
THE SYNTHESIS OF ZINC, CHLORIDE AND FLUORIDE DOPED NANO 

HYDROXYLAPATITES BY PRECIPITATION METHOD AND INVESTIGATION 

OF THEIR MECHANICAL, STRUCTURAL AND BIOLOGICAL PROPERTIES 

 

 

 

 

 

A THESIS SUBMITTED TO 

THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

OF 

MIDDLE EAST TECHNICAL UNIVERSITY 

 

 

 

BY 

 

 

 

IDIL UYSAL 

 

 

 

 

 

IN PARTIAL FULLFILLMENT OF THE REQUIREMENTS 

FOR 

THE DEGREE OF MASTER OF SCIENCE 

IN 

BIOMEDICAL ENGINEERING  

 

 

 

 

 

 

JULY 2011 

 



Approval of the thesis: 

 

THE SYNTHESIS OF ZINC, CHLORIDE AND FLUORIDE DOPED NANO 

HYDROXYLAPATITES BY PRECIPITATION METHOD AND 

INVESTIGATION OF THEIR MECHANICAL, STRUCTURAL AND 

BIOLOGICAL PROPERTIES 

 

submitted by İDİL UYSAL in partial fulfillment of the requirements for the degree of 

Master of Science in Biomedical Engineering Department, Middle East Technical 

University by,  

 

Prof. Dr. Canan Özgen       

Dean, Graduate School of Natural and Applied Sciences    

       

Prof. Dr. Semra Kocabıyık       

Head of Department, Biomedical Engineering                              

       

Assoc. Prof. Dr. Zafer Evis 

Supervisor, Engineering Sciences Dept., METU                       

  
Prof. Dr. Feride Severcan                                  

Co-supervisor, Biological Sciences Dept., METU  

 

Examining Committee Members  

 

Prof. Dr. Sevgi Haman Bayarı       

Secondary Science and Mathematics Education Dept., HU 

 

Assoc. Prof. Dr. Zafer Evis                                     

Engineering Sciences Dept., METU     

 

Prof Dr. Feride Severcan      

Biological Sciences Dept., METU 

 

Assoc. Prof. Dr. Ayşen Tezcaner       

Engineering Sciences Dept., METU                  

 

Assist. Prof. Dr. Senih Gürses               

Engineering Sciences Dept., METU 

 

                                                                  Date:   21.07.2011                                                                  



 

iii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I hereby declare that all information in this document has been obtained and 

presented in accordance with academic rules and ethical conduct. I also 

declare that, as required by these rules and conduct, I have fully cited and 

referenced all material and results that are not original to this document. 

 

 

 

 

Name, Last name: İdil Uysal 

 

Signature: 

  



 

iv 
 

ABSTRACT 

 

 

 

THE SYNTHESIS OF ZINC, CHLORIDE AND FLUORIDE DOPED NANO 

HYDROXYLAPATITES BY PRECIPITATION METHOD AND 

INVESTIGATION OF THEIR MECHANICAL, STRUCTURAL AND 

BIOLOGICAL PROPERTIES 

 

 

UYSAL, İdil 

M. Sc., Department of Biomedical Engineering  

Supervisor: Assoc. Prof. Dr. Zafer EVİS 

Co-Supervisor: Prof. Dr. Feride SEVERCAN 

 

July 2011, 158 pages  

 

This study aimed synthesizing hydroxylapatite (HA) and Zn
2+

, F
-
 and Cl

-
 

doped HA by solution precipitation method.  The synthesized compounds were 

sintered at 1100°C for 1h. For structural characterization, density of the samples 

were measured by Archimedes’ method. It was observed that Zn
2+

 addition 

increased the density significantly whereas F
-
 caused a decrease and Cl

-
 increased 

the density with a little amount. XRD was applied to the samples and it was found 

that co-doping of Zn
2+

 and F
-
 ions decreased the unit cell volume of HA with F

-
 

addition. Other compositions gave fluctuated results in terms of unit cell volumes. 

HA phase and a little amount of CaO phase were detected in some samples. FTIR 

spectroscopy was used to detect whether Zn
2+

, F
-
 and Cl

-
 ions were incorporated to 

the HA structure or not by observing the bands corresponding to the bonds in the 

molecules. The amount of addition was also detected by FTIR. Results showed that 

ion incorporation to the HA structure was done successfully. SEM images were 



 

v 
 

analyzed and grain sizes of samples were calculated by Rietvelt analysis. Grain 

sizes of the samples increased by Cl
-
 addition and decreased by Zn

2+
 and/or F

-
 

addition. For mechanical characterization, Vickers microhardness test was applied. 

Fracture toughness was calculated from Vickers microhardness results. According 

to the results, the highest microhardness values were found for F
-
 and Zn

2+
 co-

doped samples. It was also shown that fracture toughness decreased by Zn
2+ 

addition. However, Zn
2+

 and F
-
 co-doped samples gave higher fracture toughness 

results when compared with pure HA. Cl
-
 addition also decreased the fracture 

toughness. The best compositions in terms of structural and mechanical properties 

was chosen as Zn2+ and F- co-doped samples and biological characterization was 

applied to these samples. Saos-2 cell line was used in biological examinations. For 

biological characterizations, Alamar Blue™ assay to detect viability and alkaline 

phosphatase activity (ALP) assay to detect differentiation were done. It was 

observed that 2 mol.% Zn
2+

 addition increased the cell viability and alkaline 

phosphatase activity. 1 mol.% F
-
 addition also improved cell viability and alkaline 

phosphatase activiy. SEM images were analyzed to observe the morphology of the 

cells on HA and selected doped HA discs. In accordance with Alamar Blue™ assay 

and alkaline phosphatase activity assay, cells showed dendritic shapes on 2 Zn and 

2 Zn 1 F sample which was the indicator of good material-cell interaction. 

Dissolution test was also applied by immersing the samples in simulated body fluid 

(SBF). pH change and SEM images for Ca
2+

 deposition were investigated. Increase 

in pH change with time was observed. F
-
 included samples gave the lowest pH 

change results, especially 2 Zn 1 F. Dissolution pits and some apatitic formations 

were observed in SEM images. 

 

 

Keywords: Nano Hydroxylapatite, Fluoride, Zinc, Chloride, Structural Properties, 

Microhardness, Biocompatibility. 
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ÖZ 

 

 

 

ÇÖKTÜRME YÖNTEMİ İLE ÜRETİLMİŞ ÇİNKO, FLOR VE KLOR 

İYONLARI İLAVE EDİLMİŞ NANO HİDROKSİLAPATİTLERİN MEKANİK, 

YAPISAL VE BİYOLOJİK ÖZELLİKLERİ AÇISINDAN İNCELENMESİ 

 

 

UYSAL, İdil 

Yüksek Lisans, Biyomedikal Mühendisliği 

Tez Yöneticisi: Doç. Dr. Zafer EVİS 

Yardımcı Tez Yöneticisi: Prof. Dr. Feride SEVERCAN 

 

Temmuz 2011, 158 sayfa 

 

Bu çalışma hidroksilapatit’in (HA) ve Zn
2+

, F
-
, Cl

-
 eklenmiş HA’in çöktürme 

yöntemi ile sentezlenmesini amaçlamaktadır. Sentezlenen bileşikler 1100°C’de 1 

saat süre ile sinterlenmiştir. Yapısal özelliklerin belirlenmesi için örneklerin 

yoğunlukları Arşimet yöntemi ile ölçülmüş, Zn
2+

 iyonunun yoğunluğu belirgin bir 

biçimde artırdığı, F
-
 iyonunun yoğunluğu azalttığı, Cl

-
 iyonunun ise hafif şekilde 

artırdığı gözlemlenmiştir. Örneklerin XRD analizleri yapılmış, bu analizlerin 

sonucunda Zn
2+

 ve F
-
 iyonlarının beraber eklendiği örneklerde kafes hacimlerinde 

F
-
 iyonunun artışı ile düşüş gözlemlenmiştir. Diğer örnekler kafes hacimlerinde 

değişimler göstermiştir. Örneklerde HA fazı ve çok az miktarda CaO fazı dışında 

bir faza rastlanmamıştır. FTIR analizleri, Zn
2+

, F
-
 ve Cl

-
 iyonlarının HA yapısı içine 

katılıp katılmadığını anlamak için ilgili moleküldeki bağların bantları 

gözlemlenerek yapılmıştır. Ayrıca eklenen iyonların miktarları da FTIR analizi ile 

incelenmiştir. Sonuçlara göre iyonların HA yapısına başarılı şekilde eklendiği 

gözlemlenmiştir. SEM görüntüleri yorumlanmış, tanecik boyutları Rietvelt analizi 
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kullanılarak hesaplanmıştır. Tanecik boyutlarının Cl
-
 iyonu eklenmesi ile artış 

gösterdiği, Zn
2+

 ve F
-
 iyonunun beraber eklenmesi ile düşüş gösterdiği görülmüştür. 

Mekanik özelliklerin belirlenmesi için Vickers mikrosertlik testi uygulanmıştır. 

Kırılma tokluğu, Vickers mikrosertlik test sonuçları kullanılarak hesaplanmıştır. Bu 

sonuçlara göre, F
-
 ve Zn

2+
 eklenmiş örnekler en yüksek mikrosertlik değerlerini 

vermiştir. Ayrıca Zn
2+

 iyonunun kırılma tokluğunu düşürdüğü, Zn
2+

 ve F
-
 

iyonlarının beraber eklendiği örneklerde ise saf HA ile karşılaştırıldığında kırılma 

tokluğunu artırtığı gözlemlenmiştir. Cl
-
 ilavesi de kırılma tokluğu değerlerini 

düşürmüştür. Zn
2+

 ve F
-
 iyonlarının beraber eklendiği örnekler, yapısal ve mekanik 

özellikleri açısından en iyi örnekler seçilmiş, biyolojik özelliklerin belirlenmesi için 

yapılan deneyler bu örneklere uygulanmıştır. Biyolojik çalışmalarda Saos-2 hücre 

hattı kullanılmıştır. Hücre canlılığı tesbiti için Alamar Blue™ deneyi yapılmış, 

hücre farklılaşması tesbiti için alkalin fosfataz aktivitesi ölçülmüştür. Molce % 2 

Zn
2+

 eklenmesinin hücre yaşama kabiliyetini ve alkalin fosfataz aktivitesini artırdığı 

gözlemlenmiştir. Molce % 1 F
-
 eklenmesi de hücre yaşama kabiliyetini ve alkalin 

fosfataz aktivitesini artırmıştır. Hücre morfolojisi için SEM görüntüleri 

incelenmiştir.  Alamar Blue™ deneyi ve alkalin fosfataz aktivitesi ölçümünün 

desteklediği gibi, 2 Zn ve 2 Zn 1 F örneklerinde hücreler dendritik şekiller 

oluşturmuşlardır. Dendritik şekiller hücre-malzeme ilişkisinin uyumlu olduğunun 

göstergesidir. Çözünme testi için örnekler SBF içerisine batırılmış, pH değişimleri 

ölçülmüştür. Örnekler üzerindeki Ca
2+

 iyonu tortularını gözlemlemek için SEM 

görüntüleri kullanılmıştır. pH değişimlerinde zamana bağlı artış gözlemlenmiştir. F
-
 

içeren örnekler, özellikle 2 Zn 1 F en düşük pH değişim sonucunu vermiştir. SEM 

görüntülerinde çözülme çukurları ve bazı apatitik oluşumlar gözlemlenmiştir. 

