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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF TRI-CALCIUM PHOSPHATE
DOPED WITH STRONTIUM, CHLORIDE AND FLUORIDE IONS

AHMED, Redar Wasurahman
M. Sc. Thesis, Mechanical Engineering Department
Supervisor: Asst. Prof. Dr. Serap (GUNGOR) KOC
January 2018, 61 pages

In the biomechanical employment, the researches regularly explore for the
design and selection of biomaterials with favorable mechanical characteristics and
particular requirements. This is for the purpose of employ it for bone reform and hard
tissue replacement.

Several bioceramic materials, which are a huge inorganic class of nonmetallic
substances, are utilized for implantation in the human body. An example of these
materials is P-tri-calcium phosphate (B-TCP). It is produced from the procedures
NaH,PO,4 and an aqueous solution of Ca (NOs), by wet precipitation method. The aim
of this study was to combine tri-calcium phosphates doped with strontium, chloride and
fluoride ions. A precipitation procedure was applied for synthesizing pure and doped tri-
calcium phosphates. The doped samples were sintered at 1100°C for 1 hour. To
determine the measurement of the density an Archimedes method was applied. It was
observed that the addition of strontium (Sr*?) and chloride (CI") decreased the amount of
density of the samples while, the increasing of the fluoride (F°) increasing the density of
the samples due to decrease of a decomposition rate of materials that shows the highest
thermal stability and improves the mechanical characteristics after sintering
temperature. The strontium (Sr*?), chloride (CI) and fluoride (F) doped samples
showed the variety in their density conduct after the sintering at 1100°C for 1 hour. The
XRD diffraction was employed for the characterization of the presence of phases and
bonds. The outcomes of the study reached the peaks of TCP in the XRD diffraction for

all samples. SEM was applied for obtaining grain sizes of the sample.

Keywords: Chloride, Fluoride, Precipitation method, Strontium, Tri-calcium

phosphate.






OZET

STRONSIYUM, KLOR VE FLOR IYONLARI KATIKLI TRIKALSiYUM
FOSFAT SENTEZI VE OZELLIKLERININ TESPITi

AHMED, Redar Wasurahman
Yiiksek Lisans Tezi, Makine Mithendisligi Anabilim Dali
Tez Damigmant: Yrd. Dog. Dr. Serap (GUNGOR) KOC
Ocak 2018, 61 sayfa

Biyomekanik alaninda arastirmacilar, ozellikle kemik reformu ve sert doku
protezleri alanlarinda kullamilmak {izere, istenen mekanik 0Ozellikleri ve bazi 6zel
gereksinimleri karsilayabilen biyomalzemeleri tasarlamaya ve segmeye yOnelik
caligmalar1 siklikla yiiriitmektedir.

Metalik olmayan malzemelerin oldukga biiyiik bir alt sinifin1 teskil etmekte olan
cok sayida biyoseramik malzeme, insan vicuduna nakledilmektedir. B-lg-kalsiyum
fosfat (B-TCP)’ta iste bu malzemelere bir 6rnektir ve NaH,PO4 ve Ca (NOs3); ‘nin suda
¢ozlinmiis halinin 1slak c¢okturtlmesi ile elde edilmektedir. Bu galismanin amaci
stronsiyum, klorir ve floriir iyonlar: katikli trikalsiyum fosfatlarin1 birlestirmektir. Saf
ve katikli trikalsiyum fosfatlarini elde etmek amaciyla uygulanmistir. Katikli numuneler
1100°C’de 1 saat sinterlenmistir. Yogunluk etkisini tespit edebilmek icin Archimedes
yontemi yapilmustir.  Stronsiyum (Sr*?) ve klor (CI) ilavelerinin numunelerin
yogunlugunu azalttigi gézlenirken, flor katkisinin hem numune. Stronsiyum, Klor ve flor
katikli numuneler 1100°C’de 1 saat sinterleme sonrasinda yogunluk farkliliklar
gostermistir. Fazlarin ve baglarin tespiti i¢cin XRD difraksiyon yontemi kullanilmustir.
Calisma sonucunda tiim numuneler i¢gin XRD difraksiyonunda TCP tepe noktalarina

ulasilmistir. Numunelerin tanecik ebatlarinin tespitinde SEM yontemi kullanilmistir.

Anahtar Kelimeler: Klor, Flor, Coktirme yontemi, Stronsiyum, Trikalsiyum

fosfat.
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SYMBOLS AND ABBREVIATIONS

Some symbols and abbreviations used in this study are presented below, along

with descriptions.

Symbols Description
oa-TCP Alfa tri calcium phosphate
B-TCP Beta tri calcium phosphate
TCP Tri calcium phosphate
CaP Calcium phosphate
HA Hydroxyapatite
CMP Calcium metaphosphate
HCP Heptacalcium phosphate
DCPD Dicalcium phosphate dehydrate
TTCP Tetra-calcium phosphate
BCP Biphasic calcium phosphate
SBF Simulated Body Fluid
Ca Calcium

Oxygen
P Phosphate
Sr Strontium
Cl Chloride
F Fluoride
Mg Magnesium
XRD X-ray diffraction
SEM Scanning electron microscopy
D Density
EDS Energy dispersive X-ray spectrometry

XV






1. INTRODUCTION

The calcium salt of phosphoric acid with the chemical composites of Cas(PO,)2
is called Tri-calcium phosphate (TCP). In biomaterial science, calcium phosphate is one
of the most imperative products of bone. As biomaterials, the calcium phosphates CaP
have been required to restructuring bone defect as well as in dental, maxillofacial
orthopedic application (Guidera and Chaari, 2011). For many years clinically, calcium
phosphates have been utilized for repairing bone defects. Hydroxyapatite Ca;o(PO4)s
(OH),, HA), tri-calcium phosphate Cas(PO,),, TCP and TCP-HA composites are some
examples of calcium phosphate CaP that utilized in the dental and medical utilization.
Generally, when the optimal proportion relay on the specific utilization, this idea is
recognized via beneficial balances of more constant (regular via HA or higher
resorbable normally TCP of CaP). (Wang et al., 2004) currently, calcium phosphate
based bioceramics and biomaterials are utilized in much diverse utilization thru the
body, wrapping the entire space of the skeleton. Percutaneous apparatuses as well as the
utilization in periodontal management, dental implants, bone defects treatment, total
joint orthopedics substitution, fracture treatment, spinal surgery, cranio-maxillofacial
reconstruction and otolaryngology are some application of CaP. Dissimilar calcium
ortho phosphates could be utilized relying on whether a bio-resorbable or a bioactive
material is wanted (Best and Porter, 2008).

Previously, several implantations have been failed owing to the infection or a
shortage of information regarding the poisonousness of the nominated constituents.
Consequently, the CaP utilization is logical because of their correspondence to the
mineral stage of teeth and bone (Weiner and Dove, 2003). However, in accordance to
accessible literature, in 1920s, the first effort for using CaP as an artificial substance for
repairing surgically formed flaws in rabbits was executed (Albee, 1920). Half century
later, the first calcium phosphate dental utilization in surgically formed periodontal
flaws and the utilization of condensed HA cylinders for instant tooth root substitution

were stated (Denissen, 1979).



Table 1.1. Different calcium phosphates with the (Ca/P) atomic ratios

Name short form Calp
Calcium metaphosphate (o, ,y) CMP 0.5
Heptacalcium phosphate HCP 0.7
Dicalcium phosphate dehydrate  DCPD 1.0
Tri-calcium phosphate (a, ,y)  TCP 1.5
Hydroxyapatite HA 1.67
Tetra-calcium phosphate TTCP 2.0

The calcium phosphate CaP is recognized substances to the increase of bone
defects. It is accessible as allogeneic, heated substances. Regrettably, these CaP
demonstrate comparatively poor shear and tensile characteristics. Practically, the CaP
cements strength is lower compared to bone, teeth or heated calcium phosphate
bioceramics and together with their intrinsic fragility confines, their utilization for non-
loading bearing flaws or clean loading compression (Larsson and Hannink, 2011). The
mechanical properties of successful enhancement could considerably prolong the
calcium phosphates applicability and could be accomplished by creating compound
substance (Canal and Ginebra, 2011). The calcium phosphate composites second stage
additives have been either bio-inert oxides or fibrous assistances. For repairing hard
tissues, tri-calcium phosphate and other calcium phosphates bioceramics are vital owing
to their similarity to the substances in natural bone and their outstanding bioactivity and
biocompatibility (Von and Kelly, 2000). The bone bioactive substances like tri calcium
phosphate TCP and other calcium phosphate CaP implants and coatings offer an
ultimate environment for colonization and cellular reaction via osteoblasts when they
are implanted in an osseous site (Brown and Chow, 1986). For forming a scaffold in
situ, which could be replaced and resorbed with new bone, calcium phosphate cements
are injected or molded. Chemically, most calcium phosphate bioceramics is grounded
upon B-TCP, HA, a-TCP and biphasic calcium phosphate BCP, which is an intimate
combination of either a-TCP — HA or B-TCP — HA (Langstaff and Sayer, 2001). Under
physiological conditions, HA is more constant phase in comparison to both - and a-
TCP. This is because HA has a lower solubility. Hence, the optimum balance of a more

stable phase of HA and a more soluble TCP determines the BCP concept. The reactivity



of BCP increases with the TCP-HA the increase in ratio because of a higher
biodegradability of the B- or a-TCP component Sakka et al., (2013).

The B-TCP chemical similarity to the mineral component of mammalian bone
and teeth is the key reason behind the utilization of B-TCP as bone replacement
materials (LeGeros, 2002). Because tri-calcium phosphate is extraordinarily
biocompatible with living bodies when substituting hard tissues and has biodegradable
properties, the utilization of tri-calcium phosphate as a bone replacement has received
substantial attention (Legeros, 2008). Thus, in several surgical fields like orthopedic and
dental surgeries, B-TCP has been utilized as bone graft replacements (Park and Lakes,
1992). This utilization resulted in an eventual physicochemical bond in between the
bone termed and osteo-integration implants (Metseger, 1999). Nonetheless, B-TCP
mechanical properties which make it brittle, with poor fatigue resistance is the main
restriction to the utilization of B-TCP as load bearing biomaterial. Furthermore, the
mechanical properties of tri-calcium phosphate are commonly insufficient. When it
utilized for making highly porous ceramics and scaffolds, its poor mechanical behavior
is even highly apparent. Therefore, metal oxides ceramics, for example strontium oxide
SrO as well as several oxides ZrO,, SiO, have been extensively examined because of
their bioinertness, excellent tribological properties, high wear resistance, fracture
toughness and strength and comparatively low friction. Nonetheless, for enhancing the
densification and the mechanical properties of B—TCP, bioinert ceramic oxides that have
high strength are utilized. The TCP has three polymorphs, like: B-TCP is constant under
1180°C a-TCP between 1180°C and 1400°C and & -TCP more than 1470°C shown in
figure 1.1.

