-
Figure 5.6: The SEM cro sectlon 1maée of HAp coating on 316L SS substrate

The back scatte}l{ ectrons mod_q: (BSE) in SEM technique was used to
view the cross-section 1}12; due to the: \}zontrast of image depending on atomic
number of each material. 1z | 5. D, d1splays ‘the cross-section SEM micrograph of
annealed HAp film on stalnless stabl 3161 _.éubstrate As seen from the image, the
HAp layer covers entire surface- of fhe substrattf' The thickness of the coating layer

is approximately 10 um. A--close 1nterfaé1‘al.b0nd between the film and the

i

L
substrate is observed w1thout any cracks and voids. o’
=1

,j ﬁg

5.3 Results and.Dlscussmns of Strontium-Substituted

Hydroxyapatite

5.3.1 XRD Analysis of Strontium-Substituted Hydroxyapatite

Powder

Both powder and thin film forms of strontium-substituted hydroxyapatite
(SrHAp) have been synthesized and characterized the phase structure by the XRD
technique. The XRD pattern of fully substituted Sr in HAp is illustrated in Fig.
5.7. 1t shows that the strongest diffraction peak is at 26 = 30.67° referring to the
reflection plane (112). All the peaks are well-defined and sharp for example (211),
(300), (210) planes, etc. As seen from the Fig. 5.7, the pattern agrees with the
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standard reference StHAp according to JCPDS #70-1511. It also can be seen that
both patterns are closely correlated, thus confirming that the obtained powders has

polycrystalline hexagonal structure without impurity phase.

(211)
~
=
o
200) (102) 4
b (200)
7
g
Q
+~
= @10y
T Y 1

20 30°

Figure 5.7: The XRD diffraction pattern (F SrHAp powder comparing with the
standard reference acCording to JCPDS #70-1511

53.2 XRD Analysis of Strontium-Substituted Hydroxyapatite
Film

Fig.5.8 exhibits the XRD patterns of StHAp film on stainless steel 3161
annealed at, 300°C,-5002Cs-700°C-and 900°C, respectively. The broad seflection of
the dominated peak, other'than“substrate’s' peaks corresponding to-the SrHAp,
appeares at 300 and 500°C. It indicates that the annealed SrHAp has poor
cystallinity at these temperatures. At higher temperatures (700°C and 900°C), the
StHAp structure becomes strong and well-defined peaks. This suggests that the
SrHAp coatings develop from nanocrystalline toward polycrystalline with preferrd
orientations. The peak that corresponding to Sr3(PO4), phase, which refer to the

impurity, was found in the specimen annealed at the temperature of 900°C at 20 =
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33.6° . The XRD analysis indicates that the evolution of StHAp film structure

develops as the post-annealing temperature increased.

211) |
(12210 & | |
* 900°C
‘5 x
g | " 700°C
oy
§ @i11)
g * | 500°C
"r‘lﬁ 4 1300°C
' T ' | ' I '
20 30 40 V2l 50 60

20 (degree)s.

Figure 5.8: The XRD-patterns of StHAp films anncaled at various temperatures
(%): STHAp, ): stainless steel 316L, (): Sry(POy),

5.3.3 EDS-and SEM Analysis of Strontium-Substituted
Hydroxyapatite Powder and Film
Elemental ‘analysis of ppowders by EDS isishown.in Table 5.2. It clearly

indicates that the atomic percent of Sr and Ca in SrCaHAp are quite at similar
value. The amounts of calcium and strontium are detected in SrCaHAp and
SrHAp, respectively. This confirms that the sol-gel technique is able to synthesize
(Sr<Ca;x)s(PO4);0H in the form of powder.
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Atomic %
Element SrCaHAp SrtHAp
point 1 | point 2 | point 3 |average|point 1|point 2|point 3|average
Calcium (Ca) 7.96 7.06) 10.28| 8.4333 0 0 0 0

Strontium (Sr) 7.81 7.65] 11.77] 9.0767| 20.34] 18.05] 17.21] 18.533
Phosphorus (P)| 11.15] 11.97] 15.15] 12.757] 13.59] 13.92] 10.66| 12.723
Oxygen (O) 59.79] 65.35] 51.51) 58.883] 45.92] 46.92| 46.8] 46.547
Carbon (C) 13.3 7.96. 1128/} Lp 847 20.15] 21.11] 25.33] 22.197

Table 5.2: The atomic percent of the powdér ca@ated from EDS

The cross-sectional SEM mlcrograph of annealed SrHAp film is shown in

g—

Fig. 5.9. The structure ojihe;(hyer was not uniform comparing with HAp coating

because StHAp sol did rese00d sdlublhty as HAp. Moreover, the thickness
was greater than HAp, it

asjaround _15-;_26 um, There are some voids that can be

— ol

observed.