 

Anahtar Sözcükler: Nano Hidroksiapatit, Çinko, Flor, Klor,  Yapısal Özellikler, 

Mikrosertlik, Biyouyumluluk. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

1.1. Apatites 

Apatites are phosphatic minerals that are widely used in chemical industry as a 

raw material for various phosphorus containing products which can be listed as 

fertilizers, phosphoric acid, detergents, dentrifrices, pharmaceuticals, rust removers, 

additives for motor fuels, plasticizers, insecticides and other poisons and friction 

matches [1]. The raw material is the phosphate rock or phosphorite which is basicly 

composed of carbonated fluorapatite. 

In 1929, Hausen separated apatites into eight different types, which were 

fluorapatite, alkali containing apatite, chloroapatite, carbonate apatite, sulfate 

apatite, hydroxylapatite, manganapatite and apatite containing rare earths. However, 

the list becomes longer (Table 1.1). 

 

Table 1.1. Summary of the apatites.  

Mineral Name Formula 
Space 

Group 
Reference 

Fluorapatite Ca10(PO4)6F2 P63/m 
Hughes et al. 

(1989) [2] 

Hydroxylapatite Ca10(PO4)6(OH)2 P21/b 
Ikoma et al. (1999) 

[3] 

Chlorapatite Ca10(PO4)6Cl2 P21/b 
Mackie et al. 

(1972) [4] 

Alforsite Ba10(PO4)6Cl2 P63/m 
Newberry et al. 

(1981) [5] 

Pyromorphite Pb10(PO4)6Cl2 P63/m 
Dai & Hughes 

(1989) [6] 

Strontium-apatite Sr10(PO4)6(OH)2 P63 
Pushcharovskii et 

al. (1987) [7] 
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Table 1.1. (continued) 

Belovite-(Ce) Sr6(Na2Ce2)PO4)6(OH)2 P 
Rakovan & Hughes 

(2000) [8] 

Johnbaumite Ca10(AsO4)6(OH)2 P63/m 
Dunn et al. (1980) 

[9] 

Clinomimetite Pb10(AsO4)6Cl2 P21/b 
Dai et al. (1991) 

[10] 

Hedyphane Pb6Ca4(AsO4)6Cl2 P63/m 
Rouse et al. (1984) 

[11] 

Mimetite Pb10(AsO4)3Cl2 P63/m 
Dai et al. (1991) 

[10] 

Morelandite Ba10(AsO4)3Cl2 
P63/m 

or P63 

Dunn & Rouse 

(1978) [12] 

Turneaureite Ca10(AsO4)3Cl2 P63/m 
Dunn et al. (1985b) 

[13] 

Britholite-(Ce) Ce6Ca4(SiO4)6(OH)2 P63 
Oberti et al. (2001) 

[14] 

Britholite-(Y) Y6Ca4(SiO4)6(OH)2 P21 
Zhang et al. (1992) 

[15] 

Chlorellestadite Ca10(SiO4)3(SO3)3Cl2 
P63 or 

P63/m 

Rouse & Dunn 

(1982) [16] 

Hydroxylellestadite Ca10(SiO4)3(SO3)3(OH)2 P21/m 
Hughes & Drexler 

(1991) [6] 

Mattheddleite Pb10(SiO4)3(SO4)3Cl2 P63/m 
Steele et al. (2000) 

[17] 

Vanadinite Pb10(VO4)6Cl2 P63/m 
Dai & Hughes 

(1989) [6] 

Melanocerite-(Ce) Ce5(Si,B)3O12(OH,F)·nH2O   

Anovitz & 

Hemingway (1996) 

[18] 

 

1.1.1. Structure of Apatites 

Apatites are the compounds that have the general formula of X10(YO4)6Z2, 

where the X, Y, Z represent some ions. The most common examples of Z can be 

listed as F
-
, OH

-
 and Cl

-
 which are gained the name of fluorapatite, hydroxylapatite 
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and chloroapatite to the compound, respectively if X represents Ca
2+

. Due to being 

sensitive to ionic substitutions, Ca
2+

 ions in the apatite structure can also be partly 

or completely replaced by some positive charged ions such as Ba
2+

, Sr
2+

 or Pb
2+

. 

Besides being tolerant to single substitutions, coupled substitutions can also be 

observed in apatite structure. Some minerals which include pyromorphite 

(Pb5(PO4)3Cl), vanadinite (Pb5(VO4)3Cl) and mimetite (Pb5(AsO4)3Cl) can be given 

as examples of coupled substituted apatites. The substitutions occur between the 

charges with the same sign. However, some substitutions with different charges are 

observed in apatite structures. In this case, dissimilar charges and vacancies 

neutralize the apatite molecule. The vacant sites result in non-stoichiometry in the 

molecule. Generally, the biological apatites and synthetic apatites are included in 

non-stoichiometric apatites. Non-stoichiometry results in complicated crystal 

chemistry. After giving these facts, apatite structure gains more general formula 

which enables different types of substitutions [19]. This formula can be represented 

as X10(YO4)6Z2 with possible parameters X, Y and Z that are listed in Table 1.2.   

 

Table 1.2. X, Y, Z in apatite structure [20].  

X Y Z 

K
+
, Na

+
, Mn

2+
, Ni

2+
, Cu

2+
, Co

2+
, Sr

2+
, Ba

2+
, Pb

2+
, Cd

2+
, 

Y
3+

, La
3+

, Fe
2+

, Zn
2+

, Mg
2+

, Ca
2+

, Ce
3+

, Al
3+

 

As, P, Si, 

V, Cr 

F, Cl, O, 

OH, Br 

 

The basic apatite structure has hexagonal dipyramidal shape as a crystal system 

with space group P63/m. Hexagonal dipyramidal shape can be seen in Figure 1.1. 

P63/m denotes that the structure has a primitive lattice with 6 fold symmetry axis, 63 

screw axis and is perpendicular to oblique glide plane. Approximate lattice 

parameters can be given as a=9.4 Å and c=6.9 Å with two formula units per unit 

cell [19]. 
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        a)                                                                   b) 

Figure 1.1. a) Hexagonal Dipyramidal shape [21]; b) Axial configuration of 

hexagonal shape [22]. 

 

In the apatite molecule, there are four different crystallographic positions. 

These are six tetrahedral sites for P
5+

 ions, four Ca sites for Ca
2+

 ions, six other Ca 

sites that form a hexagonal shape with an ion channel at the center and the channel 

site which is occupied by two monovalent ions such as F
-
, Cl

-
, OH

- 
[23].  

Fluoride ion forms the most symmetric apatite structure. It fits the ion channel 

well and due to its small radii, most symmetric position for an apatite structure is 

obtained [23].  

 

1.1.2. Physical Properties of Apatites 

Density, color, hardness, luminescence and diaphaneity can be listed as some 

important physical properties for apatites. The apatite density has the range between 

3.16 and 3.22 g/cm
3
 [22]. According to Mohs hardness scale, apatite is 

approximately 5. Apatites are non-fluorescent materials that have different colors 

such as white, yellow, green, red and blue. Their diaphaneity is ranged from 

transparent to translucent. 

Any ion substitution results in structural changes in apatites. These structural 

changes have critical effects on some physical and mechanical properties such as 

solubility, hardness, brittleness, strain, thermal stability and optical properties like 

birefringence  [24,25].  
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1.2. Calcium Phosphates 

Calcium phosphates are the family of minerals which are composed of Ca
2+

 

ions with orthophosphates (PO4
3-

), metaphosphates (PO3
-
), pyrophosphates (P2O7

4-
). 

In some compositions, hydrogen and hydroxyl ions can be accompanied into the 

structure. 

Morphology, crystallite size, composition and structure are very important 

parameters for the calcium phosphate bioactivity, stability and mechanical 

properties [26]. 

Calcium phosphates have very low solubility in water. They become insoluble 

at higher temperatures. Therefore, as temperature increases, precipitation occurs. 

However, all of them dissolve in acids [19]. Solubility in water and degradation rate 

are important properties for the biomedical materials due to their effect on the cells. 

At pH 7.0, the degradation rates of some important calcium phophates can be 

ordered as α-TCP > monetite > brushite > β-TCP > HA. According to this list, the 

highly biocompatible compounds, HA and β-TCP has the lowest degradation rate 

and their solubility at pH 7.4 is very low [27].  

Calcium phosphates are used in food industry in baking as a raising agent. 

Moreover, they gain an importance in biomedical field in bone and dental 

applications. Calcium phosphates are also used in wastewater treatment to eliminate 

phoshorus in the water. By using calcium salts, phosphorus is subjected to 

precipitation in the form of hydroxylapatite, tricalcium phosphate, brushite, 

monetite, otacalcium phosphate and amorphous calcium phosphate [28]. 

According to the number of the calcium ions in the molecule, calcium 

phosphates gain different names. The most important calcium phophate molecules 

are listed below with their characteristics. 

 

1.2.1. Monocalcium Phosphates 

Monocalcium phosphate is the compound with one calcium ion and Ca/P ratio 

of 0.5 [29]. It can be found in two forms. These are monohydrate 

(Ca(H2PO4)2·H2O) which is the compound with one water molecule and the 
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anhydrous salt (Ca(H2PO4)2) in the acid with a pH range of 0.0-2.0. The 

monohydrate form has a triclinic space group, P1 with primitive unit cell 

parameters a=5.6261, b=11.889 and c=6.4731 Å with α=98.633°, β=118.262° and 

γ=83.344° [30]. Two formula units are found for each unit cell. Monocalcium 

phosphate monohydrate is also starting material of hydrothermal synthesis of 

monetite and hydroxylapatite which can be included in the list of important calcium 

phosphates. Monocalcium phosphate monohydrate suspension formed 

hydroxylapatite needle shaped crystals and monetite whiskers by hydrothermal 

treatment with the conditions 160°C and 1 MPa and 200°C and 2 MPa, respectively 

[31]. The density of monocalcium phosphate monohydrate was reported as 2.231 

g/cm
3
 [30].

 
Monocalcium phosphate monohydrate is used in phosphorus containing 

fertilizer production industry. Moreover, it is used in dry baking powders, food, 

tooth pastes and some beverages as nutrient, acidulant and mineral supplement [29]. 