Amongst the three allotropic configurations,  -TCP is preferred as a bioceramic
because of its chemical constancy, mechanical strength, and appropriate bio resumption
proportion. The mechanical strength of B-TCP ceramics have to be as high as possible
for using B-TCP ceramics as surgical implants. Consequently, it is imperative to

intensively densify B-TCP ceramics (Kannan and Goetz, 2007).
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Figure 1.1. Shown the relation between temperature and percentage mole for the phase
diagram of TCP (Ayers and Simske, 2013).

The higher temperature phase is the alpha phase about over 1450°C and the
lower temperature phase is the beta phase about 1050°C and the translation temperature
between beta and alpha phases is around 1260°C at 75% mole calcium. At this
temperature, it is expected that the TCP material will contain about equal amounts of -
TCP and o-TCP. Hence, the a-TCP occurs when the TCP development is heated to a
high temperature and then quickly cooled to cooling rate. Otherwise, the B-TCP phase
occurs when the TCP product is heated to a high temperature and then cooled slowly, to
cooling rate. When the temperature increase from 800°C to 970°C at 50% mole of CP

the B-TCP with liquid is occur, in otherwise with increase the temperature to 965°C at



50% mole of CP the a-TCP with liquid is occur. With 20% mole of CaO, the a-CsP+f-
C,P is occur at 1120°C, hence at 1700°C the CaO+ liquid is happen.

In general, as B-TCP ceramics ought to be sintered at lower temperature
compared to that of phase transition to a-TCP, it is challenging to sinter B-TCP ceramics
fully. The current efforts for improving B-TCP ceramics densification have been
unsuccessful (Pan, 2003). Even though the sub micrometer sinter ability of sized B-TCP
powder from wet chemical method is better than that of B-TCP prepared by solid-state
response. Hence, the investigations of superior sinter ability of B-TCP equipped from
solid-state response have been sustained. It is recommended that sintering responses of
a combination of raw ingredients without calcinations might result in much bigger
densification in comparison to traditional sintering of claimed B-TCP. Nonetheless,
concerning contraction control and the probability of local second stage generation is
not omitted, the response sintering presents difficulty (Famery, 1994).

The aim of this thesis is to combine tri-calcium phosphates doped with
strontium, chloride and fluoride ions. A precipitation procedure was applied for
synthesizing doped and pure tri-calcium phosphates. The combined substances were
sintered at 1100°C for 1 hour.

Table 1.2. Composition of TCP bioceramics to be produced in the project

No. Sample Names Ca/prate Sr% mole Cl% mole  F% mole
1 1.5TCP 0Sr OCI OF 15 0.0 0.0 0.0
2 1.5TCP 1.0Sr 1.0CI 1.0F 15 1.0 1.0 1.0
3 1.5TCP2.5Sr1.0CI1.0F 15 2.5 1.0 1.0
4 1.5TCP5.0Sr1.0CI1.0F 15 5.0 1.0 1.0
5 1.5TCP 10.0Sr 1.0CI 1.0F 15 10.0 1.0 1.0
6 1.5TCP 2.5Sr 2.5CI 1.0F 15 2.5 25 1.0
7 1.5TCP 2.55r5.0CI1.0F 15 25 5.0 1.0
8 1.5TCP 2.55r 10.0CI 1.0F 15 2.5 10.0 1.0
9 1.5TCP 2.5Sr 2.5CI 1.0F 15 2.5 2.5 1.0
10 1.5TCP 2.5Sr 2.5CI 2.5F 15 2.5 2.5 25

11 1.5TCP 2.5Sr 2.5CI 5.0F 1.5 2.5 2.5 5.0




1.1. Tri-calcium Phosphate Doped by Strontium TCP-Sr*?

In bone, the strontium as one of bone-pursuing components is dispersed. In
addition, in human bone metabolic turnover, it has significant biological role.
Commonly, it is acknowledged that Sr*? can substitute Ca*? in the crystal lattice within
a big level range because of the chemical similarity. Its replacement leads to the
destabilization of crystal, mechanical property, structures and morphology, enhance its
antibacterial, bioactivity properties and after that the escalating solubility. Furthermore,
the low concentration of Sr*? replacement has the useful effect on the reduction of bone
resorption and the improvement of bone formation by hindering osteoclast resorbing

function and the stimulation of osteoblast activity and diversity (Huang et al., 2014).

1.2. Tri-calcium Phosphate Doped by Fluoride TCP-F

Fluoride (F’) ion in its crystal lattice is one of the impurities natural HA in bone.
This has resulted in the concept of the addition different ion into tri calcium phosphate
TCP for enhancing its mechanical, biological and chemical characteristics. Lately, ion
replacement tri calcium phosphate with various impurities in ionic has collected
escalated interest for utilization in novel production featured implant biomaterials.
Whereas the biocompatibility and bioactivity sustained are equivalent for clean TCP,
Fluoride (F) doping into TCP the solubility extends time in the body environment.
Fluoride doping also improves the mechanical characteristics and the thermal stability
of TCP. Abnormal tissue development and humble mechanical characteristics happened
when elevated level of fluoride (F) added into TCP. However, lower fluoride
concentration enhanced the mechanical properties of TCP, for example toughness of
fracture, hardness, elastic modulus and brittleness. Indeed, human hard tissues growth

required fluoride F~ element (Yilmaz and Evis 2014).



1.3. Tri-calcium Phosphate Doped by Chloride TCP-CI’

Calcium phosphate doped by chloride (CI') is a biocompatible substance, which
dynamically influence the orthogenesis bone, bone consolidation and dental tissues
comprising through the skin. In the calcium phosphate chloride structure the ion, CI " is
contained of the bone tissue in addition to Ca*? and 3PO™%,. Because of emptiness in the
structure of the crystal of both cation nature and anion, the chemical bonds structure in
addition to crystal structure, the calcium phosphate is considerably more complex. The
trace elements’ Bivalent cations received via a live organism and with anion, chloride
(CI") can fill the vacancies. The chloride gets the good thermal constancy and no
damage to biological tissues when doping it with tri calcium phosphate. The density
escalated to some extent and the hexagonal unit cell volume as chloride (CI") doping
with calcium phosphate types. With chloride (CI") addition, the grain sizes of the
samples reduced and the micro hardness of pure tri-calcium phosphate TCP is enhanced
(Koroleva et al., 2012).

1.4. Aim of the Thesis

The objective of this study is synthesizing tri-calcium phosphates doped with
strontium  (Sr*), chloride (CI) and fluoride (F) ions for developing novel
nanocomposite bioceramics for biomedical utilization as well as investigating their
microstructures, mechanical and properties of biocompatibility. Up to date, there are no
researches in the literature about co-doping of strontium (Sr*?), chloride (CI) and
fluoride (F") ions into the tri-calcium phosphate (TCP). Via a precipitation approach and
sintering at 1100°C for 1 hour, tri-calcium phosphate (TCP) doped with strontium
(Sr*?), chloride (CI) and fluoride (F") ions were synthesized. The measurement of the
density is determined by use an Archimedes method. By X-ray diffraction (XRD), the
presence of the phases of the samples was applied. The grain sizes and microstructure of

the samples were examined via scanning electron microscopy (SEM).






2. LITERATURE REVIEW

The synthesized of tri-calcium phosphate powders was applied by wet
precipitation approach. The crystalline of the B-TCP was found a main phase with
increasing the temperature of the sample up to 800°C. In addition, the narrow and
homogeneous grain size particles seen from the synthesized of the B-TCP powders. In
evaluation with chemical synthesis of the precipitation approach produces the B-TCP
phase of highest purity. Furthermore, the purity of phases of the synthesizes procedure
is not dependent greatly on the changed of the synthesis parameters (Grigoraviciute,
2017).

The tri-calcium phosphate or the hydroxyapatite when doped with the
involvement of two or more than two biologically vital cations like magnesium (Mg*?)
and strontium (Sr*?). Via an aqueous precipitation method, the substituted samples were
combined. This tangled the supplementation of Sr*? and Mg*? comprising precursors in
order to substitute Ca* ions partially in the structure of apatite. It is revealed that the
replacement causes the creation of B-TCP and hydroxyapatite (HA) construction kinds,
with a disparity of their cell factors and the amount of crystalline of hydroxyapatite HA
with differing replacement levels. The amount of the Ca* ions was reduced with
addition of an equimolar amount of each of the magnesium (Mg*?) and strontium (Sr*?)
in the form of strontium nitrate Sr (NO3), (Landi et al., 2000), described that the use of
(MgCly) as a reactant in the synthesis by precipitation method of biomimetic Mg-
substituted hydroxyapatite, and designate any annoying co-substitution of the invention
Mg*2-HA structure by chloride ions (Aina et al., 2012). Researchers are mostly
concerned in the structure, surface roughness, chemistry, and the mechanical properties
of biomaterials (Dorozhkin, 2009). Nano-HA and nano-TCP particles exhibit improved
biological and mechanical properties compared with conservative HA (Zhang et al.,
2012). Sr*2-HA is frequently used as a drug in osteoporosis therapy (Schumacher et al.,
2013).The huge interest is existed in examining different ionic replacements on
characteristics and crystallographic structure to utilize in osteoporosis averts and
decrease bone restoration and escalation bone creation. The calcium phosphate CaP

samples were synthesized with magnesium (Mg*®) and strontium (Sr*%) ionic
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replacements. The crystalline and crystal size differed from 84% to 99.6% and from 22
nm to 130 nm, correspondingly, relying on the ionic replacement. The impact of
magnesium (Mg*?) and strontium (Sr*?) presences in calcium phosphate on significant
parameters used in several bioceramic employment shown that the minor substitutions
have substantial effects on the thermal stability, solubility and osteoclastic (Neto, et al
2015). The effect of magnesium (Mg*?) and strontium (Sr*?) presences on the
mechanical properties of the CaP like HA and TCP bioceramics this samples that doped
with strontium (Sr*?), the XRD analysis shown that the entire phase was Sr*2-HA. For
phases with minor incorporation of strontium (Sr*?), the Sr*2-HA (PDF 09-0432) phase
was observed, and with increased incorporation, the Sr*2-HA (PDF 34-0484) phase was

observed shown in figure 2.1.
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Figure 2.1. XRD patterns of samples (A), (B), and (C) revealing HA crystallographic
phases after Sr+2-HA substitutions (Neto et al., 2015).

In the XRD analysis shown that the TCP and HA doped with strontium (Sr*?)
ions, the strontium (Sr*?) principals due to an increase in crystallinity and crystal
growth. Furthermore, the low in crystalline due to the mechanical properties similar to

bone. Moreover, the increase in the crystalline due to the mechanical properties similar
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to dental surface. Then, depending on the application of the material according to
crystallinity (Li et al., 2007).

To combine the HA with ions like magnesium (Mg*?) and strontium (Sr*?) to
form Mg*2-HA and Sr*2-HA the solubility due to increased and the thermal stability due
to reduced which displays good biocompatibility (Landi et al., 2000).