The SEM micrographs of thngrHA:lo film annealed at various temperatures
shown in Fig. 5.10. The
at 300°C and 500°C (Fig.

or ology and mlcrostructure of StHAp film annealed

and b) exhlﬁte“dfalmost a rod shape. On the other

hand, at 700°C it can be observaf as ﬁnq::-grams As the film was annealed at

T
900°C, the grains Sye had developed and formed a_s cross-linking network

structure. Thereforq, ;he evolutions of the grain size Q’_;éend on the annealing
temperatures. This can be due to the crystalline of SrHAp coexists with tricalcium

phosphate and tetracalcium_phosphate phases and starts recrystallization at the

annealing temperature- over 700°C.7 Moteover, - the  SEM' micrographs also

indicated that StHAp has porous structure the same as in HAp.

waﬂmmwpm'}e

SrtHAp

Figure 5.9: The SEM cross-section image of STHAp coating on 316L SS substrate
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1S5k <18, 88

Figure 5.10: The SEM micrographs of SrHAp films annealed at (a) 300 °C, (b)
500 °C, (c) 700 °C and (d) 900 °C
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5.4 Crystal Structure Analysis of Powder

The crystal structure of three types powder, HAp (0% Sr), SrCaHAp (50%
Sr) and SrHAp (100% Sr) was investigated by XRD technique using CuKa with
scanning from 26 = 15° to 60°. The x-ray diffraction patterns of the powder,
synthesized with different [Sr]/[Ca+Sr] atomic ratios, are shown in Fig. 5.11.
Bragg’s law and the geometric relationship for hexagonal lattice system, shown in
equation below, were used to calculate the lattiee parameters from the obtained

powder diffractograms.

- i NS (5.1)

a ] C

1 4(h2+hk+k2j h

The XRD pattemns of the sample:s.'corresponding to HAp and to SrHAp
display well-defined and shagp peaks::, Their diffraction planes are clearly
explained and discussed in‘previous topicrsd;;_. On the other hand, the pattern of the
sample containing both Ca and S¢ generally, exhibits a broader diffraction peak.
They indicate that the crystallinity-is decrés'-e‘d after Ca’" is half substituted by
Sr** in the structure. The Sr substitution ma};;affect the growth of HAp lattice and
consequently decreascs the crystalline quality because the lattice strains due to Sr-
atoms substitution in HAp matrix. All patterns also demonstrate that the reference

powders have no othertinusual phases and impurity canbe observed.

The diffraction.peaks of! the SrHAp shift.to lower 26 values due to an
increasing in d-spacing and lattice parameters. The crystal structure of HAp and
SrHAprare in hexagonal system. The plot of lattice parameters|(a 5 5 and c) of the
series powders, as seen from Fig. 5.12, were calculated from the equation 5.1. The
results show that a and ¢ increase linearly with the amount of Sr incorporate. It is
known that the larger ionic radius of Sr compared to Ca (Ca®" = 1.00 A and
Sr*"=1.18 A) [32] can cause the apatite lattice to expand in both the a- and c-axis

directions.
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Figure 5.11: The XRD patterns of HAp, SrCaHAp and StHAp powder
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5.5 Results and Discussions of Hydroxyapatite/Ti0,

Composite

The typical XRD patterns of the HAp/TiO, composite films annealed at
various temperatures are shown in Fig. 5.13. They exhibit a typical characteristic
pattern of HAp with well-defined and more sharpen intensity when annealing
temperature increased. Furthermore, the shagp peaks at 25.3°, 37.9° and 48.1°
correspond to the TiO, anatase phase, respectively. This can be observed in all
temperatures. In contrast, the (110) pla;le of Ti0, rutile phase is found from the
sample annealed at 700°Cithe boatd peak at 27.6° and this peak became sharpen
at 900°C. Another peal of rutile at 36.1° can also be detected from 900°C. This
can be concluded that some of TiO; anatase phase transforms to rutile phase at

annealing temperature aboye 500°C.

- M H=HAp
¥ A = Anatase
A H =31 R = Rutile
N
=
o]
A
Z
72
-
]
~—
=
et
y T y T y T
20 30 40 50

26 (degree)
Figure 5.13: XRD patterns of HAp/TiO, composite films annealed at various
temperatures (H): HAp, (A): Anatase, (R): Rutile
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The SEM micrographs of HAp/TiO, composite films annealed at various
temperatures are shown in Fig. 5.14. The grain size of films increases with an
increasing temperature like in the case of HAp and SrHAp films. The TiO;
particles can be seen in this composite film and it exhibits nano-size of particle

linking with HAp structure.