In medicine, it can be used as a component of self-hardening calcium 

orthophosphate cements. It is very soluble and acidic. Therefore, monocalcium 

phosphate monohydrate is not found in biological calcifications. 

Anhydrous salt form can be obtained when monocalcium phosphate 

monohydrate is heated to 100°C and one water molecule is released. It has the same 

space group and have two formula units per unit cell with lattice parameters 

a=7.5577, b=8.2531 and c=5.5504 Å with α=109.87°, β=93.68° and γ=109.15° [32]. 

It has the density 2.58 g/cm
3
 [29]. Monocalcium phosphate anhydrous also is not 

found in biological calcifications due to its acidity and solubility. Moreover, it does 

not have any applications in medicine.
 

Unlike the other calcium phosphates, monocalcium phosphate solubility 

increases as temperature increases. Therefore, to obtain phosphorus for the 

agricultural fertilizers from the phosphate rock, sulfuric acid treatment is applied to 

produce more soluble monocalcium phosphate [33].  

 

 

 



 7 

1.2.2. Dicalcium Phosphates 

Another compound from the calcium phosphate family is the dicalcium 

phosphate which has two positive ion sites that are occupied by one calcium ion and 

one hydrogen ion. Dicalcium phosphates have Ca/P ratio of 1.0 [29]. These 

compounds are very important in terms of bone mineralization. Therefore, they are 

used in bone and teeth as dental cement and restorative material. Besides these 

practical uses, they are protonic conductors for fuel cell applications [34,35]. 

Dicalcium phosphates have also two forms. These are dicalcium phosphate 

dihydrate, brushite (CaHPO4·2H2O) and  dicalcium phosphate anhydrous, monetite 

(CaHPO4). 

 

1.2.2.1. Brushite 

Brushite has a monoclinic space group, Ia with body centered unit cell 

parameters a=5.812, b=15.180 and c=6.239 Å [36]. Its crystal structure is 

monoclinic prismatic. Monoclinic prismatic shape can be seen in Figure 1.2. 

Brushite is the intermediate in apatitic mineralization such as precipitation of 

hydroxylapatite and dissolution processes like dissolution of enamel in acids. The 

reported density for brushite was 2.318 g/cm
3 

[37]. The solubility of brushite can be 

explained with a parabolic function of pH which has the minimum value near 5. 

Therefore, the solubility range pH of brushite was accepted as 2.0-6.0 [29]. When 

brushite was heated to 80 °C, the other form, monetite was formed. Monetite had 

three different phases. Between 320 and 340°C, γ-Ca2P2O7, between 340 and 700°C 

β- Ca2P2O7 phases were formed. By further heating to 1200°C, α- Ca2P2O7 phase 

was observed. The formation of monetite from brushite was a dehydration process 

which used water as a catalyst at 135°C [38]. However, hydrothermal conversion of 

brushite to monetite resulted in porosity increase and strength decrease [39]. 
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a)                                                              b) 

Figure 1.2. a) Monoclinic prismatic shape; b) Axial configuration of monoclinic 

shape [22]. 

 

Another way to produce brushite was the reaction of TCP powder with an 

acidic phosphate source such as phosphoric acid and monocalcium phosphate 

monohydrate. By this method, a mechanically stable implant was formed in situ 

which degraded over a time period of 6-12 months [40,41]. Brushite showed good 

biocompatible properties in vivo.  

Brushite was found in pathological calcifications such as dental calculi, 

crystalluria, chondrocalcinosis and urinary stones [29]. It is also used as flame 

retardant and slow release fertilizer. In food industry, it is used as mineral 

supplement, texturizer, bakery improver and water retention additive [29].  

In medicine, the brushite is used in calcium phosphate cements. The main 

disadvantage of the brushite based cements is the short setting time which results in 

low mechanical strength [42]. To increase the setting time, low powder to liquid 

ratio which results in high porosity and lower mechanical strength and high setting 

retardant concentration in the cement paste should be adjusted [42-44]. Increasing 

the concentration of the setting retardant increased the setting time and mechanical 

strength by smaller precipitated crystals [42-45]. It was also specified that very high 

retardant concentrations resulted in decrease in mechanical strength (up to 1 molar) 

[43]. Moreover, brushite is used widely for maxillofacial bone augmentation in the 

forms of cement and granules [46-48]. 
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Brushite and monetite can be used as solid electrolytes in battery devices. By 

studying the dehydration process, the role of each water molecule or proton species 

can be understood. In dehydration of brushite first a chemical surface reaction 

occurs and an intermediate layer with water molecules is formed. Then, by 

thermolysis, water molecules are separated from the brushite structure and turns the 

structure into monetite [32]. 

 

1.2.2.2. Monetite 

Monetite has a triclinic space group, P1 with primitive unit cell parameters 

a=6.910, b=6.627 and c=6.998 Å with α=96.34°, β=103.82° and γ=88.33° [29,49]. 

Its crystal structure is triclinic pinacoidal that is respresented in Figure 1.3 [22]. 

Monetite is the most stable calcium phosphate at a low pH. Therefore, when there is 

healing or inflammatory site where pH is less than 7.4, monetite structure can be 

seen. However, when the pH becomes the physiological pH 7.4, monetite 

transforms into hydroxylapatite. Moreover, it is less soluble and more stable than 

brushite at temperatures higher than 121°C. However, due to monetite‟s slow 

crystal growth rate, brushite is formed easier than monetite. The calculated density 

of monetite was reported as 2.89 g/cm
3
 [50]. Like in brushite, the solubility of the 

monetite depends on pH. Moreover, it was found that the solubility decreased with 

increasing the temperature.  

                                      

a) b) 

Figure 1.3. a) Triclinic pinacoidal shape; b) Axial configuration of triclinic shape 

[22]. 
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Monetite can be synthesized by several methods such as; hydrothermal method 

[51,52], precipitation from microemulsion [53], crystallization from solution [54], 

electro and chemical deposition [55-57] and microwave assisted method [24]. 

Monetite is used in toothpastes, chewing gums and used as acidic regulator, 

anti-caking agent, dough modifier and emulsifier in food industry, besides usage in 

biomedical industry [58]. 

Monetite is biocompatible and biodegradable. However, it is not formed during 

normal or pathological calcifications [29]. It was also investigated that local 

application of monetite granules in biocartial cranial defects on rabit calvaria 

resulted in first phases of bone regeneration. Due to the similarity of solubility 

products of monetite and serum, monetite could rapidly resorb and transform into 

bone [59-60]. Monetite is also found in dental and urinary stones [61,62]. It is the 

major constituent of the resorbable bone cements in addition to brushite. However, 

due to poor mechanical properties, their applications are limited to non-load bearing 

applications. Orientation of crystals is also an important factor that affects the 

mechanical properties [63]. Monetite was also studied as a starting material for 

hydroxylapatite which could be used as a coating material on metals or carbon fiber 

reinforced carbon composites. Monetite is converted into hydroxylapatite by 

hydrothermal treatment in an autoclave by using ammonia solution [64]. Therefore, 

the monetite is the precursor of the hydroxylapatite which has similar structure with 

the bone. To control the hydroxylapatite crystal orientation, monetite crystals were 

studied to be produced in nanosheets [65]. 

Monetite synthesis by dehydration and recrystallization of brushite is a widely 

used production method. The reaction is favourable in water and at high 

temperatures. In addition to these, sterilization process is cheaper for monetite due 

to its stability at high temperatures. Therefore, monetite becomes a candidate for 

bone regeneration materials.  

There are two types of synthesis methods. One is based on the boiling the 

brushite powders in the H3PO4 solution [66-68] and the other is based on heating 

the brushite in a static air atmosphere at temperatures between 200°C and 250°C 
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[60-71]. However, these two methods were unable to control the particle size and 

shape distribution of the brushite particles. Therefore it became difficult to obtain 

submicron sized particles of monetite [72]. Large monetite crystals with 

rhombohedral diamond, plate-like, rectangular, needle-like [73], hexagonal 

prismatic [74] shape were obtained. To produce submicron monetite particles, many 

methods were proposed such as spray drying, autoclave based techniques and 

microwave-assisted heating method. By using these methods monetite crystals of 

spheres, monodispersed nanofibers, bundles of nanowires, nanosheets could be 

obtained [34, 74-78]. 

The crystal growth rate of monetite increases with temperature and time. It was 

studied that, by hydrothermal reaction, monetite crystals were obtained on the 

hydroxylapatite. The surface defects of hydroxylapatite served deposition sites for 

the monetite crystals [79]. 

Microwave assisted method is an useful technique to produce hydroxylapatite 

with flowerlike morphology by using monetite as the precursor. The transformation 

from monetite to hydroxylapatite is a dissolution and reprecipitation mechanism. 

The monetite continuously dissolves into Ca
2+

 and (PO4)
3-

 ions in the presence of 

NaOH, because the high pH shifts the thermodynamic equilibrium in the side of ion 

formation. The hydroxylapatite reprecipitates and crystallizes on the surface of the 

monetite [24]. As the heating time increases, the nanosheets turn into flowerlike 

morphology [24]. 

Moreover, there is also a method which uses the precipitation of CaCO3 

powders in ethanol solution at room temperature (RT) by only stirring 3h and obtain 

submicrometer particles with nanosheet texture. Therefore, an economical and easy 

way of production of monetite was determined [80]. 

Low temperature processes result in more consistent materials which do not 

have varying powder crystallinity [81]. When monetite was mixed with 

hydroxylapatite, it was found that the mixture had higher solubility in water than 

pure monetite and hydroxylapatite have. This stemmed from the partial 

solubilization of the chemicals. As the solubiliziation and reprecipitation increased, 
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the Ca
2+ 

and (HPO4)
2-

 ion concentrations increased and formation of 

hydroxylapatite occurred [81]. 

Besides nanosheets, hydroxylapatite can be synthesized in needle-like shape or 

in nanorod by using different adjusting modes of the pH and the monetite as the 

precursor [82]. This production method is also a simple and cost effective one. 

According to the adjusting modes of the pH, single phase hydroxylapatite crystal or 

the mixture of a small amount of hydroxylapatite and mainly octacalcium phosphate 

phase can be obtained. 

Tricalcium phosphate is another calcium phosphate compound which has 

greater importance in terms of biomedical applications due to its role in 

pathological calcifications. Therefore, tricalcium phosphates were discussed in the 

next topic in detail. 