The strontium ions doped with the HA or TCP with the amount of 5% mole and
10% mole of the total amount of the calcium content on the phase assemblage and
Weibull statistic of the HA are studied and compared with the pure HA at temperature
range 900°C - 1200°C. The strontium doped with the HA and TCP showed the
decomposition of the hydroxyapatite phase happened with strontium combination, so
the strontium contented had a little effect on the main grain size subdivisions, however
the addition of the strontium with 10% mole the B-TCP stabilization was obtained. The
strontium doped with HA with amount of 5% mole the samples presented the highest
reduction in porosity with increasing temperature whereas the strontium doped HA with
5% mole the samples stay constant from the all sintering temperature range. The
strontium doped with HA by 5% mole the samples involvement the small increase in
Weibull modulus with porosity specifying the potential relationship between the
parameters. The samples with 10% mole of the strontium doped with HA showed the
higher Weibull modulus from all sintering temperature range. It is suggested that this is
due to the increased amount of the surface and lattice diffusion and because of the
saturation of strontium substances happening in grain boundary movement (Yatongchai,
2013).

The strontium (Sr*?) doped with pure tri-calcium phosphate with 0.5, 2 and 5%
mole at 1120°C by precipitation approach, to investigate the influence of the strontium
oxide (SrO) on the mechanical properties of the tri-calcium phosphate. The (SrO)
doped with pure TCP showed the stability phase of the B-TCP not changed. In addition,
the (SrO) doped TCP with the addition 5% mole into pure TCP the density
measurement and the compressive strength of the TCP was increased. The doped
strontium doped with TCP with 0.5 and 2% mole the strontium oxide had the
statistically insignificant influence on the compressive strength of the samples. The

strontium oxide doped with pure TCP with 2% mole had the best cell differentiation. It



12

resulted that the strontium oxide (SrO) simultaneously improved the mechanical
properties of the TCP (DeVoe, 2012).

The synthesis of the strontium doped with HA to use in biomedical applications,
that strontium helps bone formation and bone reduces. The strontium doped with HA
with 2 and 4% mole by wet precipitation approach with increasing the amount of the
ions the Ca*? partially changed to Sr*2. With adding the strontium nitrate doped with HA
to the reduction solution. After the filtration of the sample the precipitated of the HA
was separated. Furthermore, the increase in amount of the strontium into the sample the
decomposition of the HA to TCP was increased if the range of the temperature is 900°C
and the thermal stability of the strontium doped with the HA powders have higher mass
than the pure HA. The decreasing amount of TCP decomposition and the possibility of
high thermal stability of strontium doped HA with the use of strontium chloride instead
of strontium nitrate. The Sr doped with HA, showed the strontium did not have any
influence on structure of the HA phase after precipitation. However, the decomposition
of the TCP increased with increasing the amount of the strontium at 1200°C (Ozbek,
2016).

The employed pure and magnesium (Mg*?) and fluoride (F") doped nano calcium
phosphates CaP that were combined via a precipitation approach for investigating their
mechanical and microstructural characteristics. Subsequent the calcinations and drying
processes, the samples were heated at 1100°C for 1 hour. High concentrations were
achieved excluding for the samples of 7.5% mole magnesium Mg** doped. The B-TCP
phase was detected besides hydroxyapatite (HA), because of the magnesium (Mg*?)
substitutions, leading to the creation of hydroxyapatite HA/B-TCP biphasic compounds
with various structures. The ions replacements have been confirmed via the reduction in
the hexagonal volumes of unit cell of the doped calcium phosphate CaP. Generally,
while replacement of the fluoride (F) ions had positive impacts on their mechanical
characteristics, the diametric and micro hardness tensile strength sample exposed that
magnesium (Mg*?) ions in big quantities 7.5% mole had adverse impact upon the micro
hardness of the samples. Calcium phosphate CaP with proportion varying between 1.17
and 2.00 were generated via a precipitation approach. To examine the impact upon
microstructural and mechanical properties, magnesium (Mg*?) and fluoride (F) ions

were doped into this material with differing quantities. The entire samples were heated
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at 1100°C for 1 hour. Through the Archimedes approach, the measured densities were
greater in comparison to the ones measured via the geometrical approach because of the
variation in the preparation approach. For the doped and pure hydroxyapatite (HA), high
densities were accomplished excluding for the ones doped with 7.5% mole magnesium
(Mg*?). The patterns of XRD unveiled that the escalation in the f-TCP phase and the
escalation in the Magnesium (Mg*™) content was proportional and inversely
proportional to the decline in the calcium to phosphate Ca/P proportional and the
content of fluoride (F). The replacement of the ions into the apatite structure unveiled
by the hexagonal lattice parameter measurements. Images of SEM exposed that the
generally grain sizes enlarged with an escalation in the content of magnesium (Mg*?)
and reduction with an increase in the fluoride (F) content. Additionally, Strontium
(Sr*") and fluoride (F) ions were doped biphasic calcium phosphate (BCP)
bioceramics. The materials were successfully synthesized using a wet precipitation
approach, followed by sintering at 1100°C for 1 hour. In XRD, analysis revealed that,
the BCP bioceramics were composed of hydroxyapatite (HA) and p-tri-calcium
phosphate (B-TCP), along with calcium oxide (CaO) as impurity. Furthermore, the
increase in the strontium ions absorption inclined to increase the percentage of B-TCP.
The lattice parameters of HA phase extended along with incorporation of strontium and
fluoride ions. The SEM analysis when used to determine the grain sizes of the samples
showed that the grain sizes decreased with strontium and fluoride ions doped with
biphasic calcium phosphate (BCP) due to the morphology of the yielding materials
shown in figure 2.2 (Yilmaz and Evis, 2014).

Figure 2.2. SEM image, strontium and fluoride doped BCP (Yilmaz, 2014).
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The microstructures of fluoride (F) doped CaP at different structures, the
samples; a substantial quantity of hydroxyapatite (HA) was discovered. The scanning
electron microscopy (SEM) demonstrated that the doping ions addition caused in a like
smaller grains. The fluoride F ion replacement was affirmed. Increasing the amount of
fluoride (F), the magnetism between Ca*? and F ions increased. For this reason, the
reduction of the enemy for the distance between these ions caused a decrease in the ‘a’
axis. The height of the OH" peak intensity is reduced by the amount of the F ion
content. For this reason, the F ions can be said to have taken the OH" Group.
(Tahmasebifar et al., 2015).

The calcium phosphate group like HA and TCP when doped with the ions was
shown that the addition of CaF, into composites improved the density with the reducing
the porosity of the composites. Hence, the addition of the calcium fluoride (CaF,) into
the combinations let to the shrinkage of the lattice unit cell volume of the calcium
phosphate types because of the fluoride (F’) into calcium phosphate types like HA and
TCP. In addition, to increase or to improvement the microhardness of the combinations
the addition of the calcium fluoride (CaF;) was applied. When the calcium fluoride
(CaF,) was added with 2.5% mole into the calcium phosphates with other composites
the unit cell volume of the calcium phosphate types (HA / TCP) decreased because of
the shrinkage of the a-axis parameter in pure (HA / TCP). It is means that the ionic
radius of the fluoride (F") ions are smaller than the OH™ ions, so that the replacement of
the fluoride (F) ions for OH ions in calcium phosphate (HA / TCP) due to the reduction
of the unit cell volume of CaP. Therefore, the unit cell volume of the pure (HA / TCP) is
bigger than the composites due to the cations are combined into CaP types at Ca sites.
Furthermore, the XRD analysis showed that the addition of the ions affects the thermal
stability of the calcium phosphate types (HA / TCP) composites. So that, when the
amount of the ionic in the composites was increased the HA dissolution into TCP was
preferred (Kutbay, 2014).

The fluoride ions doped with the HA compared with the pure hydroxyapatite had
a low solubility, improved thermal stability and highest biocompatibility. The fluoride
ions when doped with pure HA the amount should be attuned to an optimal value
because of it will cause some disadvantage in terms of cell activities when it is

absorption is above critical level. The highest amount of fluoride doped with pure HA
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due to decrease in mechanical properties such as elastic modules, hardness and strength
because of low values of density occur with high amount of fluoride doped with pure
HA (Turkoz, 2013).

The fluoride ions when doped with the hydroxyapatite show an important role in
influencing the biological and physical properties of hydroxyapatite, also the fluoride
doped with the HA show less solubility than the hydroxyapatite. The fluoride
sometimes used as coated materials, the fluoride can produced these coatings through
different methods such as plasma spraying, pulsed laser and chemical vapour
deposition. The mechanical stability of the coatings failure when the above stated
approaches are approved. The fluoride used, as coated materials obtained coatings
possess the salient features of highest degree of crystalline when compared with the
unsubstituted calcium phosphate coatings. Furthermore, from the XRD analysis showed
that the obtained fluoride coatings are uniform and homogenous (Balamurugan, 2008).

The calcium chloride (CaCly) with the K-feldspar was applied to removal of the
potassium. The time, calcification temperature and mass ratio of the calcium chloride
(CaCly) to K-feldspar were effected. The hydrolysis reaction of the CaCl, with the
moisture in the damp atmosphere occurred at high temperature. The calcification
temperature reduced by the addition of the chloride salts due to the separating potassium
chloride from sodium chloride is difficult; the calcium chloride may be a better
alternative (Yuan, 2015).

The cations like Mg*? and Sr** doped with the calcium carbonate phosphate
changes the phase equilibrium in the CaCO3-NH,CI-H3PO,4 organization and leads to
the formation of calcium phosphate chloride hydroxide. The calcium phosphate chloride
structure the ion, CI" is contained of the bone tissue in addition to Ca*? and 3P0,
Because of emptiness in the structure of the crystal of both cation nature and anion, the
chemical bonds structure in addition to crystal structure, the calcium phosphate is
considerably more complex (Koroleva, 2012).

The chloride (CI) ions doped with the calcium phosphates type synthesized by
precipitation method and sintered at 1100°C for 1 h. The addition of the chloride into
the calcium phosphates types shown the increasing the density slightly. For this reason,
the XRD analysis detected the small amount of the CaO phase from the combination of

the chloride doped with the CaP types and the increasing the amount of the chloride to
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2.5% mole into the samples the hexagonal unit cell volume of the CaP was increased.
The pure HA and TCP average grain sizes compared with the ionic doped samples
decreased, it was establish that the pure HA and TCP doped with divalent ionic like
Sr*2, Mg*? and Zn*? had higher average grain sizes than that pure HA and TCP. In
addition. The chloride (CI") doped with the pure TCP and HA decreased the grain size
of the doped samples. Additionally, the attendance of the calcium oxide (CaO) phase
may affect the decreasing the grain sizes of chloride (CI) doped samples. The divalent
ionic like Sr*2, Mg* and Zn*? with the CI" doped samples had higher grain sizes due to
the positive effect of Sr'2, Mg*? and Zn*? on grain sizes. With the 2.5% mole amount of
the chloride (CI") doped with the calcium phosphate types, it is good for improved the
mechanical properties due to it is high density, highest fraction, highest microhardness

and lower grain sizes (Uysal, 2013).