Figure 5.14: The SEM micrographs of HAp/TiO, composite films annealed at (a)
300 °C, (b) 500 °C, (c) 700 °C, (d) 900 °C and (e) 1,100 °C
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5.6 Mechanical Properties Investigated by Nanoindentation

Nanoindentation test were carried out using nanoindentation system (CSM
instrument) with a Berkovich tip throughout this study. The measurement was
done at 20, 30 and 40 mN loads. The hardness plot of the HAp and HAp/TiO,
films annealed at various temperatures are exhibited in Fig. 5.15. Furthermore, the
plots of elastic modulus are also shown in Fig. 5.16. It was found that hardness
and elastic modulus of HAp films are around "2 and 35 GPa, respectively, while
the values of HAp/Ti0, compeosite film' are 2.4-and-54 GPa, but these values are
independent with the anncaling” temperatures. From this result, hardness of
HAp/TiO; is two times comparing with, HAp film. The HAp/TiO; film is harder
than HAp film. The feasons of iucreasing in hardness and elastic modulus are
caused by TiO, namopasticle reinforc_ed _HAp matrix which gave higher

mechanical property in the material.

2.8 e
2.6—_ s
2.4 /%\%/
2.2—_

207 O'HAp/TIO;
1.8 1
1.6

Hardness (GPa)

1.4—-
Wi unTingt
1.0

300 500 700 900

Annealing Temperature (°C)

Figure 5.15: The plot of hardness of HAp and HAp/TiO; films annealed at 300,
500, 700 and 900°C
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The examples of load- unloadlng curves from 3 1ndentat10ns which made
on the' HAp ﬁlm annealed at 700°C ace shown n Flg 5 18 For the HAp/TiO,
films with the same temperature are also shown in Fig. 5.19. From observation
these curves, the area under the curve is divided into two parts, one is elastic work
and the other is plastic (or inelastic) work. The slope of unloading curve is
performed the stiffness, which is directly related to elastic modulus. To compare
HAp with HAp/TiO,, we found that the stiffness of HAp is less than that of
HAp/TiO; as a result in the elastic work is higher. This can be concluded that the
HAp/TiO; film has more elastic modulus and harder than the ordinary HAp film.
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HAp/TiO; film annealed at 700°C
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5.7 Antibacterial Test on STHAp

In this study, the in vitro test bacteria was Stqhylococcus aureus and the
test inhibitors was SrHAp sol. The SrHAp sol was diluted to difference
concentrations. The positive control test was done by dropping only Luria—Bertani
(LB) medium, which is food for bacteria, without bacteria. In contrast, the
negative control was prepared by \-XW eria mixed with Luria—Bertani (LB)
medium. The test was done i ite &e Fig. 5.20(a)) and kept for 24

hours. After that, the solm each wel ped into the plate. Zone A

was dropped with nega 't concentration of 50, 25 and

12.5. Zone B and Zon¢ rHADp, respectively. The

positive control wit ibited in Zone D. The

results from Fig. 5.20 >-are many b te@ colonies in Zone A and

bacteria. This can be co n inhibition on the growth of
Stqhylococcus aureus bacte ntratiol er than 200 mM. This can be
applied that the StHAp can be 1?5@6:11& the antimicrobacterial applications

_ b ) R,

Concentfatlon m g@M)

quaﬂ

Figure 5.20: The experimental procedure of antibacterial test



CHAPTER VI
CONCLUSIONS

In this thesis, the author has described‘aad illustrated the synthesis process
of HAp, SrHAp and HAp/TiO; solution der~thin film coating, and their
characterizations. The main tesults and conclusions. obtained in this study are

summarized as follow:

I.) HAp powder can be prepared_‘.l')y following to the previous work [18]
without any impurity phage, which obser\}g:d’from XRD and EDS results.

II.) HAp thin films coatings on beth silicon and 316L stainless steel
substrate can be successfully fabricated by soligel spin coating. The evolution of
phase and structure can be observed by XRD—L"}‘t'shows that the structure develops
toward more crystallne with_an_increasing temperatures The HAp phase has
decomposed to B-TCP- phase at 1,100 °C of annealing temperature. The SEM
micrographs show that the crystal size increased with an increasing annealing
temperature to-l;100, °€ and thesstsucture of HAp.is perous. . The thickness of the
coating is approximately 10-um. 'Mereover, hardness and elastic modulus of HAp
films annealed at various temperatures are average values of I2 and 35 GPa,
respectively,! andisthere | are ¢no, significant effects related to the annealing

temperatures.