 

1.2.3. Tetracalcium Phosphates 

Tetracalcium phosphate is the group of calcium phosphates that has four 

calcium atoms. The Ca/P ratio of tetracalcium phosphate is 2 [29]. It has the 

formula (Ca4(PO4)2O). Tetracalcium phosphate has the monoclinic structure with a 

primitive unit cell P21 space group and with unit cell parameters of a=7.023, 

b=11.986 and c=9.473 Å with β=90.90° [29,83]. Tetracalcium phosphate has four 

formula units per unit cell. It has the density of 3.051 g/cm
3
 [83]. Tetracalcium 

phosphates are more soluble than hydroxylapatite in the aqueous media. Therefore, 

it can not be produced by precipitation reaction. The only method used for 

tetracalcium phosphate production is solid-state reactions at temperatures above 

1300°C. Due to its high solubility, it is not stable in aqueous conditions and 

transforms into hydroxylapatite and calcium oxide quickly. Therefore, tetracalcium 

phosphates are not found in physiological systems [84]. Tetracalcium phopshates 

are used in the production of self-setting bone cements by mixing with monetite or 

brushite. In bone cement, this mixture turns into hydroxylapatite when there is 

water in the medium. Another application of tetracalcium phosphates as bone 

cement is the composite of tetracalcium phosphate and collagen. This material can 
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be used as graft in bone and cartilage tissue. Another advantage of this material is 

the small replacement time of  bone. This provides better fixation after surgery by 

preventing loosening and micromotion [85]. Moreover, tetracalcium phosphates 

were used to control the properties of metals by being a by product of the reaction 

between phosphorus, oxygen and lime in the iron manufacturing.  

 

1.2.4. Octacalcium Phosphates 

Octacalcium phosphate is another type of calcium phosphate which includes 

eight calcium atoms with the formula Ca8(HPO4)2(PO4)4·5H2O. The Ca/P molar 

ratio of octacalcium phosphate is 1.33 and the water content is variable. 

Octacalcium phosphate has the triclinic structure with space group of P1, a 

primitive unit cell and with unit cell parameters a=19.692, b=9.523 and c=6.835 Å 

with α=90.15°, β=92.54° and γ=108.65° [29,86]. Octacalcium phosphates have two 

asymmetric units per unit cells that means in one unit cell, there are two largest 

structural units which have atoms that are placed asymmetrically. Octacalcium 

phosphates are stable between pH values of 5.5 and 7.0 in aqueous solutions at 25 

°C [29]. The main production methods can be listed as hydrolysis of brushite and 

precipitation reactions. The production parameters are temperature, the solvent 

used, pH and time. By adjusting these parameters, octacalcium phosphates with 

different compositions and morphologies are obtained. Octacalcium phosphate has 

the density of 2.61 g/cm
3
 [87]. It is the intermediate of the precipitation reaction of 

hydroxylapatite and other biological apatites [88]. It has similar structure with 

hydroxylapatite in terms of apatitic layers [26,89]. This similarity results in ease of 

transformation to hydroxylapatite. Due to its high solubility, it can nucleate and 

grow more easily than hydroxylapatite. Octacalcium phosphates can be observed in 

dental and urinary calculi and other pathological calcifications [90]. It was 

suggested that octacalcium phosphate was a precursor of biological apatite found in 

natural and prosthetic heart valves [29]. 
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1.2.5. Amorphous Calcium Phosphates 

Amorphous calcium phosphate is generally known as the calcium phosphate 

which has the atomic Ca/P ratio is between 1.2 and 2.2 [29]. It can be predicted that 

amorphous calcium phosphates have an apatitic structure with very small crystal 

sizes that result in amorphous appearance [19]. Amorphous calcium phosphates are 

not found in bone structure. However, some sodium, magnesium, carbonate and 

pyrophosphate included forms are found in various soft-tissue pathological 

calcifications [29,91]. According to electron microscopy results, amorphous 

calcium phosphate particles had spherical shapes. The diameters of these spheres 

were in the range of 200 to 1200 Å [92]. Amorphous calcium phosphates are stable 

at pH between about 5.5 and 12 in aqueous solutions at 25 °C [29]. 

Amorphous calcium phosphates was thought to be formed at the begining of 

the precipitation. It was the first phase precipitates in the mixing of supersaturated 

solution consisting of calcium and orthophosphate ions [29]. It had lower surface 

energy than octacalcium phosphate and hydroxylapatite have [29]. In wet 

atmospheric conditions, the amorphous octacalcium phosphate transforms into 

monetite and hydroxylapatite. The temperature has a decreasing effect on the time 

of transformation [93]. The hydroxylapatite produced from the octacalcium 

phosphates is generally non-stoichiometric type. When particle size was 

investigated, it could be said that supersaturation, pH and temperature had direct 

effects on particle size of amorphous calcium phosphates. The particle size became 

smaller, if there was high supersaturation. For the identical pH, the particle size 

increased with increasing the temperature [94]. Moreover, presence of 

pyrophosphate, carbonate and/or magnesium ions in the solution prevents formation 

of more crystalline phases and enhanced amorphous calcium phosphate formation 

[29]. However, fluoride ion has an adverse effect [29].  

Amorphous calcium phosphates are used in medicine as a constituent of 

calcium phosphate cements and as a filling material in dentistry. By using polymers 

and amorphous calcium phosphates, bioactive composites for dentistry can be 

obtained [29]. Moreover, some microorganisms can consume amorphous calcium 
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phosphate due to its solubility and physiological pH of its aqueous solution [29]. 

Therefore, it can be used in culture medium. 

In other fields, such as food industry, amorphous calcium phosphates can be 

used as a syrup clearing agent and also as an inert filler in pelleted drugs [29]. 

 

1.3. Tricalcium Phosphates 

TCP is a compound in the calcium phosphate family and includes three calcium 

atoms. TCP has Ca/P ratio of 1.5. TCP has higher solubility than hydroxylapatite. 

Therefore, it is generally used as a resorbable bioceramic. Due to this property, TCP 

and hydroxylapatite composites are studied to make hydroxylapatite more 

degredable. Moreover, they are used as a starting material in bone cement that is 

made of calcium phosphates due to no heat release during the reaction [95]. 

There are three polymorphs of the TCP. These are β-TCP, α-TCP and α‟-TCP. 

These polymorphs‟ stability regions can be listed as below 1180°C, between 

1180°C and 1400°C, 1470°C  and above, respectively [26, 96, 97]. 

β-TCP is used in dry powdered food as a texturizer, bakery improver and anti-

clumbing agent [29]. It can be used as a dietary and mineral supplement in food. 

Moreover, it is used as a polymer stabilizer and inert filler in pelleted drugs [29]. 

 

1.3.1. Structure of TCP 

The structure of TCP can be explained by separating into two parts. These are 

structure of α-TCP and structure of β-TCP.  

 

1.3.1.1. Structure of β-TCP 

X-ray diffraction is used to determine the crystal parameters. There is another 

method that is used to detect exact crystal parameters which is called high-

resolution neutron powder diffraction. According to this method, β-TCP has unit 

cell parameters a = b =10.4352 Å  and c= 37.4029 Å with γ=108.65° [29,98]. 

Moreover, it was also found that, β-TCP had the crystal structure with a 

rhombohedral shape and R3c space group [98]. It has the density of 3.08 g/cm
3
. 
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Figure 1.4. Projection of the crystal structure of β-TCP on the (001) plane [99]. 

 

According to the Figure 1.4, there are two columns which include different 

configured CaOn and PO4 groups with n that denotes number of oxygen atoms 

which can take the values of 3, 6, 7 and 8 [99] . These are the column A and column 

B. Colum A is at the center of the hexagonal shape. The other column B is 

represented by the shape with two spheres which form a triangle by having the A 

column at the center. In Figure 1.5, the column A and the column B with their 

groups ordered in hexagonal structure in c direction are presented. 
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Figure 1.5. The  configurations of  CaOn and PO4 groups with n=3, 6, 7 and 8 for 

column A and B in the direction of c [99]. 

 

The crystal growth mechanism of β-TCP can be explained by nucleation-

aggregation-agglomeration-growth mechanism theory. According to this theory, 

after the reaction of calcium and phosphate precursors, β-TCP nano sized 

crystallites are formed by nucleation and growth. Then, due to some molecular 

attractions between the nanocrystals with different forces, aggregates are formed 

which minimize the surface free energy. As a last step, agglomerate is formed by 

further crystal growth providing aggregates gathered. Increase in temperature 

results in increase in particle size by addition of agglomerates. therefore, secondary 

particles are formed [99]. In Figure 1.6, this process is summarized. 

 

Figure 1.6. Nucleation-aggregation-agglomeration-growth mechanism of  β-TCP 

[99]. 
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β-TCP is the most preferable polymorph among the three phases due to its high 

chemical stability, bioresorption rate and mechanical strength. However, to be used 

as an implant, its mechanical strength should be improved by densification. 

Densification is achieved by effective sintering. Reaction routes also affect the 

phases formed during sintering. α-TCP can be obtained by production with a wet 

chemical method instead of solid state reactions between 600 and 800°C [100-102]. 

Doping some compounds also affects the sintering of β-TCP. MgO and SiO2 doping 

effects on β-TCP sintering were investigated [100,101,103]. According to the 

findings, MgO increased the β to α phase tranformation temperature whereas SiO2 

decreased. Therefore, it can be said that SiO2 inhibits the sintering of β-TCP. 

Calcium to phosphorus ratio is another parameter that affects the sintering 

[100,101,103].  

When sintering behaviour of pure β-TCP was investigated, it was found that, 

the sintering rate incrased rapidly between 850°C and 1200°C [102]. 

Grinding time is also another property which affects the crystal structure of β-

TCP. β-TCP transforms into calcium deficient HA by hydrolysis. This reaction can 

be accelerated by increasing the grinding time [104]. As grinding time increases the 

amorphous phases in the structure also increases. The grinding results in smaller 

particle size up to a critical level. After this level is reached, the given energy is 

used not to reduce the particle size, but to form some defects in the crystal lattice. 

Nanocrystals are formed within a single particle which leads to the loss of 

crystallinity. The reactive fraction in the material is the amorphous one. The 

crystalline fraction remains unreacted during setting process. Therefore, it can be 

concluded that as the amorphous fraction increases, the solubility of the material 

increases. Amorphous fraction depends on the grinding time. Then, the increase in 

the grinding time results in increase in solubility [104].  

Moreover, the range of pore sizes is narrowed as the grinding time increases. 

The porosity increases with increase in the grinding time [104]. In contrast to 

porosity, compressive strength decreases as the grinding time increases. 
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1.3.1.2. Structure of α-TCP 

α-TCP crystals have the monoclinic space group P21/a with primivite unit cell 

lattice parameters of a=12.887, b=27.280 and c=15.219 Å with β=126.20° and 

[29,105]. This type of crystals have 24 formula per unit cell. It has the density of 

2.86 g/cm
3
 [29]. 

Generally, α-TCP is used in bone cement due to it is setting to a less soluble 

phase when it is subjected to water. The reaction occurs at low temperatures which 

enables using this material in body. The setting reaction which consists of 

hydrolysis and precipitation includes some steps. First, the α-TCP transforms into 

dicalcium phosphate dihydrate. Then octacalcium phosphate phase is observed. As 

a last step calcium deficient hydroxylapatite is formed. The rate of setting reaction 

is affected by physical properties of phosphate, powder to liquid ratio and some 

impurities such as inorganic salts, organic and polymeric additives [106-108]. 