3. MATERIALS AND METHODS

For synthesizing calcium phosphates, di-ammonium hydrogen phosphate
((NH4)2HPO,4) (Merck, Germany) and calcium nitrate tetra hydrate (Ca (NO3)..4H,0)
were the major precursors of ammonium (NH4OH).Calcium chloride (CaCly),
ammonium fluoride (NH4F) and strontium nitrate (Sr (NOs)2), were utilized in the
combination of the fluoride, chloride and strontium doped calcium phosphates Aldrich,
USA. In order to regulate the values of pH of the solution, the ammonia solution

(Merck, Germany) was employed.

3.1. Synthesis of Calcium Phosphates CaP

The precipitation approach was applied for combining Nano-calcium phosphate
powders. For preparing Ca (NO3)2.4H,0 and (NH4),HPO, solutions with a particular
molar proportion, Precursors of ammonium (NH4OH), calcium nitrate tetra hydrate (Ca
(NO3)2.4H,0), di-ammonium hydrogen phosphate ((NH4),HPO,), strontium nitrate (Sr
(NOs3),), ammonium fluoride (NH4F) and calcium chloride (CaCl,) were supplemented

into distilled water shown in figure 3.1.

Figure 3.1. Magnetic stirring, to mixture each of the calcium nitrate tetra hydrate and di-
ammonium hydrogen phosphate with pure water.
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For the doped samples, the proportion of Ca/P was maintained at 1.50 and the
(Ca/P + Sr) molar proportion was kept at 1.50:1. The solution of di-ammonium
hydrogen phosphate with the calcium chloride (CaCl,) and ammonium fluoride (NH4F)
and the solution of calcium nitrate tetra hydrate with the strontium nitrate (Sr (NO3),)

were stirred for around 1 h Shown in figure 3.2.

Figure 3.2. Shown the stirring and combine the TCP with ions.

To bring the level of pH to 11-12, ammonia was supplemented. Furthermore,
fluoride diisopropoxide, calcium nitrate solutions and Ammonia solution were
simultaneously supplied to the mixture of di-ammonium hydrogen phosphate-ammonia
in drops. After that the calcium chloride (CaCl;), ammonium fluoride (NH4F) and
strontium nitrate (Sr (NOs)2) were added to this mixture and stirred for 10 minutes. For
increasing the reaction, the final mixture was stirred for 1 h and boiled about (130°C —
310°C) as seen in figure 3.3.
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Figure 3.3. Shown the boiling the mixture from (130°C-310°C).

The mixture was stirred for 24 h, subsequent the boiling. Then, a fine filter paper

was utilized for filtering the mixture to gain a wet cake as seen in figure 3.4.

Figure 3.4. Shown the filtration of the mixture (TCP doped with ions).



20

For eliminating the surplus water, this cake was dried in an oven at 200°C for
10-12 h shown in figure 3.5.
Finally, it was sintered at 1100°C for 1 h as seen in figure 3.6. The pure Caps

combination process is demonstrated in the figure 3.7.

—__ -
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Figure 3.6. Shown the oven machine to sintering the mixture at 1100°C for 1 h.
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Figure 3.7. Synthesis process of pure CaP.
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3.2. Synthesis of Doped Calcium Phosphates CaP

For obtaining strontium, fluoride and chloride doped calcium phosphates,
strontium nitrate (Sr (NOgs),), fluoride diisopropoxide and ammonium hydroxide
(NH4,OH) were utilized in addition to the main precursors pure calcium phosphates.
Similar synthesizing approach was utilized to produce of the samples. Moreover,
strontium nitrate (Sr (NOs3),), calcium chloride (CaCl,) and ammonium fluoride (NH4F)
were presented as CI', Sr*? and F. The % mole of the dopants with Ca/p molar ratio of
1.50. The composition 100%, 99%, 97.5%, 95% and 90% of the ammonium hydroxide
(NH4OH) was added into di-ammonium phosphate solution. Then, the equivalent
quantities of (Sr (NOgs),) doping were supplied to this solution. Eventually, for
facilitating the precipitation of the calcium phosphate granules the calcium chloride
solution was added drop by drop to the hydrogen phosphate solution at equivalent with
the constant (NH,OH) addition. In this investigation, for identification of the
composition of the CaP the xxCaP, yySr, zzF and wwCl the following formula was
employed. In this formula, the xx demonstrates the Ca to P proportion of the sample
1.50, and yy symbolizes the mole quantity 1.0, 2.5 and 5 of F ions available in the
system regarding 100 moles of OH ions present in the system. Zz is the character for the
mole quantity 1, 2.5, 5 and 10 of Sr*? ions per 100 moles of OH ions in the system. The
mole quantity 1, 2.5, 5 and 10 of CI" ions per 100 moles of OH ions in the system was
represented by Ww. In accordance with atomic proportion of the precursors, the ratio of
element insertion was accustomed. Subsequent solution was mixed the products were
filtered, dried, and sintered at temperature of 1100°C for 1 h.

3.3. Chemical Reaction Formula

From the TCP crystal structure, the ions can be replaced with others with a
minimal effect. The Ca*? ions were replaced with the F~ and Sr*? ions replaced with the
CI" as shown in equation (3.1).
2Ca (NO3)2.4H,0+2(NH,),HPO4+2NH,OH+2CaCly+2NH4F+2Sr (NO3),

—> Ca3 (POy),+2SrCl+CaF,+Ca0O+8NH;NO3+10H,0 (3.1)
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3.4. Characterization Process

3.4.1. Measurement of density

Via Archimedes approach, the densities of the sintered constituents were derived
(Grover, 2011). For every single sample, three different densities were attained for
determining its mean density (average density) from the equation below:

D (g/cm® = Wt (air) / (Wt (air) — Wt (water)) (3.2)

Where, D: density, Wt (air): dry weight in air and Wt (water): wet weight in water.

3.4.2. X-ray diffraction analysis

Thruogh x-ray diffraction XRD approach, phases present in the samples were
examined utilizing a Rigaku DMAX 2200 machine (Zoppi, 2009). The samples were
scanned from 10° to 80%n 20 with a scan speed of 2 min. To compare with the positions
of diffracted planes taken from XRD outcome, joint committee on powder diffraction
standards JCPDS data files were utilized. By utilizing relative intensity measurements
of diffracted planes, the quantity of phases present in pure and doped tri-calcium

phosphate with ions Sr*?, CI°, and F~ was calculated.

3.4.3. Scanning electron microscopy SEM analysis

For determining the average grain sizes of the sintered samples, SEM Zeiss
sigma 300 VP analysis was carried out. The samples were coated with gold prior to the
SEM analysis. This report investigated the impacts of the dopants on the microstructure

of the TCP sintered compacts.






4. RESULTS AND DISCUSSION

4.1. Density of the Samples

The density of the tri calcium phosphate TCP doped with three different ions
strontium (Sr*?), fluoride (F) and chloride (CI") with Ca/P ratio 1.50, sintered at 1100°C

for 1 hour are shown in table 4.1.

Table 4.1. The densities of the tri calcium phosphate sintered at 1100°C for 1 hour with
Cato P rate 1.50

No. Sample Names Density g/cm®
1 1.5TCP 3.0433
2 1.5TCP 1.0Sr 1.0CI 1.0F 2.9511
3 1.5TCP 2.5Sr 1.0CI 1.0F 3.0450
4 1.5TCP 5.0Sr 1.0CI 1.0F 2.8047
5 1.5TCP 10.0Sr 1.0CI 1.0F 3.6444
6 1.5TCP 2.5Sr 2.5Cl 1.0F 2.5838
7 1.5TCP 2.5Sr 5.0CI 1.0F 2.4979
8 1.5TCP 2.5Sr 10.0Cl 1.0F 2.7894
9 1.5TCP 2.5Sr 2.5Cl 1.0F 3.9766
10 1.5TCP 2.5Sr 2.5Cl 2.5F 4.0632
11 1.5TCP 2.5Sr 2.5CI 5.0F 2.7955

The densities of the tri calcium phosphate sintered at 1100°C for 1 hour with Ca
to P rate 1.50 has shown in table 4.1 a theoretical density of pure and doped tri- calcium
phosphate Ca to P 1.5 with ions strontium, chloride and fluoride was determine between
2.4979 g/cm® to 4.0632 g/cm?®. The strontium (Sr*?) doped with pure TCP with 1% mole
seen the density of the sample 1.50TCP1.0Sr1.0CI1.0F was decreased compared with
pure TCP the because the density escalated to some extent and the hexagonal unit cell
volume when doping it with tri calcium phosphate TCP and because of this
biocompatible substance, which dynamically influences the orthogenesis bone and

dental tissues comprising through the skin. The increasing the strontium (Sr*?) amount
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about 2.50% mole with constant amount 1.0% mole to each of the chloride (CI") and
fluoride (F’) seen the density of the sample 1.5TCP 2.5Sr 1.0Cl 1.0F is increasing to
near the density of the pure TCP is about (3.0450 g/cm®). Additionally, with increasing
the amount of the strontium (Sr*?) to 5.0% mole the density of the sample
1.50TCP5.0Sr1.0CI1.0F linearly decreased compared with the density of the 1.50 TCP,
with 10.0% mole amount of the strontium (Sr*?) doped with the pure TCP the density of
the sample 1.50TCP10.0Sr1.0CI1.0F was increased with constant 1% mole amount of
the chloride (CI") and fluoride (F’). Moreover, with increase, the amount of the chloride
(CI" to 2.5% mole with constant amount of the strontium (Sr*?) to 2.5% mole and 1%
mole of fluoride (F°) the density of the chloride (CI") doped with pure TCP is decreased,
with addition 5% mole of the chloride (CI") into sample 1.50TCP2.5Sr5.0CI1.0F the
density of this sample decreased to minimum range is about (2.4979 g/cm?®) shown in
table 4.1. In addition 10% mole of the chloride (CI") doped with pure TCP with constant
amount of the strontium (Sr*?) and fluoride (F) to 2.5% and 1% mole respectively, the
density of this sample is increasing due to improves the mechanical characteristics after
sintering temperature. Hence, the amount of the chloride gets the good thermal
constancy and no damage to biological tissues. Furthermore, with constant amount to
each of the strontium (Sr*?) and chloride (CI") to 2.5% mole and with increasing the
amount of the fluoride (F") to 2.5% mole doped with pure TCP in this time the density
of this sample have the highest density is equal to (4.0632 g/cm®) seen table 4.1. In
addition, with increasing the amount of the fluoride (F) to 5% mole and 2.5% mole of
each of the strontium (Sr*®) and chloride (CI") doped with 1.50 TCP the density of this
sample decreased to lower than the density of the pure TCP shown in table 4.1, because
of the decrease of a decomposition rate of materials that shows the highest thermal

stability.

4.2. X-ray Diffraction Analysis

For investigating the existence of the phases, an XRD pattern of the samples was
sintered at 1100°C. The samples’ XRD patterns are compared because of the nature of
precipitation approach applied for synthesizing calcium phosphate in this study,

stoichiometric ratio was 1.50. Synthesizing pure TCP Ca to P ratio was accustomed to
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1.50 at the commencement of the synthetization by precipitation method. Furthermore,
Ca deficient apatite to decompose to B-TCP was occurred by heating treatments higher
750°C. The results revealed that heating temperature less than 1125°C resulted in -
TCP phase when Ca to P ratio was 1.48 to 1.55.