III.) The strontium-substituted hydroxyapatite in both powder and thin
film can also be prepared by sol-gel technique. Sr** can half and totally replaced
Ca®’, and incorporate into the apatite structure with the atomic ratios of
[Sr]/[Ca+Sr] as 0.5 and 1, respectively. Increasing Sr substitution for Ca exhibited

the expansion of the crystal structure, explained by a linear increasing in lattice
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parameters (a and C). The evolution of phase and structure of StHAp films can be
observed by XRD. It showed that the structure develop to more crystalline with an
increasing temperature. The Sr3(PO4), phase was detected at 900°C of annealing
temperature. The SEM micrographs showed that the crystal size increased with
increasing annealing temperature and the same for the microstructure evolution of

SrHAp materials. Moreover, STHAp also has antibacterial property.

IV.) The HAp/TiO, n be fabricated by sol-gel spin
coating technique. The ph

below 500°C. In contr

cle 1S anatase at temperature
transformed to rutile phase
at temperature above igher temperature. From
SEM micrographs, it istributed and linked with

HAp microstructure. p/Ti0, composite films

ﬂﬂﬂ’)‘ﬂﬂ‘ﬂ’ﬁﬂﬁ?ﬂ‘i
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Abstract. Strontium substitut. @ '.zfﬁté{&ﬁﬁpj were fabricated both in the form of powder
as reference and thin film
for the deposition of STHAD la

statiiless/steal 316L substrate by spin coating technique, after
that the films were annealed i

igfat various dempetatures. The chemical composition of STHAp is
represented (SryCay.)s(POy where X_is’equal"'{pf 0, 0.5 and 1.0. Investigations of the phase
structure of STHAp were carri t by ausing X-rtay diffraction technique (XRD). The results
showed that strontium is ingorporated into; rydroxyapatite where its substitution for calcium
increases in the lattice parameterss and S3P0.) caif%_e,detec‘red at 900°C. The SEM micrographs
showed that STHAp films exhibit poz;:lu‘sfsh'us:ture-b'ggnﬁ':gle\relop to a cross-linking structure.

Introduction eyt o Sy

Hydroxyapatite [HAp:Cam(PO})E(OH)E] is’ widely used as a Jbi{nnaterial._ especially in
orthopedic and dental @glicaﬁons because its chemical composition ié-q}}itejsimilar to the human
bone and teeth[1]. Among ioni isti we. Ca~ can be replaced by
various ions, such as Na', K and Mg2+[2-4]. Strontium is also one o.i‘r-d!Le metal that can replace
calcium in the HAp smEt:ure to form strontium substituted hydroxyapatite (STHAp) because
strontium is chemically and physically closely related to calcium. There are many in-vifro studies
indicated that strontium can increases bone formation and reduces bone resorption[5.6].

There are some surgical tieatment of bone defects, metallic implants, such as hip-joint
replacements andyartificial tooth sockets. are ligh “mechanical stability: butsdo not form directly
bonds fo bone fissue.|To improvieg implant fixation to hard| tigsues. it ¢arl bg done by coating the
metallic surface With a thin film of calcium phosphate-based materials. Many different coating
techniques have been used for the preparation of HAp or SrHAp coatings, for examples, plasma
spray[6.7]. flasepablation[8. 9], RE~sputtering 10]3 (and, sol-gel ftechnique[13712]¢ The sol-gel
processinlg represents an alternative approach for the coating preparationf with potential' advantages,
such as higher purity and homogeneify, lower processing temperatures, simple and cheap method of
preparation. For this work, we have studied and explored the synthesis of StHAp both in powder
form and fabricate as a thin film on stainless steal 316L substrate using sol-gel technique. The
crystal structure and the microstructure of a series of STHAp were investigated by XRD and SEM.,
respectively. The elemental composition of the materials was measured by EDS.

Experimental Procedure
Materials Preparation

HAp. as a reference and StHAp materials were synthesized both in the form of powder and solution
for thin film casting, by precipitation from mixed inorganic solution, regarding to previous
report[13]. Briefly, calcium nitrate tetrahydrate [Ca(NO3).4H>0] and strontium nitrate [Sr(NO3)1] in
different ratios were dissolved in distilled water to prepare the Ca+Sr containing solutions (the
molar ratios of [Sr])/[Ca+Sr] were set as 0, 0.5 and 1). The pH of the solution was adjusted to 11 to
avoid the precipitation of CaHPO, and/or StHPO, as an impurity phase by adding ammonia
solution. Another set of phosphorus precursor [(NH4),HPO,] was dissolved in distilled water to
prepare the P-containing solutions by setting the molar ratio of (Ca+Sr)/P as 1.67, and then were

All rights reserved. Mo part of contents of this paper may be reproduced or fransmitted in any form or by any means without the written permission of the
publigher: Trans Tech Publications Lid, Switzerland, www ttp.net. {ID: 161.200.118.228-15/01/10,08:53:24)
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added dropwise to the Ca+Sr-containing solutions under vigorous stirring at constant pH 11. Table
1 shows the weights used for each composition. After additional stirring for 4 h. and ageing for
overnight, the colloidal sol was filtered under vacuum, and then dried at 100°C for 24h. The dried
product was crushed and sieved to obtain the powders. The dried powders were calcined at 240°C
for 24 h.