Monovalent ions increase the rate of setting reaction, whereas diavalent ions retard 

the reaction due to competition with Ca
2+

 ions [109]. As temperature increases, the 

setting reaction accelerates. Moreover as pH increases, the rate of the hydrolysis 

reaction decreases. α-TCP enables some modifications in its structure. For example, 

there was a study which reported the effect of gelatin and Sr
2+

. Gelatin improved 

the mechanical properties of α-TCP by decreasing the inhibiting effect of Sr
2+

 on 

crystallization [110]. 

The hydration kinetics were also observed for α-TCP. It was investigated that, 

the degree of the reaction was related with the particle size [111]. Moreover, the 

hydration kinetics of α-TCP can be separated into two rate limiting steps [111]. The 

first step is controlled by solid-liquid interface. In this step precipitated crystals are 

begun to form and results in a thin layer around α-TCP particles which  enables 

diffusion rapidly. The second step is controlled by diffusion through the hydrated 

layer. As the time passes, the hydrated layer becomes thicker which make the 

diffusion a rate limiting step. 

It was also investigated that some porous structures of α-TCP could be obtained 

by coating of polyurethane and sintering the sample at several temperatures. 
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According to the results, as sintering temperature increased, porosity decreased. At 

the temperatures 1400 and 1450°C, microporous structures could be seen [112]. 

However, when the temperature was increased to 1500 and 1550°C, microporosity 

could not be seen. Moreover, porosity decreased from 95 % to 90 % [112]. Linear 

shrinkage increased as sintering temperature increased [112]. 

 

1.3.2. Doping of Ions into TCP 

In a study, Sr
2+

 and gelatin doped α-TCP was investigated as a development in 

bone cements. Sr
2+

 was known to have a positive effect on osteoblasts. It increases 

the number of osteoblasts and improves bone formation. Moreover, Sr
2+

 ion 

decreases osteoclast number and activity and inhibits bone resorption. However, as 

the Sr
2+

 amount increases, the reactivity of α-TCP decreases due to the substitution 

of Sr
2+

 ions into Ca
2+

 sites [110]. Therefore, it can be said that Sr
2+

 retards and also 

inhibits the hydrolysis reactions of α-TCP. Sr
2+

 ion is bigger than Ca
2+

 ion. 

Therefore, it deforms the structure of α-TCP. As a result, the crystallinity decreases 

and the solubility increases. Sr
2+

 also results in morphology changes [110].   

Moreover, there are studies which investigated the biological effects of iron-

doped α-TCP for spinal applications. It was observed that iron doped α-TCP 

showed good resorption than pure α-TCP in 6 months [113]. It also increased the 

resorption rate of the α-TCP cement and new bone formation. The resorption rate 

increased is due to the increase in activity of macrophages [113]. 

 

1.3.3. Mechanical Properties of TCP 

1.3.3.1. Mechanical Properties of β-TCP 

β-TCP has the most preferred chemical stability, mechanical strength and 

bioresorption rate among the other TCP phases when it is used in biomedical 

applications. To increase the mechanical strength of β-TCP, the densification 

process should be taken into account. Sintering temperature is strongly related to 

the densification process. The shrinkage rate of β-TCP is close to zero up to 800ºC 

[110]. However, between 850 and 1200ºC, it increases sharply [110]. Above 
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1200ºC the shrinkage rate becomes close to zero again [110]. At this point the 

transformation from β-TCP to α-TCP occurs. This transformation prevents further 

densification. Moreover, α-TCP transformation results in the expansion of the 

sample volume which decreases the density of the compound. Microcrack 

formation is also observed due to expansion of the sample volume in α-TCP. These 

microcracks decrease the strength of the material. Therefore, it can be said that, α-

TCP is not a good candidate for surgical implants. There were also studies which 

investigated the effect of pyrophosphate (Ca2P2O7) on β-TCP sintering temperature. 

It was found that addition of small portions of pyrophosphate (3% wt.) increased the 

phase transformation temperature of β-TCP to α-TCP by 50ºC. At 1200ºC, the 

doped β-TCP had higher density than pure β-TCP [109]. Up to 1300ºC, only β-TCP 

phase was present in pyrophosphate doped TCP. Above 1300ºC, the microcrack 

formation was seen. This resulted in a decrease in the density of doped β-TCP 

[110]. 

Some parts of the body such as periodontal bone defects repair or sinus lift 

requires implants that have resorbable property. The resorbable material should be 

easily replaced with the bone minerals. β-TCP is a good candidate for this type of 

applications. Moreover, β-TCP can be used as bone fillers in socket preservation 

and sinus augmentation applications [114]. However, it should posses adequate 

mechanical strength. To achieve the desirable mechanical strength, densification of 

β-TCP gains importance. Besides densification, crystallinity, purity and appropriate 

stoichiometry affect osteointegration and bioactivity [115]. 

 

1.3.3.2. Mechanical Properties of α-TCP 

Mechanical properties of α-TCP are highly depended on its porosity, sintering 

temperature, particle size and precursor type used to synthesize it. Therefore, it is 

difficult to give exact values for Young‟s modulus shear modulus, bulk modulus 

and Poisson‟s ratio which can be calculated from the elastic constants of the 

samples.  
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For shear modulus, α-TCP gave a value of 35.94 GPa in a study whereas in 

another study 91.3 GPa was obtained [116,117]. Young‟s modulus of TCP had also 

different values in different studies. Two examples can be given for these values 

such as 103.97 GPa and 188.6 GPa [115,116]. Poisson‟s ratio was defined as 0.45 

[117]. However, some computer programs were used to predict the elastic constants 

and some mechanical properties. The calculated parameters could be listed as 

Young‟s modulus (102.4 GPa), shear modulus (40.1 GPa), bulk modulus (75.9 

GPa) and Poisson‟s ratio (0.275) [118]. When these results were compared with β-

TCP results, it could be said that, β-TCP was a stronger material than α-TCP. It was 

also supported by the fact that β-TCP had more stronger bonded phosphate groups 

than α-TCP have [118]. 

 

1.3.4. Biological Properties of TCP 

Osteogenic differentiation and osteoconduction can be achieved by TCP 

scaffolds. It was also investigated that TCP had osteoinductive properties in vivo. 

Sintering temperature has also effect on biological properties. The synthesis of 

some proteins by macrophages such as tumor necrosis factor α, interleukin, 

prostaglandin E2 are higher when sintering temperature is low [119]. However, 

synthesis of some proteins such as cytokine or PG can not be stimulated by TCP 

when sintering temperatures are 900 or 1200 °C [119]. 

 

1.3.4.1. Biological Properties of β-TCP 

β-TCP never occurs in biological calcifications [29]. However, magnesium 

substituted form called whitlockite is found in dental calculi and urinary stones, 

dentinal caries, salivary stones, arthritic cartilage and some soft tissue deposits [29]. 

β-TCP is widely used for bone substitution due to its quality of fusion in terms 

of  resorption capacity, limited loss of correction and bioactivity. When this 

material was compared with allograft substitutes for idiopathic scoliosis, it was 

found that, β-TCP had higher resorption rate. It was investigated that TCPs were 

resorbed totally in 2 years whereas allograft particals could be seen in the x-ray 



 23 

detection for the same period. In terms of loss of correction, it was found that there 

was no more loss of correction after 6 months for β-TCP, whereas for allografts the 

loss of correction lasted for 2 years [120]. When β-TCP was resorbed in vivo, the 

pores were replaced by connective tissue and then bone tissue. The resorption 

percentage was found as 40, whereas the replacement of the biological tissue had 

the percentage of 80 [120]. The replacement and resorption were seen both inside 

the pores and at the outer surface of the material. The results were consistent with 

the theoretical mineral content of woven bone in early stages of endochondral 

ossification. The dissolved ions from the β-TCP were detected with radioactive 

labelling. It was found that these ions were reused by osteoblast cells to form the 

extracellular bone matrix. β-TCP is generally used in non-load bearing applications. 

However, if the porosity and mechanical strength are adjusted, it can also be used in 

load-bearing applications [120]. 

The composite of β-TCP and poly-L-lactic acid was produced to enhance the 

properties of β-TCP. It improved modulus of elasticity and tensile strength [120]. 

The biological activity of this material was also observed in vivo and in vitro. 

According to in vitro experiments, as the β-TCP weight percentage increased, the 

osteogenous cell proliferation and extracellular bone matrix formation increased. In 

vivo experiments indicated that β-TCP containing materials had faster degradation 

kinetics and resulted in less inflammatory reactions when compared with pure poly-

L-lactic acid. In terms of osteogenesis, pure β-TCP gave the same results with β-

TCP/poly-L-lactic acid composite which included 60 % β-TCP by weight [120]. 

β-TCP is also used as a bone morphologic protein carrier to induce bone 

formation in the body. The studies combining β-TCP with some degredable 

polymer such as p-dioxanone and polyethylene glycol and recombinant bone 

morphogenic proteins were very common. This protein alters the bone inducing 

capacity of the β-TCP which is known to be a biodegradable and osteoconductive 

material [121]. The porosity of β-TCP is also important in terms of carrying 

capacity [122]. 
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β-TCP is used as a constituent of calcium phosphate bone cements. HA and β-

TCP biphasic components are widely used as a bone substitution bioceramics [122]. 

When compared with demineralized bone matrix and calcium deficient HA, β-

TCP gave lower seeding efficacy values of bone marrow stromal cells [123]. 

However, in terms of protein content and alkaline phosphatase activity, it showed 

similar results with demineralized bone matrix and calcium deficient HA [123]. 

 

1.3.4.2. Biological Properties of α-TCP 

α-TCP can not be seen in biological calcifications [29]. However, it is widely 

used as a constituent of the bone cement material. Pure α-TCP has some drawbacks 

that prevents α-TCP to be a good candidate for biomedical field. The most 

important one is its quick resorption rate [29]. Therefore, there were many studies 

which used more than one calcium phosphates for the bone cement production to 

improve the cement properties. One of them was α-TCP/ DCPD/ TeCP system. In 

vivo studies showed that this system was very biocompatible. In 6 months the 

newly bone started to form and covered the implant surface [109]. In 1 year, new 

bone surface totally covered the implant [109]. Another important parameter 

investigated was resorption rate. The resorption took place in two steps. These were 

dissolution and digestion by phagocytotic cells. This system was resorbed faster 

than HA, because HA had more stable structure due to sintering process [109]. 

α-TCP can be also used as a drug carrier. In a study, simvastatin was loaded on 

α-TCP and its effect on bone formation was observed. It was investigated that, in 

simvastatin loaded group, cell migration and new bone surrounded the defective 

tissue. α-TCP particles were fully surrounded by regenerated bone. The newly 

formed bone was reached at the middle of the α-TCP particles. Some contact 

regions with α-TCP, new bone produced marrow spaces. In α-TCP without 

simvastatin, it was also seen newly bone formation. However, the group with 

simvastatin was more effective. When these two were compared with the control 

group, which had the defect site and was without any treatment, it could be seen 

that, osteoblasts form a flattened surface on the newly formed bone and in the 
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middle of the defect, there was connective tissue. In terms of cell numbers α-TCP 

groups gave slightly higher results when compared with the control group. 