By adding 2.5% mole of Sr*? jon, the samples’ narrow peaks appeared to be
highly crystalline. The peak intensities of B-TCP increased and the peak of the a-TCP in
the samples of 1.5TCP5.0Sr1.0CI1.0F decreased when the amounts of the Sr*? increased
from 2.5 to 5.0% mole some of the a-TCP peaks nearly disappeared by the existence of
high amount of Sr*? jons. The presence of both phases of a-TCP and B-TCP resulted
from escalating the quantity of the CI" from 2.5% to 5.0% mole When CI" quantity
altered from 2.5% to 5.0% mole, the existence of a-TCP escalated in comparison to 3-
TCP phase. This indicated that the structural stability improved by the supplementation
of CI" ion to calcium phosphates. Furthermore, the presence of 1.0% F in the Sr*? doped
TCP altered the Sr*? quantity from 5.0% to 10.0% mole. In addition to the decline in the
existence of the PB-TCP phase with continuous existence of the a-TCP phase,
correspondingly, in 1.5TCP5.0Sr1.0CI1.0F and 1.5TCP10.0Sr1.0CI1.0F samples. The
peak intensities of B-TCP increased and the peak of the a-TCP in the samples of
1.5TCP1.0Sr1.0CI2.5F and 1.5TCP1.0Sr1.0CI5.0F decreased by escalating the F°
quantity from 2.5% to 5.0% mole.

From figure 4.1 seen the peaks of each of the B-TCP and a-TCP, at angles
(11.11°, 13.63°, 17.02°, 21.93°, 2780°, 31.01°, 32.46°, 34.33°, 35.42°, 37.03°, 41.33°
and 51.91°) presented eleven peaks for f-TCP and at angles of (29.89°, 32.008°, 54.98°
and 64.15°) four peaks presented for a-TCP compared with each of B-TCP JCPDS card
numbers 09-0169 and o-TCP of JCPDS numbers 09-0348.
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In addition the weight of ions strontium, chloride and fluoride about 1% mole
for the pure TCP the decomposition of B-TCP, a-TCP and formation of CaO, SrCl, and
CaF, occurred. The formation of each of the CaO, SrCl, and CaF, presented peaks at
angles of 26.63°, 34.03°, 38.035°, 44.25°, 53.14°, 20.99°, 29.89°, 32.36°, 43.93°, 55.57°
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and 46.97° respectively. However, the peaks intensities decreased with addition the
weight of 1% mole of ions due to the crystallinity of TCP decreased shown in figure

4.2.
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According to figure 4.3 the increase in addition of weight percentage of

strontium the peak intensity of B-TCP linearly decreased because of main crystalline
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lattice parameters will be changed and it is good for mechanical properties, so that the

B-TCP may be more stability than pure TCP phase in this case.
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From figure 4.4 the change the amount of strontium to 2.5% mole and increase

the amount of the chloride to 2.5% mole with 1% mole of fluoride the intensity peaks of
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each of the B-TCP and a-TCP peaks quickly decreased and that is good for high strength
of materials and other mechanical properties like modulus elasticity and shrinkage of
materials that depended on the crystalline of the materials (Kutbay, 2014). However, the
increase in amount of the chloride higher than 2.5% mole the intensity of the peaks

increased due to the loss of strength and not homogeneous shape of crystalline.
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With reduce the amount of fluoride to 5% mole with constant amount of each of

strontium and chloride with 2.5% mole the intensity of B-TCP and o-TCP linearly

increased the materials might more brittle and loss fatigue strength shown in figure 4.5.
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4.3. Scanning Electron Microscopy SEM Analysis

The tri-calcium phosphate doped with the ions strontium (Sr*?), chloride (CI)
and fluoride (F’) sintered at 1100°C for 1 hour, to determine the effect and the
microstructure of the samples the SEM analysis was applied. From the EDS images
presented the Ca*?, P, O, N, Sr*? and CI elements.

SEM micrographs for the top surfaces of the heated samples are displayed in the
figures. Comparatively elevated amount of porosity was demonstrated in both pure TCP
and ions doped samples. This clarifies the minor bulk densities for those compositions.
This result recommended that throughout the heating process, substantial grain growth
in TCP compact because by the presence of SrCl,. This might be because of the
phosphorous atoms replacing Ca* ions. The oxygen vacancies are attracted by some
substitutional ions that results in elevated balance concentration of vacancies. This
process generates faster grain development throughout heating process.

Fine grains and more uniform microstructures are observed in SEM images that
the TCP sintered at 1100°C. The grain sizes of apatite had a relationship between
heating temperature and quantity of dopant. It was stated that subsequent the sintering at
900 °C and 1100°C, TCP had nano size grains.

As shown in Figure (9) that grain size were augmented by increasing the Sr*?
quantities from 1.0% mole to 5.0% mole. In comparison to the pure TCP. Furthermore,
higher size of an average grain was determined in samples doped with Sr** compared to
pure TCP. Thus, the samples’ mechanical properties can be changed. In accordance to
SEM images, comparing to pure B-TCP, samples’ grain sizes increased. The grain sizes
of the samples augmented because of augmenting in the content of Sr*? and CI ions. It
was monitored that via escalating the quantity of F ion, grain sizes of doped samples
with F ions escalated. Nevertheless, the surface of co-doped samples with CI" ions had
more pores. It is demonstrated that Co-doped samples with CI™ ions had smaller grain
size.

Generally, the unit cell volume of the TCP reduced when 2.5%mole F was
supplemented to pure TCP and it is mixtures with Sr*? and CI". This could be because
of the reduction of the TCP parameter. It is recognized that compared to the OH" ions,

the ionic radius of the F" ions is smaller, hence the replacement of F" ions for OH" ions in
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TCP causes decrease of the unit cell volume of the TCP. Conversely, the unit cell
volumes of the pure TCP was greater than the 1.50TCP5.0Sr and 1.50TCP10.0Sr, at
Ca™ sites, it is stated that cations are combined into TCP. Therefore, the replacement of
Sr*2 jons for Ca* ions might cause the reduction of the unit cell volume of
1.50TCP5.0Sr and 1.50TCP10.0Sr composites as the Ca*? ions is bigger than the ionic
radius of Sr*%. Mostly because of decline of the c-axis parameter in TCP, The unit cell
volume of the TCP doped with ions diminished.
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Figure 4.6. SEM images of 1.50 TCP sintered at 1100°C for 1 hour. (a) 0.5um. (b) 1pm.
(c) 200nm. (d) 100nm. (e) EDS image.

From figure 4.6 shown micro porosity with pure TCP sample seen that the

microstructure of pure TCP have high purity and biocompatibility material and low

solubility. The EDS images presented the Ca*?, P, O and N elements a prove that the
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pure TCP in this combination occurred. In addition, the strontium, chloride and fluoride
amount into the pure TCP by percentage of 1% mole the microstructure of the materials
might to change to lower porosity volume and increase in bulk densification with
homogenous shape due to decrease in grain sizes. The EDS image presented the
intensity of each of Ca*?, P, O, N, Sr*? and CI" with fusibility the amount of F’, the
intensity of the oxygen (O) is increased with decreasing the intensity of each of the
calcium (Ca*?) and phosphate (P) due to addition 1% mole of the ionic in this sample

shown in figure 4.7.

bhtensity (a.n.)
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Figure 4.7. SEM images of doped 1.5TCP1.0Sr1.0CI1.0F and 1.50 TCP sintered at
1100°C for 1 hour. (a) 0.5um. (b) 1um. (c) 200nm. (d) 100nm. (e) EDS
image.



36

According to figure 4.8 the increase in amount of strontium to 2.5% mole into
pure TCP, it is seen that the microstructure of the materials might to change to decrease
in porosity and increase in bulk densification with homogenous shape due to decrease in
grain sizes. However, the intensity of the oxygen decreased with increase the intensity
of the calcium (Ca*?) and phosphate (P) it is because of the increase amount of the
strontium in this sample and due to the cations of the elements. The porosity of this
sample is more than the porosity of the sample 1.5TCP1.0Sr1.0CI1.0F by sab micro
than that showed in figure 4.7, it is because of the increasing the amount of the
strontium ions. Hence, the increasing the amounts of the strontium affect the
densification of the materials that is with increasing the amount of the strontium the

density of the materials may be decrease.
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Figure 4.8. SEM images of doped 1.5TCP2.5Sr1.0CI1.0F and 1.50 TCP sintered at
1100°C for 1 hour. (a) 0.5um. (b) 1pum. (c¢) 200nm. (d) 100nm. (e) EDS
image.



The increase the amount of strontium to 5% mole into pure TCP the intensity of
the oxygen (O) elements linearly decreased and the calcium (Ca*?) elements increased
due to the strontium (Sr*?) elements partially changed to the calcium (Ca*?) elements.
The microstructure of the materials was be changed and the grain sizes non-gained each

of the others perfectly and have the micro porosity shown in figure 4.9.
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Figure 4.9. SEM images of doped 1.5TCP5.0Sr1.0CI1.0F and 1.50 TCP sintered at
1100°C for 1 hour. (a) 0.5um. (b) 1um. (c) 200nm. (d) 100nm. (e) EDS

image.

From figure 4.10, the increasing the amount of the strontium to 10% mole into
pure TCP microstructure of the materials were be changed to non-homogenous shape
and non-building the grain sizes regularly due to loss the tensile strength and make the

mechanical properties very brittle and poor fatigue resistance and the materials have



macro porosity. In addition, the EDS image showed the intensity of the oxygen (O)
elements increased with decreasing the intensity of the calcium (Ca*?) elements and
increase the phosphate (P) elements due to increasing the amount of the strontium

nitrate (Sr (NO3)2) to 10% mole in this sample.

butensity (a.l)
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Figure 4.10. SEM images of doped 1.5TCP10.0Sr1.0CI1.0F and 1.50 TCP sintered at
1100°C for 1 hour. (a) 0.5um. (b) 1um. (c) 200nm. (d) 100nm. (e) EDS
image.

Figure 4.11 and figure 4.14 shown when the amount of the strontium and
chloride are 2.5% mole combined into the pure TCP the microstructure of the materials
might highly soluble than that 2.5% mole and 1% mole with strontium and chloride
respectively, combined into pure TCP because of some small cracks between the grain
sizes. In this case, the EDS images shown the increasing the amount of the strontium

and chloride to 2.5% mole the intensity of each of the phosphate and oxygen decreased



with increasing the intensity of the calcium due to the chemical reactions of each of the

Sr (NOg3); and (CaCly).

Enzrzy (KeV)
Figure 4.11. SEM images of doped 1.5TCP2.5Sr2.5CI1.0F and 1.50 TCP sintered at
1100°C for 1 hour. (a) 0.5um. (b) 1um. (c) 200nm. (d) 100nm. (e) EDS
image.

bensity (a.n.)