Table 1. Experimental weights(in g) for synthesis of (SryCa;)s5(PO4);0H

Sr(x) | CalVO3).4H0 | wt% | mol% [ Sr(l wt. % | mol% | (INHg)2HPOy | wt.% | mol%

1.00 - - —nl 72| 62.50 15.85 27.24 | 37.50

0.50 23.62 38.85 e 31.25 15.85 26.14 | 37.50

0.00 47.23 74.87 > - F 15.85 25.13 | 37.50
— —

Thin Films Deposition

HAp and SrHAp thin fi
technique. These films were
steel 316L plates (10x10
polished using #180-600 Si
ultrasonically cleaned with &
layers were dried at 150 °C for
500°C, 700°C and 900°C for ]

ting, these substrates were
interface adhesion. and then
istilled water. The coated
various temperatures: 300°C,

Analytical Methods

The structure of syntk E L lms e
diffractometer (Bruker-AXS8 D8 | OVER and Rigakn AX-2200 Ultima) with CuKq (&
1.5406 A). from 26=15-60°. nicrosgiletire! ; and elemental composition were
investigated by using SEM/EDS &

Results and Discussions
Crystal Structure Analysis of Pow 51-(1'—

_Ze b ) R

The x-ray diffraction patterns o?the *powér synthesiz ith different [Sr]/[Ca+Sr] molar
ratios are shown in Fi g& The XRD patterns of ing to HAp(Sr0) and to
SrHAp(Srl) dlsplayed 1 the ofhier hiand. the pattern of the sample
containing both Ca a s lon-peaks indicating that the
crystallinity is decreased ﬁ: Ca™ is ha eﬂucture. The Sr substitution
may effect the growth of p lattlce and consequently decreased crystalline quality because
lattice strains due to Sr—ato s substitution. All of patterns also demonstrated that the reference
powders show no another p eﬁ 10 impurity can be-dbserved.

SrHAp_ - 1

mu%mwmﬁf

k J /‘

" llb\.&w'tl Hap ~ HAp  SiCaHAp SrHAp

-]

SrCaHAp

n

Lattice

&
SRS

Fig. 2 Lattice parameters of the powders.

20 30
268(degree)

Fig. 1 Powder X-ray diffraction patterns
of Hap, SrCaHAp and StHAp.
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The diffraction peaks of the StTHAp shifted to lower 28 values due to an increasing in d-spacing
and lattice parameters. The crystal structure of HAp and SrHAp is hexagonal system. The lattice
parameters (@ = b and ¢) of the series powders, as shown in Fig.2, were determined by using
Bragg’s law and the geometric relationship for a hexagonal crystal system. The results show that a
and ¢ increase linearly with Sr-addition. It is known that the larger ionic radius of Sr compared to
Ca (C.‘a}: 1.00 A and Sr*=1.18 A) causes the apatite lattice to expand in both the g- and c-axis
directions.

XRD Analysis of StHAp Films hﬁ/

Fig.3 shows the XRD patterns of StHAp thin fi ﬁg’)mmless steel 316L annealed at 300°C,
500°C, 700°C and 900°C. respectively. The broad seilection of the dominated peak, other than
substrate’s peaks. that corresponiding o the SrHAp appearedat 300 and 500°C. It indicated that
StHAp sintered at these temperatures has poor cystallinity. At higher temperatures (700°C and
900°C), the StHAp structure beeate stiong and well-defined pealks. This suggested that the SrHAp

coatings develop from nanocrystalli ar /
that corresponding to Sr3(P ase. as wopurity. was found in annealing temperature of 900°C at

26=33.6° . The XRD analysm indicated ihat the evolution of SrHAp film structure developed as the
post-annealing temperatur o |

wawwaz
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E )ljl?q paa-_l_ a0 £

SEM Analysis of Annealed SrHAp Filins - :_ k|

The SEM micrographs SrHAp film annealed af various temperatures shown in Fig.4. The
morphology of StHAp fi t 300°C and 500°C (Fig.4a and b) exhibited almost rod shape.
On the other hand. at 700°C i served as&pe 'glaina and As the film was annealed at 900