However, the α-TCP with simvastatin drug had significantly higher results in terms 

of cell numbers and newly formed bone amount [124]. 

It was investigated that α-TCP had positive effects on cell proliferation and 

differentiation. The effect on differentiation on mesenchymal cells is unknown. 

However, it was hypothesized that it was related to the release of Ca
2+

 and PO4
3-

 

ions due to dissolution. α-TCP has high solubility among most of the bioceramics. 

Therefore, the release of Ca
2+

 and PO4
3-

 ions is higher in α-TCP which is an 

inhibitor of alkaline phosphatase activity. α-TCP increases the cell proliferation 

which results in decrease in alkaline phosphatase synthesis [125,126]. Osteocalcin 

production was also investigated for α-TCP. Osteocalcin is produced by osteoblasts 

and osteocytes and responsible for matrix mineralization. Therefore increase in 

osteocalcin production is an indicator of cell differentiation. It was observed that α-

TCP had an increasing effect on osteocalcin production [127]. 

The composite of HA and α-TCP which was named as the silicon stabilized α-

TCP which was used as a starting material in production of bioresorbable porous 

ceramic scaffolds for artificial bone grafts [29].  

 

1.4. Hydroxylapatite 

Hydroxylapatite has the molecular formula Ca10(PO4)6(OH)2. In stoichiometric 

HA, the Ca/P ratio is 1.67. However, by doping some ions into HA structure, this 

ratio changes which results in non-stoichiometric HA. 

HA can be produced by several methods. These methods can be listed as 

solution precipitation and coprecipitation, solid state reactions, sol-gel techinque, 

emulsion and microemulsion technique, hydrothermal reactions, hydrolysis and 

solution mediated reactions [128]. According to the production methods, HA with 

different mechanical, structural and biological properties can be obtained. 
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1.4.1. Structure of HA 

There are two crystal structures of hydroxylapatite. These are hexagonal 

structure and monoclinic structure.  

 

1.4.1.1. Hexagonal Structure 

Hexagonal HA crystal structure posses P63/m space group symmetry, with the 

lattice parameters of a = b = 9.432 Å and c = 6.881 Å [129]. The structure is 

composed of six tetrahedral phosphate group that are surrounded with six Ca atoms. 

There is another site for four Ca atoms which is the center of an equilateral triangle 

on screw axis. There are two OH
-
 molecules in the structure which is located in the 

columns on the screw axis. These OH
-
 molecules point out reverse directions. The 

steric interferences between these adjacent OH
-
 ions results in ability to 

substitutions of different ions such as Cl
-
, F

-
 by omitting OH

-
 ion [129]. 

 

1.4.1.2. Monoclinic Structure  

Monoclinic HA crystal structure posseses P21/b space group with unit cell 

parameters a = 9.421 Å, b = 2a = 18.842 and  c = 6.881 Å [129]. The cystal 

structure of monocilinic HA is the same with hexagonal HA, except the directions 

of OH groups. In monoclinic structure, OH groups point out the same directions and 

they reverse in the other direction. This structure makes monoclinic HA the most 

thermodynamically stable and most ordered structure. Monoclinic HA has also 

more stoichiometric structure than hexagonal HA due to difficulty in substitution of 

ions caused by OH orientation.  

 

1.4.2. Doping of Ions into HA 

As it was mentioned before, hexagonal HA enabled some ion incorporations. 

The ions and their available site are represented in Table 1.2. Moreover some ions 

with their substitution sites and their effects on lattice parameters and crystallinity 

of HA are represented in Table 1.3. 
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Table 1.3. Qualitative effects of some substituents of HA on the lattice parameters 

and crystallinity of apatites [130, 131]. 

Substituent 
Ionic Radii 

(Å) 

Lattice Parameters (Å) 
Crystallinity 

a-axis c-axis 

Ca
2+

 substitutions 0.99 9,438 6,882   

Strontium (Sr
2+

) 1.12 increase increase no change 

Barium (Ba
2+

) 1.34 increase increase decrease 

Lead (Pb
2+

) 1.20 increase increase decrease 

Potassium (K
+
) 1.33 no change no change no change 

Sodium (Na
+
) 0.97 no change no change no change 

Lithium (Li
+
) 0.68 no change no change no change 

Magnesium 

(Mg
2+

) 
0.66 decrease decrease decrease 

Cadmium (Cd
2+

) 0.97 decrease decrease decrease 

Manganese (Mn
2+

) 0.80 decrease decrease decrease 

Zinc (Zn
2+

) 0.74 increase increase decrease 

Aluminium (Al
3+

) 0.51 increase increase decrease 

OH
-
 substitutions 

Fluoride (F
-
) 1.31 decrease no change increase 

Chloride (Cl
-
) 1.81 increase decrease no change 

PO4
3-

 substitutions 

Carbonate (CO3
2-

)   decrease increase decrease 

 

1.4.2.1. Doping of Zn
2+

 Ions into HA 

Zn ion has +2 charge and replaces with Ca
2+

 ions. It increases the bioactivity of 

HA [132, 133]. Moreover, it results in osteoclastic inhibition [132]. Increase in Zn
2+

 

concentration makes the HA solubility higher [134]. Increase in solubility enables 

cell attachment. It was also known that when HA was doped with 2% by moles 

Zn
2+

, an increase was seen in cell attachment when compared with pure HA [133]. 

Moreover, another study reported that between 0.6 and 1.2% by weight Zn
2+

 doped 

in HA, helped cell proliferation [135]. Addition of Zn
2+

 increases the alkaline 
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phosphatase activity which is the indicator of cell functionality [136]. Moreover, 

Zn
2+

 doping into HA causes decrease in grain sizes [137]. 

 

1.4.2.2.Doping of F
-
 Ions into HA 

F
-
 ion is found in enamel layer, blood plasma and saliva. It has an important 

role in bone and tooth metabolism [138]. F
-
 ion competes with OH

-
 ion. It decreases 

the solubility of the HA and increases HA density after sintering. The increase in 

density results in improvement in strength and hardness by two or four fold when 

compared with pure HA [139]. 

Crystallinity is improved by addition of F
-
. Therefore, it is used in osteoporosis 

therapy [139-141]. Moreover, F
-
 doped HA increases collagen synthesis and 

alkaline phophatase activity thus affects the cell proliferation indirectly. 

Biocompatibility also increases when compared with pure HA. However, no 

significant change was observed in cell attachment [142,143]. 

 

1.4.2.3. Doping of  Cl
-
 Ions into HA 

Cl
-
 ion is an ion similar to F

-
. These two are located in the same group in 

periodic table. The effect of these two ions on HA is also very similar. Cl
-
 ion also 

competes with OH
-
 ion. 

Biological effects of Cl
-
 ion are also known [144]. Cl

-
 ion increases the acidity 

of the bone surface. This change on the bone surface results in osteoclast activation. 

In the bone resorption process, decrease in pH results in increase in solubility of 

alkaline salts of bone mineral and increase the secretion of acid hydrolases which is 

used to digest organic matrix by osteoclasts [144]. The mechanism of acidification 

depends on the proton pump and chloride ion channel that is located on the cell 

membrane of the osteoclasts. As a result of coordination between these proton 

pump and chloride ion channel, transcellular movement of HCl into bone resorption 

area is provided. 

Cl
-
 effect on structural properties was also investigated. Chloroapatite that is 

obtained by Cl
-
 substitution of all OH

-
 sites, has bigger a and smaller c lattice 
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parameters than pure HA and fluoroapatite have [144]. Moreover unit cell volume 

of the chloroapatite is bigger than pure HA and fluoroapatite [144]. 

 

1.4.3. Co-doping of Various Ions into HA 

Co-doping of HA is a common technique to alter the mechanical and biological 

properties of HA [144-148]. 

In a study, F
-
 and Cl

-
 co-substitution in HA was investigated. The precipitation 

method was used for synthesis. Unit cell parameters showed that the apatite 

structure was remained. There was an increase in c-axis parameter as the 

concentration of ions increased [144]. The crystal size was calculated as 50nm 

which was in accordance with bone mineral [144]. 

There was another study which investigated the photoluminesent properties of 

Sb
3+

 and Mn
2+ 

co-doped HA. These two ions were substituted with Ca
2+

 ion. The 

samples were prepared by hydrothermal synthesis method. By adjusting the ratio of 

Sb
3+

/Mn
2+

, luminescent properties of HA could be improved  [145]. 

The co-doping of Mg
2+

 and CO3
2-

 ions alters the cell viability on HA. However, 

cell differentiation results showed that pure HA was superior to Mg
2+

 and CO3
2-

 co-

doped samples [146]. 

Mg
2+

 and F
-
 co-doped samples were synthesized [147]. Their effects on 

structural, mechanical and biological properties were observed [147]. According to 

the results, Mg
2+

 addition did not have a significant effect on the density of HA 

[147]. However, when Mg
2+

 was doped with F
-
 ion, the density of HA increased. 

As Mg
2+

 concentration increased, density started to decrease. Moreover, increase in 

Mg
2+

 addition triggered the β-TCP formation when the samples were sintered at 

1100°C for 1h [147]. Grain sizes of the samples decreased as expected. The 

microhardness values were also investigated and it could be said that Mg
2+

 ion 

resulted in decrease in Vickers microhardness [147]. However, with F
-
 addition, 

microhardness values improved [147]. Osteoblast adhesion was also investigated 

for the samples. It was found that up to a limit, Mg
2+

 addition increased osteoblast 
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adhesion [147]. However, when Mg
2+

 and F
-
 were co-doped, the osteoblast 

adhesion increased as the amounts of doping increased [147]. 

In another study, Y
3+

 and F
-
 ion incorporation together was investigated in 

terms of structural and mechanical properties [148]. Three different sintering 

temperatures were used in experiments. Densities of the samples decreased with 

Y
3+

 addition when they were sintered at 900°C and 1100°C [148]. In terms of 

mechanical test, diametral strength test was applied. The composition with 2.5 

mol.% Y
3+

 and 2.5 mol.% F
-
 gave the highest value for the diametral strength when 

compared with 5 and 7.5 mol.% Y
3+

  and 2.5 mol.% F
- 
doped samples [148]. 

 

1.4.4. Mechanical Properties of HA 

HA is a ceramic material which has different properties according to the 

sintering temperatures and duration. Therefore, mechanical properties such as 

bending, compressive and tensile strengths are represented in ranges [149]. 

According to the results, compressive strength of HA was between 120 and 150 

MPa, bending strength was between 38-250 MPa and tensile strength was between 

38 and 300 MPa [149]. These results were also affected by porosity, impurity etc. 