Figure 4.12 seen the increase in amount of the chloride (CI") to 5.0% mole the
materials have the non-homogenous shape, macro porosity and not make the grain sizes
to building that is due to very loss in strength and quickly fracture and it is not good to
applied into the biomedical applications. Furthermore, the EDS image have the highest
intensity of the oxygen with lower intensity of each of the calcium and phosphate thats

becase of this macro porosity and non growth the grain sizes.
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Figure 4.12. SEM images of doped and 1.50 TCP 1.5TCP2.5Sr5.0CI1.0F sintered at
1100°C for 1 hour. (a) 0.5um. (b) 1um. (c) 200nm. (d) 100nm. (e) EDS

image.

According to figure 4.13 the increase in the amount of the chloride to the 10%
mole into the pure TCP it is better than the 5% mole putting into the pure TCP becuase
of more solubility and have a growth the grain sizes and micro porosity but the grains
non obtained perfectly togethr may be due to fusibility of some amount of the chloride,
in this case the materials have the lower strength than the chloride doped with pure TCP

with amount about 1% mole and 2.5% mole.
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Enzrzy (KsV)
Figure 4.13. SEM images of doped 1.5TCP2.5Sr10.0CI1.0F and 1.50 TCP sintered at

1100°C for 1 hour. (a) 0.5um. (b) 1um. (c) 200nm. (d) 100nm. (e) EDS
image.

btensity (a.u.)

According to EDS image seen in figure 4.13 the intensity of the oxygen
decreased compared with the 5% mole amount of the chloride doped into pure TCP but
the calcium and the phosphate intensities increased it means that the chloride doped
with pure TCP with 10% mole is better than the chloride doped into 1.50 TCP by 5.0%
mole. Because of non-growth the grain sizes perfectly in this sample, the chloride doped

with pure TCP with 10% mole also may be not good to use in biomedical applications.
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Figure 4.14. SEM images of doped 1.5TCP2.5Sr2.5CI1.0F and 1.50 TCP sintered at
1100°C for 1 hour. (a) 0.5um. (b) 1um. (c) 200nm. (d) 100nm. (e) EDS
image.

bensity (a.n.)

In figure 4.15, the EDS image showed the intensity of the phosphate increased
compared with the intensity of the calcium due to increase in amount of the fluoride to
2.5% mole that is because of the amount of the fluoride partially changed to phosphate
chemical reactions that is due to the cations of each of the fluoride (F") and phosphate.
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Figure 4.15. SEM images of doped 1.5TCP2.5Sr2.5CI2.5F and 1.50 TCP sintered at
1100°C for 1 hour. (@) 0.5um. (b) 1um. (c) 200nm. (d) 100nm. (e) EDS
image.

According to figure 4.15 and figure 4.16 the amount of fluoride when increased
from to 5.0% mole the microstructure of the materials have the higher micro porosity
and more cracks compare with 1% mole of the fluoride because of the fusibility an

amount of the fluoride into the pure TCP when sintered at 1100°C in air for 1 hour.



44

htensity (a.u.)

Ensrzy (KeV)

Figure 4.16. SEM images of doped 1.5TCP2.55r2.5CI5.0F and 1.50 TCP sintered at
1100°C for 1 hour. (a) 0.5um. (b) 1um. (c) 200nm. (d) 100nm. (e) EDS
image.

According to figure 4.16 from the EDS image showed the increasing the amount
of the fluoride (F") to 5% mole the intensity of the oxygen element linearly increased
with decreased the calcium element for this reason the growth of the grain sizes is lower
and the grains non obtained perfectly together that is show the strength of the materials

in this sample is lower and highest fracture than that the samples have 1% mole of

fluoride doped with pure TCP.



5. CONCLUSION

In this study, tri-calcium phosphate doped with strontium, chloride and fluoride
ions were synthesized by a precipitation method. Doping amount of Sr*? ions was kept
at 1.0, 2.5, 5.0 and 10.0% mole whereas doping amount of each of CI" and F" ions was
kept at 1.0, 2.5, 5.0 and 10.0 and 1.0, 2.5, 5.0% mole respectively. Synthesized TCP had
Ca/P molar ratio at 1.50. All samples were sintered at 1100°C for 1 hour in air.
Microstructural of the sintered samples was investigated.

According to density measurements of doped samples. High amount of Sr*? led
to an increase in densities. Densities of the F~ addition revealed considerable increase
except for the densities of the doped samples with molar ratio of 1.0%mol. decrease.
For Sr*2, CI and F doped samples, as the Sr*? raised, the density of the samples
increased due to decrease in puros. These results demonstrated that optimum amount of
Sr*%: Cl and F ions decreased the densification. Furthermore, the results revealed that
increasing the amount of strontium (Sr*?) to 2.5% mole due to a decrease in porosity
volume and the bulk density will be lower and it is good for medical applications.

The XRD patterns demonstrated that for Ca/P ratio 1.50 at 1100°C, B-TCP phase
was observed. In XRD, small shifts in peak positions were observed, due to the
incorporation of doping ions and increased crystalline. In Sr*?, CI and F~ doped samples
of 1.50 TCP, decomposition of B-TCP, a-TCP and formation of CaO, SrCl, and CaF,
occurred. The results demonstrated that TCP with 1.0Sr, 2.5Sr, 1.0Cl and 1.0F might
have appropriate potential for biomedical applications.

SEM images confirmed that sintering temperature and amount of dopants had
significant effect on grain sizes of the samples. According to the results, the average
grain sizes of the doped samples decreased when Ca/P ratio is 1.50. With ions addition,
average grain sizes in Ca/P ratio 1.50 raised. TCP with molar ratio of 1.50 doped with
1.0 to 2.5% mole Sr*?, 1.0 to 2.5% mole CI" and 1.0% mole F~ sintered at 1100°C were
found the most outstanding materials for future biomedical applications because of this

doped samples give the lower densities and small grain sizes.
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APPENDIX

EXTENDED TURKISH SUMMARY (GENISLETILMIiS TURKCE OZET)

OZET

STRONSIYUM, KLOR VE FLOR IYONLARI KATIKLI TRIKALSIYUM
FOSFAT SENTEZIi VE OZELLIKLERININ TESPITI

AHMED, Redar Wasurahman
Yiksek Lisans Tezi, Makine Miithendisligi Anabilim Dali
Tez Danmismani: Yrd. Dog. Dr. Serap (GUNGOR) KOC
Ocak 2018, 61 sayfa

Biyomekanik alaninda arastirmacilar, ozellikle kemik reformu ve sert doku
protezleri alanlarinda kullanilmak {izere, istenen mekanik ozellikleri ve bazi 6zel
gereksinimleri karsilayabilen biyomalzemeleri tasarlamaya ve se¢meye yonelik
calismalar1 siklikla yuritmektedir.

Metalik olmayan malzemelerin oldukca biiyiik bir alt sinifini teskil etmekte olan
cok sayida biyoseramik malzeme, insan vicuduna nakledilmektedir. B-lg-kalsiyum
fosfat (B-TCP)’ta iste bu malzemelere bir drnektir ve NaH,PO, ve Ca (NOs3),; ‘nin suda
¢oziinmiis halinin 1slak c¢oktirilmesi ile elde edilmektedir. Bu c¢alismanin amaci
stronsiyum, klorir ve floriir iyonlar1 katikli trikalsiyum fosfatlarim birlestirmektir. Saf
ve katikli trikalsiyum fosfatlarini elde etmek amaciyla uygulanmistir. Katiklt numuneler
1100°C’de 1 saat sinterlenmistir. Yogunluk etkisini tespit edebilmek igin Archimedes
yontemi yapilmustir. Stronsiyum (Sr*?) ve klor (CI") ilavelerinin numunelerin
yogunlugunu azalttig1 gozlenirken, flor katkisinin hem numune. Stronsiyum, Klor ve flor
katikli numuneler 1100°C’de 1 saat sinterleme sonrasinda yogunluk farkliliklar:
gostermistir. Fazlarin ve baglarin tespiti icin XRD difraksiyon yontemi kullanilmuistir.
Calisma sonucunda tiim numuneler igin XRD difraksiyonunda TCP tepe noktalarina

ulasilmistir. Numunelerin tanecik ebatlarinin tespitinde SEM yontemi kullanilmaistir.

Anahtar Kelimeler: Klor, Flor, Coktirme yontemi, Stronsiyum, Trikalsiyum

fosfat.
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A GIRIS

Fosforik asidin Ca3(PO,), kimyasal bilesimine sahip olan tuzuna trikalsiyum
fosfat (TCP) denmektedir. Kalsiyum fosfat, biyomalzeme biliminde kemik Gretiminde
kullanilan en dnemli malzemelerden biridir. Genellikle mineral kayalar1 gibi inorganik
kaynaklardan temin edilmektedir. Kalsiyum fosfatlar CaP disgilikte, ortopedide ve
maksillofasiyal kemiklerdeki kusurlarin giderilmesinde aranan biyomalzemelerdir.
Kalsiyum fosfatlar kemik kusurlarinin giderilmesinde yillardir kullanilmaktadir.
Hidroksiapatit (Cai0(PO4)s(OH)2, HA), trikalsiyum fosfat (Cas(PO4)2, TCP) ve TCP-HA
alagimlar1 dis ve tip alanlarinda kullanilan kalsiyum fosfatlara 6rnektir. Alasimlar soz
konusu oldugunda ideal oran genellikle malzemenin kullanilacagi bolgeye gore
degismektedir, hangi malzemenin 6zellikleri daha ¢ok isteniyorsa o malzemenin orani
artmaktadir (yogunluk i¢in hidroksiapatit, emilim icin trikalsiyum fosfat). Glinimizde
kalsiyum fosfat esasli biyoseramikler ve biyomalzemeleri viicut capinda tim iskeleti
kapsayacak sekilde ¢cok daha genis Olcekte kullanilmaktadir. CaP’ler ayrica perkutan
aletlerde ve periodontal tedaviler, catlaklarin tedavisi, omurga ameliyatlari, kraniyo-
maksillofasiyal yeniden yapilandirma ve otolaringoloji’de de kullanilmaktadir. Arzu
edilen malzemenin biyo-emilebilir veya biyo-aktif olma durumuna gore farkli kalsiyum-
orto-fosfatlar kullanilabilmektedir. Gegmiste ¢ok sayida vakada, enfeksiyonlar ya da
kullanilan malzemenin toksik etkilerinin bilinmemesine bagli nedenlerle nakiller
basarisizlikla sonuclanmaktaydi. Nihayetinde hem dis hem de kemiklerin mineral
kistmlarinda bulunmalarindan yola ¢ikarak, kalsiyum fosfatlarin kullanimlarinin
mantikli olduguna karar verildi. Kalsiyum fosfat’in yapay bir malzeme olarak
tavsanlarda ameliyatla meydana getirilmis kusurlarin tedavisinde kullanimi 1920’lerde
literatiire gecen ilk kullanim olmustur. Bundan yarim yiizyil sonra kalsiyum fosfat’in
ameliyatla meydana getirilmis kusurlarin diizeltilmesi igin dis cerrahisinde ilk kullanimi

ve dis protezi olarak yogunlastirilmis HA silindirleri kullanimu literatiire gegmistir.
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A.1. Stronsiyum Katikli Trikalsiyum Fosfat TCP-Sr*?