°C, the grains size had de formied as'etoss-linking network structure. Therefore, the
evolutions of the grain size depend ofl the anneahnwhqnpgl atures. This can be due to the crystalline
of StHAp coexists with tric phosphate and ftetracalcium phosphate phases and starts re-
crystallization at the annealing temperafire over T -( Moreover, the SEM micrographs also
indicated that STHAp has porous lc_]:lmgr_' o :__, / '

I*‘

EDX Analysis of Powder

Elemental analysis via EDX of pomders‘u ere shm\gf m_;[‘ahle 2. clearly indicated that the atomic
percent of Sr and Ca in'S8rCaHAp were qu1te similar. The amounts o falmum and strontium also
detected in HAp and.StHAp. respectively. This confirmed that-sol-ge} technique was able to
synthesize (erCal_x)3(P9 J‘z_OH in the form of thin film and powder. ':_ J

1] Atomic percent
Calcium Strontinm Phosphorus
HAp 2 162 - 13.83
SrCaHAp 7.06 7.65 11.97
* 700 StHAp - 20.34 13.59

Table 2. The ‘afomic  percent, of . the powder
*“‘ 5001 calculated!froin EDX.

300

: T T T T T . 1
20 30 40 50 a0
28(degree)

Fig.3 The XRD patterns of StHAp films annealed at various temperatures.(3k): StHAp. (\lf) stainless
steel 316L, (§): S13(POy);
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Fig. 4 SEM micrographs of SiE nnealed at (a) 30 (b) 500°C, (c) 700°C and (d) 900°C

The strontium substifu B intboth pow der and thin film can be prepared by sol-
gel technique. Sr** can dia 1 1eplace. "2’ ‘and enter the apatite structure with the atomic
ratios of [Sr]/[Ca+Sr] as O meg_cyh asing Sr substitution for Ca exhibited the
expansion of the crystal st : ingd by a,line mcreasmg m lattice parametels (a and ¢).

The evolution of phas

structure develop to more i ithyan dnereasin te perature. The Srg(PO4)u phase was
detected at 9200°C of a . raphs showed that the crystal size
increased with increasing an i e [ e mi ture of STHAp is porosity.

, .
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APPENDIX C
PROCEEDING

SYNTHESIS OF HYDROXYAPATITE THIN FILMS BY SOL-GEL
TECHNIQUE

B. Hongthong . S. Kampangkeaw Hodak and 5. Tungasmita
Department of Physics, Faculty of EtiE;ICBI :Eﬁ/ula].oﬂgkom University, Bangkok, Thailand

Ab IFI/IJ";’

— i
Hvdroxyapatite [HAp?t!ﬂ?@;};{ﬂH}ﬂ’!HAp, was svnthesized both in the form of powder as
reference and thin film. Thesiatenial? were prepared nsismesganic precursor selutions: caleium

nifrate tetrahvdrate [Calll
zol-zgel process has

technique. The HAp tho
The evolution of =
investigated by X
their elemental compos

s

dosstbink

. FARA
" L

1 INTRODU

Hydroxyapatite [HAp:
frequently uzed m crthopedic and ée&tad—s

o /
JJ-J

human bone and teeth[1], HAp iz alse citesconductive
which accelerates bl:l:u.e .klw'th_ It has be well
known that HAp 15 bicEcive-and-biocompatiiie-swatl
human fissues, whila ,L;é a‘rhlls phasv-_s sm:h as
tricaleiumphosphate FDCF:Cag(PO 4] and
tetracaleinumphesphate [TTCP:CayP0y 007 are highly

bioreszorbable[?]. However, dus to the bntilenss: of

HAp. low fracture toughness (e = 1 MPam 3],
the scope of it= application i= limufed. It iz kaopn that
the application &f HAp nu‘atu;e; on matallic noplant
devices offers
strength of the ‘Wiefal: and the bioactivity of the
CEramICs.

"mhn;.r differenttechnignes have beenusad for

the pfeparafien of Hup“Scoafmgs shch 2: plisma
sprav[4]. laser ablation[ 3], EF =puitermgl€], “and =ol-
gel techmique[7.3]. Plazma spray operates undsr
extremely high temperatures, so HAp can be
decompesed into the others phases. Furthermore, the
main problem associzted with BF sputtering technigque
15 lzck of an sxact stoichiometry. Therefore, zol-gal
processing represents an alternative approach for the
coating praparation with petential advantages, such as
highar purity and homogeneity, lowsr processmng
temperaturas, =impls  and
preparafion.