Modulus of elasticity had the range from 35 to 120 GPa for dense HA which 

was sintered at 1000-1100°C [149]. These results showed that HA is a brittle 

material. Low fracture toughness values are also the indicator of the HA brittleness 

[150]. Moreover, it was also investigated that fracture toughness of HA increased 

with decreasing porosity. It showed almost a linear trend. When dense HA was 

sintered between 1100 and 1150°C, fracture toughness increased with temperature. 

However, no significant change was observed when dense HA was sintered 

between 1150 and 1250°C [130]. Above 1250°C, fracture toughness value dropped 

down and showed a smaller value than fracture toughness at 1100°C [130]. 

Some properties like density, grain size, Young‟s modulus and bending, 

compressive, flexural, torsional and dynamic torsional strengths of dense HA 

increase when sintering temperature increases from 1150 to 1350°C [130]. HA 

sythesized by gel-casting method was also investigated by sintering at different 
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temperatures. It was observed that the samples sintered at 1250°C showed the 

highest flexural strength with the value of 86.6 MPa [150]. Moreover, the measured 

Young‟s modulus was 138 GPa [150]. Above this temperature, strength value 

decreased. This was due to the abnormal grain growth of the samples. At lower 

temperatures (1100-1200°C) flexural strength  decreased due to low relative density 

and increase in porosity. Hardness values were also investigated. The hardest 

material was obtained with the value 4.45 GPa when sintering temperature was 

1200°C. Above that temperature there was a slight change in hardness whereas 

below that temperature hardness decreased dramatically due to retardation in 

densification Vickers microhardness was also measured and found as 4.5 GPa for 

dense HA [130]. 

The porous HA shows anisotropic biomechanical properties and the values can 

be given in a wide range [151]. A study about the anisotropy of HA crystals showed 

that in the  crystallographic direction of (0001), Young‟s modulus (150.4 GPa) and 

hardness (7.06 GPa) values gave higher results than Young‟s modulus (143.6 GPa) 

and hardness (6.41 GPa) of HA in the direction of (1010) [152]. 

In a study bending strength was measured in air (500 MPa) and in water (454 

MPa) for a single crystal of HA [153]. These values were about 2.5 times higher 

than bending strength for dense HA (113-196 MPa) [153]. 

In another study, elastic properties of HA were investigated by measuring the 

speeds of ultrasonic waves. According to this study, Young‟s modulus, shear 

modulus and compressive strength increased as sintering temperature increased 

from 1140°C to 1340°C whereas Poisson‟s ration decreased [154]. When these 

values were normalized, it can be seen that between 1200 and 1280°C, there was a 

plateu region before further increase. This stemmed from the fact that three 

different process took place at the same time in microstructure development [154]. 

These processes were growth of HA grains, densification and pore shape change. 

 



 32 

1.4.4.1. Mechanical Properties of Doped HA 

HA has a brittle nature. However, by addition of some ions, its mechanical 

properties can alter. 

There were studies in which Mg
2+

 and Zn
2+

 ions were used as dopants [155]. 

Different amounts of these ions were doped into HA. In terms of density, it was 

observed that MgO doped HA with 1 wt. % had the higher density than with same 

amount of ZnO doped samples [155]. When, the percentage increased, the density 

started to decrease. In terms of Vickers hardness, it can be said that both Mg
2+

 and 

Zn
2+

 improved the hardness of HA [155]. According to compressive test results, HA 

sintered at 1300ºC had the compressive strength of about 210 MPa whereas ZnO 

doped samples had about 280 MPa and MgO doped samples had 223 MPa [155]. 

Therefore, it was concluded that doping of ZnO and MgO improved the mechanical 

properties of HA.  

Silver is another element that can doped in HA. It was investigated that, as 

silver ion concentration increased, the surface hardness of the layers HA doped with 

silver ions decrased [156].  

Strontium is another ion that can be doped into HA. This ion alters the 

crystallinity of HA by substitution Ca
2+

 via inhibiting β-TCP formation [157]. The 

strontium doped samples have higher density and low porosity. When the 

compressive strength was measured, it was found that 10 mole% addition of 

strontium ion increased compressive strength of pure HA by 4 fold. For pure HA 

this value was found as 0.25 MPa, whereas for 10 mole% strontium doped HA this 

value was 0.94 MPa [157]. 

 

1.4.5. Biologial Properties of HA 

HA is a biocompatible and bioactive material that can make chemical bonds 

with bone [158]. However, some properties of HA increase the rate of 

vascularization and bone ingrowth. Porosity is one of the important properties that 

affect the biological properties of bone when an optimum value is obtained [158]. 
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Surface topography that is highly related with porosity has an important role in 

osteoblast proliferation, adhesion and cell phenotype [158]. Moreover, surface 

enegy is dependent on surface topography. Some proteins that are useful for bone 

cell attachment are highly affected by the surface energy. 

Highly porous HA with pore diameter of 400 µm, increases cell infiltration and 

migration [158]. In two weeks, cell spreading and proliferation of bone progenitor 

cells can be seen. These cells start to fill the pores of HA. Within one month of 

incubation, cells starts to produce their own environment by filling some pores and 

leaving some channels for media flow. Moreover, it is recommended that for the 

proper capillary bed formation, the pore size of the implants should be greater than 

300 µm [158]. 

In vitro testing was also done for HA. According to these tests, HA with the 

pore size from 400 to 1600 µm resulted in bone regeneration and bone morphogenic 

protein attachment at the interface which was the indicator of osteoinductive 

characteristics of HA [159].  

Crystallinity is another property that affects the biological porperties of HA. 

HA scaffolds with micro and nano crystals were investigated in terms of biology. It 

was observed that connective tissue ingrowth and new bone formation were seen 

after 12 weeks [158]. Between the control group without HA scaffold and with 

micro and nano crystalline HA scaffolds, it can be seen that nano crystalline HA 

scaffolds had higher bone area percentage [158]. Moreover, the formed bone in the 

control group showed trabecular bone properties. 

To enhance the biological properties, the HA scaffolds should be modified. 

One common modification is the addition of some bone morphogenic proteins to 

increase the cell attachment thus better implant fixation. 

 

1.4.5.1. Biological Properties of Doped HA 

In a study, the effect of ZnO and MgO dopants were investigated in terms of 

biodegradability. It was investigated that HA had the highest weight loss. Moreover 
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in doped samples no weight loss was seen up to 14 days [155]. The least 

degradation was seen in MgO doped HA [155]. 

Silver can also be doped in HA. This element has an ability to inhibit bacterial 

adhesion. It is strongly toxic for many micro-organisms. Therefore, it is very useful 

in medical applications. However, it exibits low toxicity in human body [156]. 

Silver can be doped by various methods such as sol-gel, ion implantation, 

electrochemical deposition, thermal spraying, ion exchange, coprecipitation and 

sputtering. In a study, silver doped HA prepared by sol-gel method was investigated 

in terms of biological properties [158]. According to the results, silver doped HA 

samples had lower contact angle which meant having higher hydrophilicity than 

pure HA. Moreover, it was found that less bacterial adhesion was observed in 

samples doped with silver. However, in terms of cell proliferation and 

differentiation silver doped samples and pure samples gave the same results [158]. 

Magnesium was also doped into HA and biological properties were tested. 

According to the results, Mg
2+

 doping resulted in increase in viability. For HA the 

value was 75% whereas for Mg
2+

 doped HA viability value became 81% [146]. 

There was also an increase in alkaline phosphatase activity which was an indicator 

of cell differentiation in Mg
2+

 doped samples. 

The biological properties of strontium doped HA were also investigated. In a 

study the material was applied as coating for implants. The interaction with 

osteoblasts and osteoclasts was observed. According to the results of osteoblast 

proliferation, alkaline phosphatase activity, collagen type 1 production and 

osteocalcin production increased as strontium amount in HA samples increased 

[159]. It was also found that strontium doping with a concentration higher than 3 

at.% resulted in osteoclast inhibition [159]. However, in another study, there was no 

significant difference in alkaline phosphatase activity and Ca
2+

 incorporation except 

20 µg/ml and 100 µg/ml strontium doped HA [160]. In these two concentrations, 

decrease in alkaline phosphatase activity and Ca
2+

 incorporation were seen. 
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Manganese incorporation into HA was also investigated in terms of biological 

properties. It was found that DNA content, cell viability and total protein amount 

decreased when manganese was doped into HA [161] . However, it was concluded 

that up to 7 days, it helped cell spreading [161]. After 7 days, direct contact with 

this material affected cells negatively. 

Silicon can also be doped into HA. In a study, surface morphologies of silicon 

doped and undoped HA were investigated [162]. It was found that dissolution of 

silicon doped HA formed a Ca and Si rich environment on the surface of the 

material [162]. This environment enhanced cell proliferation and differentiation. 

Yttrium, cadmium, zinc and magnesium were doped separately into HA and 

their biological properties were investigated [163]. According to the results, yttrium 

gave highest results in terms of vitronectin, collagen and calcium adsorption. 

Moreover, as yttrium concentration increased the calcium adsorption amount also 

increased. It was also investigated that HA doped with cadmium, magnesium, zinc 

and yttrium gave higher osteoblast adhesion results than undoped HA gave. Yttrium 

had the highest osteoblast adhesion among these and as the yttrium amount 

increased in the samples, osteoblast adhesion also increased [163]. This was due to 

the fact that yttrium gave the highest results in terms of some protein adsorptions 

(vitronectin and collagen). These proteins modified the material surface and made 

easy for the osteoblasts to attach. Moreover, by yttrium effect, these proteins 

performed conformational changes which made the surface bioactive. 

Gadolinium(III) (Gd
3+

) and neodymium(III) (Nd
3+

) are two elements that have 

good electrical conductivity and have a potential for biomedical field. These two 

elements were doped into HA. Their cytotoxicity was also investigated by using 

different concentrations. It was found that there was no cytotoxic effect of 

neodymium [164]. However, for gadolinium with 0.004 mole concentration had 

cytotoxic effects. This was due to the fact that gadolinium was a toxic element 

when it was not incorporated into HA structure. By doping it became stable and did 
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not have toxic effects. When the amount of Gd
3+

 was high, all ions could not 

incorporated in the HA structure [164]. Moreover, it was also investigated that 

when sintering was applied to these materials, other phases appeared in some 

samples which brought cytotoxicity. 

In a study, the differences in osteoblast adhesion in different materials with 

different dopants such as Mg
2+

, Zn
2+

, La
2+

, Y
3+

, In
3+

, Bi
3+ 

were investigated. It was 

found that doping HA with +3 charged element resulted in better osteoblast 

adhesion than doping it with +2 charged element [165]. In
3+

 and Y
3+

 gave the best 

results in terms of osteoblast adhesion. However, for long time adhesion, Zn
2+

 was 

successful. 