Stronsiyum kemiklerin dokusunda dagilmis olarak bulunmaktadir. Ayrica
insanda kemik metabolizmasi dongiilerinde dnemli rol oynamaktadir. Sr*? kimyasal
ozellikleri agisindan Ca*? ‘ya ¢ok benzer oldugundan kristal yapisinda biiyiik 6lgiide
onun yerine kullanilabilecegi kabul edilmektedir. Bu sekilde degisiklik yapildiginda
kristal yapinin mekanik 6zelliklerinde, yapisinda ve morfolojisinde dengeyi azaltmakta
ancak antibakteriyel ve biyoaktivite 0Ozellikleri ile c¢doziilebilirligini artirmaktadir.
Bunlara ilaveten, diisiik miktarlarda Sr*® degistirilmesinin kemik emiliminde azalmayi
saglamasi, osteoklast geri emilim islevini baskilayarak kemik olusumuna katkida
bulunmasi, ve osteoblast faaliyetlerin stimiilasyonu ve cesitliliklerinin artirilmast gibi

avantajlar1 vardir (Huang et al., 2014).

A.2. Flor Katikh Trikalsiyum Fosfat TCP-F

Kemiklerdeki HA’nin kristal yapisindaki Flor iyonu (F) onun safligim
bozmasina ragmen dogal olarak i¢inde bulunan maddelerden biridir. Bu durumdan yola
cikarak kalsiyum fosfat’a degisik iyonlar ilave ederek mekanik, biyolojik ve kimyasal
ozelliklerini  gelistirme fikrine ulasilmistir. Son zamanlarda yeni implant
biyomalzemeleri elde etme ¢alismalarinda trikalsiyum fosfat’ta iyon degisimi yapilarak
farkli tiirden saflik bozunumlari elde etme fikri giderek ilgi kazanmaktadir. Bu
yontemlerle elde edilen malzemelerin biyoaktivite ve biyo-uyumluluk seviyeleri saf
TCP ile benzer olmakla beraber, TCP’ye flor katiklanmasi viicut ortami igerisindeki
omril uzatmaktadir. TCP’ye yiiksek oranda flor (F') iyonu katiklandigi hallerde anormal
doku gelisimleri ve zayif mekanik Ozellikler ortaya cikmustir. Ancak, daha diistik
yogunluklarda flor ilavesi TCP’nin mekanik ozelliklerini de gelistirmekte, Ornegin
catlak direncini, sertligi, esneklik katsayisin1 ve gevrekligini daha iyi hale getirmektedir.

Zaten fliior insanda sert doku gelisiminin dnemli bir 6gesidir (Yilmaz and Evis, 2014).
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A.3. Klor Katikh Trikalsiyum Fosfat TCP-CI’

Klor (CI") katikl1 kalsiyum fosfat, kemikler ortogenezi, kemik yogunlagmasini ve
dis dokularin1 dinamik olarak etkileyen ve deriden emilebilen biyo-uyumlu bir
maddedir. Kemiklerde bulunan kalsiyum fosfatta iyon olarak klor (CI') iyonlarinin yani
sira Ca*? ve 3P0, de bulunmaktadir. Kalsiyum fosfatin kristal yapisinda hem katyon
hem de anyon yapida bu sekilde bulunan bosluklar nedeniyle kalsiyum fosfatin hem
kimyasal baglar1 hem de kristal yapisi oldukca karmasiktir. iz elementlerin bivalan
katyonlari, Cl° 1ile beraber organizma tarafindan alimirsa bu bosluklar
doldurabilmektedir. Trikalsiyum fosfat katkilanan klor iyi bir 1s1l dengeye sahiptir ve
biyolojik dokulara hi¢ zarar vermez. Kalsiyum fosfat klorle katiklandiginda yogunlugu
bir nebze artmaktadir. Klor ilavesi numunelerin tanecik ebatlarimin kiiglilmesine ve

trikalsiyum fosfat’in mikro-sertliginin artmasina sebep olmustur (Koroleva et al., 2012).

A.4. Tezin Amaci

Bu tezin amaci biyomedikal amagla kullanilabilecek yeni nano-kompozit
biyoseramikler elde etmek ve mikro-yapilart ile mekanik ve biyo-uyumluluk
ozelliklerini incelemek amaciyla stronsiyum (Sr'?), klor (CI) ve flor (F) katikli
trikalsiyum fosfatlar sentezlenmesidir. Bu gline kadar literatirde trikalsiyum fosfat’a
stronsiyum, klor ve flor iyonlarimin aym anda katiklandigi baska bir caligma
bulunmamaktadir. Coktiirme yontemi ve 1100°C’de 1 saat sinterleme yoluyla,
stronsiyum, klor ve flor iyonlar1 ile katiklanmis trikalsiyum fosfat sentezlenmistir.
Fazlarin ve baglarin tespiti icin XRD difraksiyon yontemi kullanilmistir. Caligma
sonucunda tiim numuneler i¢in XRD difraksiyonunda TCP tepe noktalarina ulasiimistir.

Numunelerin tanecik ebatlariin tespitinde SEM yontemi kullanilmustir.
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B. MATERYAL ve YONTEM

Kalsiyum fosfatlarin sentezi igin, di-amonyum hidrojenfosfat ((NH4),HPO,)
(Merck, Almanya) ve kalsiyumnitrat tetrahidrat (Ca (NOg3),.4H,0), amonyum (NH;OH)
prekiirsorleri olarak kullanilmistir. Kalsiyum Kloriir (CaCly), amonyum florir (NH4F).
Stronyum nitrat (Sr (NOgs),) flor, klor ve stronsiyum katikli kalsiyum fosfatlarin
birlestirilmesinde kullanilmistir (Aldrich, ABD). Cozeltilerin pH degerlerinin tespiti igin

amonyum ¢ozeltisi (Merck, Almanya) kullanilmistir.

B.1. Kalsiyum Fosfatlarin (CaP) Sentezlenmesi

Nano-kalsiyum fosfat tozlarimin birlestirilmesi ig¢in ¢oktiirme yOntemi
kullanilmistir. Ca (NO3)2.4H,0 and (NHy4)2,HPO, ¢Ozeltilerini belirli bir molar oranda
hazirlamak i¢in, amonyum prekiirsorleri kalsiyumnitrat tetrahidrat (Ca (NOs3)2.4H,0),
di-amonyum hidrojen fosfat ((NH4)HPO,) ve stronsiyum nitrat distile (Sr (NOs),) suya
ilave edilmistir. Katikli numuneler i¢in, Ca/P orani olarak 1.50 sabit tutulmus ve
Ca/P+Sr molar oran1 1.50:1 seklinde ayarlanmistir. Kalsiyum klor ve amonyum flor
icindeki di-amonyum hidrojen fosfat ¢ozeltisi 60 dakika boyunca karistirilmistir. pH
seviyesine 11-12 seviyesine getirmek igin amonyak eklenmistir. Ayrica flor di-
izopropoksit, kalsiyum nitrat ¢ozeltileri ve amonyak c¢ozeltisi aymt anda damlalar
halinde di-amonyum hidrojen fosfat-amonyaga katilmistir. Bunu takiben kalsiyum klor
(CaCly), amonyum flor (NH4F) ve stronsiyum nitrat (Sr (NOg3);) bu karisima ilave
edilerek 10 dakika karistirtlmistir. Reaksiyonu artirmak amaciyla, nihai ¢ozelti de 60
dakika kanstirilarak 130 — 310 °C’de kaynatilmistir. Kaynatma isleminden sonra da
cozelti 24 saat boyunca karistirilmistir. Ardindan ince bir filtre kdgidi kullanilarak
cozelti filtrelenmis ve 1slak bir hamur elde edilmistir. Fazla suyun uzaklastirilmasi igin
bu hamur firinda 200°C’de 10-12 saat kadar kurutulmustur. Son olarak, 1 saat boyunca

1100°C’de sinterlenmistir. Saf CaP’in katiklanma siireci asagidaki sekilde gosterilmistir.
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B.2. Katiklanms Kalsiyum Fosfatlarimin CaP Sentezi

Stronsiyum, flor ve klor katiklanmis kalsiyum fosfatlar elde edilebilmesi igin,
ana prekursorlere (saf kalsiyum fosfatlara) ilaveten stronsiyum nitrat (Sr (NOs)), flor
di-izopropoksit ve amonyum hidroksit (NH4OH) kullamilmigtir. Numunelerin elde
edilmesinde de benzer bir sentez yontemi kullamilmistir. Ayrica Sr*?, CI' ve F
kaynaklar1 olarak sirasiyla stronyum nitrat (Sr (NOs),), kalsiyum klor (CaCly) ve
amonyum flor (NH4F) kullanilmistir. Katiklarin molar yiizdesi Ca/P 1.5 olacak sekilde
ayarlanmistir. Flor di-izopropoksit, kalsiyum nitrat ¢ozeltisi ile molar orani olacak
sekilde karistirilmistir. Di-amonyum fosfat ¢ozeltisine 100%, 99%, 97.5%, 95% ve 90%
oraninda amonyum hidroksit (NH4OH) ilave edilmistir. Ardindan bu c¢ozeltiye esit
miktarlarda Sr (NOs), katkis1 eklenmistir. Nihayetinde, kalsiyum fosfat granullerinin
¢Okeltilmesi igin, hidrojen fosfat ¢ozeltisine esit miktarda ve siirekli (NH4OH) ile
birlikte damla damla kalsiyum kloriir ¢ozeltisi eklenmistir. Bu arastirmada, CaP’lerin
ifadesi i¢in, xxCaP, yySr, zzF ve wwCl seklinde ifade edilen asagidaki formiil
kullanilmigtir. Bu formiilde xx, numunedeki Ca / P oranin1 (1.50) gosterirken, yy
sistemde mevcut her 100 mole OH" iyonuna karsilik mevcut bulunan F™ iyonlarin1 (1.0,
2.5 ve 5) gostermektedir. zz sistemde mevcut her 100 mole OH" iyonuna karsilik
mevcut bulunan Sr iyonlarini (1, 2.5 ve 5 ve 10) ifade etmektedir. Sistemde bulunan her
100 mole OH" iyonuna denk gelen CI iyonlar1 ise (1, 2.5 ve 5 ve 10) ww ile ifade
edilmektedir. Prekiirsorlerin atomik oranlara denk diisecek sekilde eklenen katik orani
ayarlanmistir. Meydana gelen karisim filtrelenmis, kurutulmus ve 1100°C’de 1 saat

sinterlenmistir.



57

C. BULGULAR ve TARTISMA
C.1. Numunelerin Yogunluklar:

Ca/P orani 1.50 olacak sekilde stronsiyum (Sr*?), flor (F") ve klor (CI) olmak
iizere farkli iyonlarla katkilandirilmis ve 1100°C’de 1 saat sinterlenmis trikalsiyum

fosfat’in yogunlugu tablo C.1’de verilmistir.