The present paper describes the synthesiz of

HAp etther in the form of powder or thm film by

using morganic precipifation methed[%]. We nsed %1

*Tal: 02-2187689; E-mazl: bingo_bhasit30@hotmail com

the p@ssibility ©f combining| the {

cheap method of

snd) dismmenium hydrogen phosphate [(WH,),.HPO,]. The
1 sitten of HA laveren 51 substate by spin coating
in'amr at 300°C, S00°C,
pphology 25 2 fomction of the sintering temperature was
dilrs 'r.#exg also charaeterized by EDX in order to measure
lts Showr taat the HAp structure developed within annealing
lmﬂuﬁhe SENM micrograph showed that HA films have
='#tructure with an mdication of B-TCP.

Wy
&l .';:l_

T00°C, 200°C and 1,100°C.

i 1 . .
- faafer as substrates for stndying sol-gel HAp coatings.

==l chicgRtudy, the
M TR

evolutton of stucture and
olozy was investigated by XED and SEM

e L:Ei'_""uﬂ|.|:.|_'l;ua;. a3 a function of the sintering temperatures.

because its chemical composition iz-inular to the ::l‘
|

yp films ware characterized by EDX m order to
measure their EleTuta] compositlons.

* P

2 I MaterialzPreparaiion

HAp i&rj: synthesized both m the form of
powder and sol by using precipitation from mixed
aguaous  morganie  solution[l10]. Brisfly, caloium
nifrate tetrahypdrate-{Ca@io ;). 4H,0] and diammenium
hydrogen phosphiatd [(NH,.HFO,] were usad as
caleium and phesphorews precursers, and the molar
ratio of Ca'F m these starting reactants was et equal
te 1.670The reaction ccomied at room temperature

Daddithe pHmas ddjustedyiofT - 180y addng ammonia

solution. The collowdal sbl was mixed duing 3 hours
under vigorous sturng, then agemng for 24 homs. In
fipure 1 szhows a schematic representation of
synthesized HAp process. Prnor to coatmg, silicon
wafer, which 1z msed as substrate, was ultrasomically
cleaned with acetone and methanel in order to remove
dust or impuities and finally washed with deionized
watar.

2.2 Hdp Films Deposition

In thiz study, HAp thin films were preparad
by spin coating technique fom preparsd sol. Thess
films wera depesited at a speed of 2000 rpm at room
temperatura. The coatings were dried at 150 °C for 10
mumutes, and then annealed m amr at 300°C, 300°C,



7005C, 900°C and 1100°C for 10 minutes, finally
coolad to room temperature.

2.3 Analvtical Methods

The characterization of the coatings has basn
camied out usmmg M-rav diffraction (XED), snergv
dlspersr.e analvsiz (EDX) and scanning electron
micrescepy (SEM). The phasze identification of HAp
powdsers and films was characterized by usmg X-rav
diffractometer (3{ED, Bruker-AXE D8 DISCOWV,
with CuE, (b= 15406 4). from EE 15—
structure, morphology and elemental c:
the film were obsarved by E-EI-.-I

TSM-64801W).
Calcium ] [lesplmnu
BTy reCurEar

Figure 1 Schematic mpne_\eutatlgn of synthesized
HAp process.

peaks commesponded  to  standard  reference
HAp[] 1] It can be seen that both pattems are closaly
cormrelated, thus confirmung that the cbtained powders
are monophaze HAp.

Fizure 3. shows the XED patterns of the
coatings amnealed at 300°C, 500°C, 700°C, 900°C and
1,1007C, respectively. The broad reflection of the
main peak that comespondmg to the HAp (211
appears at 300°C, 300°C and T00°C. It mdicatas that
HAp =intered at  these temperaturss has poor

e

3&5&%141&1 gibﬂﬂﬁg .“Jr v
BT sl T

cystallmity. At higher temperatures (900 and
1,1007C), the HA stmucture become stronger peaks
comresponding te the (002}, (2113 (202, (310}, and
(222) reflections. This suggasts that the HAp coatings
develop from nanocrystalline toward polyorvstalline
with preformed orientations. The [B-tricaleium
phosphate (B-TCP) peaks can be detscted at 28=30.7
and 27.7°10] only in the HAp film, which 13 anmealad
at 1,100 *C_ It can be explained that the HAp may be
Iﬂ.EI:EI]:I:I.pGSEd at temperature above 1050 *C[12], as the

H} —> 2BCay(P0~Ca,B,0,~H,0[10]

u:ates that the evolution of HAp film

SW" a5 the temperature mereased.
.

-

.,:\mu

{300}
(202) (213}
¥ (222
(310

30 3% 41 43
2theta (deg.)

1 XED pattern of HAp powder syvnthesized by

i mpmnip itation compared with reference HAp.

rlﬁlli'
ey

26(deg.)

Figure 3 XED patterns of HAp films on 51 substrate
annealed at various temperatures. (W) HAp, (4): B-
TCPE, (4 51

73



3.2 EDX dnalysis

The EDX specttum of the sol-gsl HAp
coated on 51 substrate 15 ziven mn Fizure 4. It indicates
the elemental composiion of the coated substrate.
Intenze pezks for caleium, phospheomus and oxygen
were obtamned. The 51 peak, which 15 the substrate,
was detectsd. It was calculated from EDX amaly=is
that the ztomic percent of Ca and P are 1857 and
14.18 %, respectively.

(b1500 °C

{c)700°C

annealed at various temperamn

(b)), {c), {d) and (). Figure 5
film: were gquite homogenecu - filuw

anmzaled at 700 *C(Fizure 5.(c)) exhibitad: Latall ﬁn?"'-f"fj
grams. At 900 “CiFigure 5.0(d)), ths g_ﬁ'lﬁze was——=
more expand and can be observed _agmepntks “'hm:? y
the film was heated ai, 1.100° °C tﬁ grams Size
meraasad and had a\_ge}rd connaction with cross-
linking. The HAp giams=Sige was T
approxmately 0.5 pm S
evolutions of gram size T
temperaturss. Morsover, 0

(200 °C

the SEM micrographs

’;,

rapresent that HAp has porous stucture.
¢ o

(2)1,100°C

74

{a)300 °C Figura 5: SEM micrographs of HAp films annealed
at (a) 300 °C, {b) 300 2C, () 700 *C, {d) 900 *C and

(e} 1.100°C



4 CONCLUSION

HAp thm films coatings on 51 substrate can
be successfully formed by sol-zel process. The
evoluton of phase structurs can be chserved by XED.
It shows that the stucture develop to more cryvstalline
with an imecreasing temperature. The HAp phase
decomposes to B-TCP phase at 1,100 °C of annealing
temperature. The SEM micrographs 5]:H:mred that the
crvstal size Increased with increasing

temperaturs to 1,100 °C and the stru.ch:.reuf
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APPENDIX D
STANDARD REFERENCE

Cah[PO4]3[0H]
Calciurm Phosphate Hydrow_

Ref: de Wollf, P., Technigch Physische Dienst, v ... The Hetherlands, ICDD Grant-in-did
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Dw 2155 Dm:_3.080 g
5.G.. PE3/m [176] % =
Cell Parameters: @
a 9418 b cb8sd| T % =
[ ]
bt | M 1l ]
55/FOM: F30=54(. 0158, 35) | VAL || || I.||||||I||.I|. wlbl 1
|l T ] T T T
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Lambda: 1.54056
Filter dis) Int-f hoks | dfhl It-f ok [ did) Int-f h k|
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tineral Name: h.2600 B 01400 1 | 20400 2 4 0 0 14520 13 30 4
Hydrawylapatite, sun 47200 N 1R 0N noao E 2 0 3 [14820 13 3 2 3
40700 W2 030 19430 ez o2 2 114330 9 5 11
3.8500 doy B 1 81 [RsS00 6B 3 1 2 (14070 4 4 2 2
25100 Fyp: o1 | RERu E 3 2 0 14070 4 4 1 3
24400 A0 f.0 <00 2 418410 an 2 1 3 |1.3480 3 8 1 2
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25280 E 3 T Ca 2 3 1 3 |12680 3 B 0 2
2.2960 B T el BEFD 4 5 0 1 [12570 9 2 165
22620 20 80 10 0 15420 E 4 2 0 [12490 14 3 2
2.2280 ANAEE 22 R iEE00 E 3 3 1 [12380 m 513
21480 w3 1 1 15030 m o 2 1 4 12210 9 & 2 2
21340 ok [ ) 2Rt 12 502
701511 Guslity: © SI[PO4)3 [0 H
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D= 4113 Cirn: -
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E = O
: : fe s
IAeer 2,23 - h
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Lambda: 1.54060 a4 30 2.0 18 13 dz)
Filter:
g caloulated i) It © R | ) e h k1 i) td  h k|
ICSD #: 002855 84334 Bl 1 0 0 |18162 ms 0 0 4 | 13847 2 50 3
56059 m 301|178 34 1 71 |1380 5 & 01
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aqr BT 2 M D e TaEEEm W 4 2065
404EE 5101 1 1 |1F085 32 2 | 135628 1/ 4 31
AE325 183 A0 O%2 1F0is B 1L 4 | 15613 B 5 20
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