Tablo C.1. Ca /P oram 1.50 olan ve 1100°C’de 1 saat sinterlenmis trikalsiyum fosfatin

yogunluklari
Numara Numunelerin adi Yogunluklar: g/cm®
1 1.5TCP 3.0433
2 1.5TCP 1.0Sr 1.0CI 1.0F 2.9511
3 1.5TCP 2.5Sr 1.0CI 1.0F 3.0450
4 1.5TCP 5.0Sr 1.0CI 1.0F 2.8047
5 1.5TCP 10.0Sr 1.0CI 1.0F 3.6444
6 1.5TCP 2.5Sr 2.5Cl 1.0F 2.5838
7 1.5TCP 2.5Sr 5.0CI 1.0F 2.4979
8 1.5TCP 2.5Sr 10.0CI 1.0F 2.7894
9 1.5TCP 2.5Sr 2.5CI 1.0F 3.9766
10 1.5TCP 2.5Sr 2.5CI 2.5F 4.0632
11 1.5TCP 2.5Sr 2.5CI 5.0F 2.7955

Tablo C.1’de Ca / P oram 1.50 olan ve 1100°C’de 1 saat sinterlenmis
trikalsiyum fosfatin yogunluklar1 saf ve stronsiyum, klor ve flor ile katiklandirilmig

% ile 4.0632 glcm® arasmndadur.

trikalsiyum fosfatin teorik yogunluklart 2.4979 g/cm
1.5TCP 2.5Sr 2.5Cl 2.5F numunesi, 4.0632 g/cm® ile azami yogunluga ulagmistir, buna
karsilik saf 1100°C’de 1 saat sinterlenmis TCP’nin yogunlugu 3.0433 g/em®'tiir. %l
mol flor iceren ve yiiksek miktarlarda stronsiyum ve Kklor iyonlart katikli numuneler
genellikle ayni siirede ve sicaklikta sinterlenmis %2.5 flor iceren numunelerden daha

diisik yogunluga sahiptir. Bu sekilde iyi bir 1sil kararlilik saglayan ve biyolojik
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dokulara zarar vermeyen, bununla beraber yogunlukta bir nebze artis1 saglayan ideal

klor miktar1 tespit edilmistir.

C.2. X-Isim Difraksiyon Analizi

Fazlarin mevcudiyetinin tespiti icin 1100°C’de sinterlenmis numuneler iizerinde
XRD analizi uygulanmistir. Bu c¢alismada kalsiyum fosfatin sentezi i¢in kullanilan
cOktlrme yonteminin dogasi1 geregi stokiyometrik oran 1.50 idi. Ayrica Ca agisindan
eksik numunelerde 750 °C’nin iizerindeki 1silarda B-TCP’ye doniisiim gdzlenmistir.
Sonuglar ayrica, Ca / P orani 1.48 ile 1.55 arasinda oldugunda B-TCP olusumunun 1125
°C’den daha diisiik sicakliklarda olustugunu gostermektedir.

Numunelere 2.5% molar Sr*? iyonu eklenmesiyle tepe noktalarmnin kirilcalliginin
arttig1 gorilmektedir. 1.5TCP5.0Sr1.0CI1.0F numunesinde Sr*? miktari 2.5% molar’dan
9%’e cikarildiginda B-TCP’nin tepe yogunluklar artarken o-TCP’ninki azalmaktadir.
Yiiksek miktarlarda Sr*? iyonlar1 varhiginda bazi a-TCP tepeleri neredeyse
kaybolmustur. Hem a-TCP hem de B-TCP varlig1 Cl” iyonlar1 miktarinin 2.5%’ten 5%
mol’e ¢ikarilmasi ile olugsmustur. C1” miktar1 2.5%’ten 5%’e cikarildiginda a-TCP artist
B-TCP artisindan daha yiiksek olmustur. Bu durum kalsiyum fosfatlarina CI™ iyonu
katkisinin ~ yapisal  kararlilig arttirdigina  isaret  etmektedir.  Ayrica,
1.5TCP5.0Sr1.0CI1.0F ve 1.5TCP10.0Sr1.0CI1.0F numunelerinde, Sr*? katikli TCP’de
1.0% F varligi Sr™ miktarmi 5.0% mol’den 10% mol’e artirmus, ve a-TCP fazinin
varligt  devam ettigi halde PB-TCP fazinin azalmasina neden olmustur.
1.5TCP1.0Sr1.0CI2.5F ve 1.5TCP1.0Sr1.0CI5.0F numunelerinde F° miktarinin
2.5%’ten 5%’e ¢ikarilmasiyla B-TCP tepe yogunluklari artarken a-TCP tepeleri

azalmustir.
C.3. Tarama Elektron Mikroskobu SEM Analizi
Sekil 4.6°dan Sekil 16’ya kadar sekiller saf TCP’nin ve iyon katikli 1100°C’de

sinterlenmis numuneleri gostermektedir. Hem katiklanmis hem de katiklanmamis

numuneler SEM analizine tutulmustur.
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Istya maruz birakilmis numunelerin SEM mikrografileri Sekilde gosterilmistir.
Hem saf hem de katiklanmis numunelerde artmis porozite gozlenmektedir. Bu
gozlemler bu bilesimlerin kiiglik miktarlardaki yogunluklarina 1sik tutmaktadir. Bu
sonug 1s1l islem siireci boyunca SrCl, mevcudiyeti nedeniyle kayda deger miktarda
tanecik biiyiimesi olduguna isaret etmektedir. Bu durum fosforlu atomlarn Ca*?
iyonlarinin yerini almasiyla agiklanabilir. Bu nedenle 1sil islem siiresince tanecik
olusumu hizlanmaktadir.

1100°C’ye 1s1tilmis TCP’lerin SEM goriintiilerinde daha ince taneler ve daha bir
ornek mikroyapilar gozlenmektedir. Meydana gelen tanecik ebatlarinda uygulama
sicakhigimin ve katki miktarimin etkisi bulunmaktadir. 900°C ile 1100°C arasindaki
sinterlemenin ardindan TCP taneciklerin nano boyutta oldugu belirtilmektedir.

Sekil (9)’de goriildiigii tizere Sr'? miktarimn 2.5% mol’den 5.0% mol’e
artirllmasi ile saf TCP’ye kiyasla tanecik ebadi da artmaktadir. Ayrica Sr'? ile
katiklanmis numunelerde TCP’ye oranla daha yiiksek ortalama tanecik boyutu elde
edilmektedir. Bu sekilde numunelerin mekanik 6zellikleri degistirilebilmektedir. SEM
goriintiilerine gore, saf B-TCP’ye gore numunelerin tanecik boyutu artmistir. Tanecik
ebatlarmim artisgt Sr'?> ve CI” iyonlarmin arttinlmasina baghdir. F~ yogunlugunu
artirmanin da F~ ile katiklanmis numunelerde tanecik ebadini arttirdig1 gézlenmistir. Her
halukarda, CI" iyonlar1 ile de katiklanmis numunelerde daha ¢ok poroz yapi
goriilmiistiir. Ayrica CI ile de katiklanmis numunelerde daha diisiik tanecik boyutu elde
edilmistir.

Genellikle, saf TCP’ye ve Sr*? ve CI ile katiklanmis numunelere 2.5% mole F
ilavesi ile birim hiicre ebadi azalmaktadir. F~ iyonlarinin OH" iyonlarina kiyasla daha
diisiitk iyonik c¢apt oldugu bilinmektedir, bu nedenle TCP’deki OH™ iyonlarinin F
iyonlart ile degismesinin TCP’nin birim hiicre boyutunu azaltmaktadir. Tersine, saf
TCP’nin hiicre ebad1 TCP5.0Sr ve TCP10.0Sr’e kiyasla daha yiiksektir. Ca bolgelerinde
katyonlar TCP’ye dahil olmaktadir. Ca*® iyonik capmin Sr*? iyonik capindan daha
blyiuk olmasi nedeniyle Sr* iyonlarmin Ca*? iyonlarinin yerine gecmesi TCP5.0Sr ve
TCP10.0Sr bilesenlerinde kiiglilmeye neden olmaktadir. Genellikle TCP’nin c-ekseni
parametresindeki azalmaya bagli olarak, katiklanmig TCP birim hiicre boyutu

kictlmektedir.
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Bu ¢alismada bir ¢oktlirme yontemi kullanilarak stronsiyum, klor ve flor katikli
trikalsiyum fosfat sentezlenmistir. Sr* iyonlarmm katiklama oram olarak 1.0, 2.5, 5.0
ve 10.0% mole kullanilirken, CI" ve F iyonlar1 igin sirasiyla 1.0, 2.5, 5.0 ve 10% ile
1.0, 2.5, 5.0% degerleri kullanilmistir. Sentezlenen TCP’lerin Ca/P oran1 1.50’dir. Tiim
numuneler 1100°C’de 1 saat sinterlenmistir. Elde edilen sinterlenmis numunelerin
mikroyapisal 6zellikleri incelenmistir.

Katikli numunelerin yogunluk &lgiimlerine gore, yilksek Sr*? miktarimn
yogunluk artisina neden oldugu ortaya ¢ikmaktadir. %1 mol haricinde, F~ ilave edilmis
tiim numunelerin yogunluklarinda belirgin artis tespit edilmistir. Sr*?, CI" ve F ile
katiklanmis numuneler icin, Sr*? arttikca, poroz yapidaki azalmaya bagli olarak
yogunluk artmaktadir. Ayrica Sr*? nin 2.5% mol’e arttirilmasinin poroziteyi artirarak
yogunlugu azaltacag ortaya ¢ikmistir, bu durum tibbi uygulamalarda faydali olabilir.

XRD sonuglar1 1100°C’de sinterlenmis Ca/P orani 1.50 numunelerde B-TCP
fazinin varligim1 ortaya koymaktadir. XRD’de, katiklanan iyonlarin kirilcal yapiyi
artirarak tepe noktalarinda kiigiik kaymalara neden oldugu gézlenmistir. Sr*?, CI" ve F°
ile katiklanmis 1.50 Ca/P oranina sahip numunelerde B-TCP dek n ompozisyonu ve
Ca0, SrCl, ve CaF; olusumu goézlenmistir. Sonuglar 1.0Sr, 2.5Sr, 1.0CI ve 1.0F’li
TCP’lerin biyomedikal uygulamalarda kullanilmaya aday oldugunu gostermektedir.

SEM goriintiileri sinterleme sicakligimin ve katik miktarlarinin numunelerin
tanecik boyutlarinda 6nemli derecede etkili oldugunu gostermistir. Sonuglara gore, Ca/P
orani 1.50 oldugunda ortalama tanecik boyutu azalmaktadir. Iyonlarin ilavesi ile, Ca/P
orant 1.50 numunelerin tanecik ebatlar1 yeniden yiikselise gegmektedir. 1.50 Ca/P
oranina sahip 1.0 — 2.5% Sr*? . 1.0% CI', ve 1.0% F ile katiklanmis ve 1100°C’de 1 saat
sinterlenmis numunelerin kii¢iik tanecik boyutu ve yiiksek yogunluklari ile gelecekteki
biyomedikal uygulamalar igin en ustin Ozelliklere sahip malzemeleri meydana

getirdikleri gdzlenmistir.
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