 

1.5.  Bone 

Bone is the main constituent that forms the skeletal system. There are 206 

bones in an adult. Bones have five types. These are long, short, flat, irregular and 

sesamoid bones.    

In the body bone has many functions. These functions can be listed into two 

groups. These are mechanical and metabolical. Mechanical functions can be listed 

as movement, posture, protection and sound transduction [166]. The metabolical 

functions are listed as blood cell production, mineral storage, growth factor storage, 

fat storage, acid-base balance, detoxification [166].   

 

1.5.1. Structure of Bone 

At the lowest level bone can be thought as a composite material which includes 

fibrous protein, collagen, calcium phosphate crystals, some other proteins, water, 

polysaccharides, cells and blood vessels. 

Bone has three main parts which can be listed as living part, organic part and 

inorganic part. Living part is composed of cells of different types. Organic phase is 

called osteoid and secreted by osteoblast cells. It is 25 % of the bone structure by 

weight and 50% by volume [167]. It contains 90% collagen Type 1 and 10% 
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amorphous ground substance which consists of glycoproteins and 

glycosaminoglycans [167].  Inorganic phase of the bone is 75% by weight and 50% 

by volume of the total [167]. The inorganic phase is composed of calcium crystals 

mainly in the form of  HA. During bone formation, the organic phase is secreted by 

osteoblasts. This matrix is then started to mineralize. Hydroxylapatite crystals 

precipitate between the collagen fibers in an orderly fashion. After a few days, the 

collagen part becomes 70% mineralized. After several months the organic part 

becomes fully mineralized [167]. 

There are two different types of bones in terms of their mechanical properties. 

These are compact and cancellous bone. Various characteristics of the compact and 

spongy bone are compared in Table 1.4. 

 

Table 1.4. Comparison of cortical and spongy bone [168].  

Properties Cortical bone Spongy bone 

Skeletal mass 80% 20% 

Bone surface 33% 67% 

Surface/ volume ratio 

(mm
2
/mm

3
) 

20 2.5 

Soft tissue content ~10 % ~75 % 

Turnover period Long Short 

Function 
Biomechanical, supportive 

and protective 

Supportive and mineral 

homeostasis 

 

 

1.5.2. Mechanical Properties of Bone 

In this section mechanical properties are investigated for the compact bone and 

spongy bone. 
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1.5.2.1. Mechanical Properties of Compact Bone 

Compact bone is formed and becomes thickest where stress is applied from a 

limited range of directions. All of the osteons in the compact bone are ordered in the 

same directions and make the structure strong in that direction. However, the 

structure is weak and can easily bent at the direction perpendicular to the alignment 

of osteons. [168].  

Moreover, when compression force is applied in the direction of osteon 

alignment due to body weight on the medial side of the bone, the tension is 

experienced on the lateral side. Therefore, high stress is applied on both sides of the 

bone which stimulates the compact bone formation. 

 

1.5.2.1.1. Elasticity 

The compact bone is assumed to be transversely isotropic or orthotropic which 

means different properties along the direction of the each axis. It was accepted that 

there were three directions in a transversely isotropic material. These were radial, 

circumferential and longitudinal relative to the long axis of the bone. [169, 170]. 

The stiffness of the length of the bone was found to be 1.6 to 2.4 times greater than 

the width [168]. 

Another mechanical property of bone is the viscoelasticity. Bone is a slightly 

viscoelastic material [167]. Demineralization has a dramatic effect on yield 

strength. It results in decrease by about 48% of yield strength when the mineral 

content of bone is reduced by half. When the tissue is fully demineralized, there is 

no yield strength observed [167].  

 

1.5.2.1.2. Strength 

Strength is another property that changes according to the directions. It was 

found that the bone became stronger and resistant to failure when it was loaded 

longitudinally rather than circumferentially. In Table 1.5, the values corresponding 

to Human Haversian system is represented. According to Table 1.5, bone is stronger 

when it is loaded in compression than loaded in tension [167]. 
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Table 1.5. Strength properties of human haversian bone (MPa) [167].  

Strength Properties Logitudinal Circumferential 

Tension 

Strength 133 53 

Yield Stress 114 141 

Ultimate Strain 0,031 0,007 

Compression 
Strength 205 131 

Ultimate Strain 0,019 0,05 

Shear Strength 67 67 

 

There is no specific value for fatigue properties. Type of bone and load, the 

amount and time of application, and temperature affect the values of fatigue 

properties. However, it has been shown that, the greater the density of the bone is, 

the longer the fatigue life of the bone becomes [168].  

 

1.5.2.2. Mechanical Properties of Cancellous Bone 

Mechanical properties of cancellous bone are less well understood. However, it 

was investigated that, spongy bone was found low stressed areas and stressed areas 

from many directions. Cancellous bone is lighter that the compact bone. Therefore, 

it reduces the weight of the skeleton and helps muscles indirectly. Moreover, it is 

less stiff and much weaker than compact bone.  

Porosity is another important property that affects the mechanical features of 

the cancellous bone. Cancellous bone is highy porous, inhomogenous and 

anisotropic. Therefore, the measured elasticity of modulus values were quite 

different. The range of elasticity of modulus for cancellous bone was found between 

1 and 20 GPa [167]. Moreover, cancellous bone has the energy absorption ability 

[168].  
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1.5.3. Cells, Organic and Inorganic Parts of Bone 

Bone can be thought as a composite of organic and inorganic materials with 

different types of cells embedded in.  

 

1.5.3.1. Bone Cells 

There are four different type of bone cells. These are osteocytes, osteoclasts, 

osteoblast and osteoprogenitor cells. 

Osteocytes are the most abundant type of cells. They have two main functions. 

The first function is maintaing the protein and mineral content of the surrounding 

matrix by secreting chemicals that dissolve the matrix [167, 168]. As the matrix is 

dissolved, minerals are released. Then, osteocytes make a new matrix. Therefore, 

hydroxylapatite crystals can be embedded in this new matrix. The second function 

is repairing of damaged bone [167,168]. Osteocytes can easily be converted into 

less specialized type of cells such as osteoblasts and play an active role in synthesis 

of new matrix [167]. 

Osteoblasts are the cells that produce new bone matrix called osteoid by 

making and releasing proteins and other organic components. This process is called 

osteogenesis [167, 168]. Osteoblasts also stimulate the deposition of calcium salts 

by increasing the concentration above their solubility limits. Therefore, this type of 

cells stimulate the transformation of osteoid to bone [167, 168]. 

Osteoclasts are cells responsible for osteolysis process [167, 168]. This process 

includes matrix decomposition by acids and proteolytic enzymes. After the 

dissolution of the matrix, the stored minerals are released. The balance between 

osteoblasts and osteoclasts is very important due to their opposing activities.  

Osteoprogenitor cells are another cell type which are differentiated into 

osteoblasts. When there is a fracture, they become active and forms osteoblast 

population [167,168]. 
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1.5.3.2. Organic Content of the Bone 

As it was mentioned earlier, the organic part of the bone was composed of 

collagen type I with a percentage of 90, and amorphous ground substance that was 

primarily composed of glycoproteins and glycosaminoglycans with a percentage of 

10 [171].     

The non-collagenous proteins of the bone have some important roles in 

initiation and control of mineralization and reconstruction. It was also known that, 

this proteins especially glycoproteins had an important role in binding the collagen 

and mineral together [171]. The non-collagenous proteins in bone can be separated 

into five main groups. These are glycoprotein, glycoaminoglycan, gamma-carboxyl 

glutamic acid, RGD-containing glycoprotein and serum protein [171]. 

 

1.5.3.3. Inorganic Content of the Bone 

Inorganic phase of the bone is composed of mainly amorphous HA which has 

the formula of Ca10(PO4)6(OH)2. However, it has more specialized structure. Bone 

mineral can also be classified as calcium deficient apatite and hydroxide deficient 

apatite. It has crystal size of about 20×40×200 Å [172]. Due to its small size bone 

mineral crystal can be easily substituted by some vaious ions. These ions can be 

classified as anions and cations. Cations found in the bone structure are Mg
2+

, Sr
2+

, 

Fe
2+

, Pb
2+

, Na
+
, K

+
 whereas the anions are CO3

2-
, F

-
, HPO4

2-
 and H2PO4

-
. The 

mineral part constituents are summarized in Table 1.6 with their amounts in wt % 

range for healthy adult bone ash [171, 173].  

The closest synthetic structure to bone mineral structure was accepted as 

dahllite crystals which was carbonated hydroxylapatite with general formula 

Ca5(PO4, CO3)3OH. However, it was investigated by atomic force microscopy 

(AFM) that the crystals of bone was plate like shaped whereas the carbonated 

hydroxylapatite had an hexagonal structure [173]. It was suggested that octacalcium 

phosphate was converted into the bone mineral due to its similarity to the apatitic 

structure and plate-like shaped crystals [173]. One difference between octacalcium 

phosphate and bone mineral is that octacalcium phosphate has an hydrated layer in 
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one axis. This hydrated layer grows slowly during the formation of crystals. 

Therefore, a structure similar to the apatitic structure is formed [174]. 

Bone mineral formation is not well understood process. However, it was 

suggested that first brushite was formed. After formation of brushite, it was 

resdissoved and amorphous calcium phosphate formation was seen. The amorphous 

calcium phosphate was converted into octacalcium phosphate. As a last step, it was 

converted into hydroxylapatite which was the most insoluble phase among calcium 

phosphates [175]. 

 

Table 1.6. The chemical composition range of healthy adult bone ash [29,173]. 

Ions Range of amount (wt%) 

Calcium 32.6-39.5 

Phosphorus 13.1-18.0 

Water 10 

Carbonate 3.2-13.0 

Magnesium 0.32-0.78 

Sodium 0.26-0.82 

Chloride  0.13 

Pyrophosphate 0.07 

Citrate 0.04-2.67 

Potassium 0.03 

Fluoride 0.020-0.207 

  

 

1.5.4. Presence of Ions in Bone 

There are many different ions that incorporate into bone structure. Most of 

these ions are found in trace amounts. The examples of these ions are F
-
, Sr

2+
, Cu

2+
, 

Si
2+

 and Zn
2+

. Among these ions, F
-
 and Sr

2+
 are found only in mineral phase, Cu

2+
 

and Si
2+

 ions are found only in organic phase and Zn
2+

 is found in both organic and 
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mineral phase [176]. Some metal ions that can be incorporated into the bone 

structure are magnesium, aluminium, boron, cadmium, chromium, lead other than 

strontium and silicon. 

The magnesium is an element with 2+ ionic charge. The 50-60 % of total Mg
2+

 

is found in bone. It is 0.5-1% of the bone ash [176]. Two thirds of the skeletal Mg 

content is incorporated into the HA structure and can be released during bone 

resorption. Mg
2+

 has direct and indirect effects on bone crystallization. As a direct 

effect, it can be said that, Mg
2+

 ions compete with calcium ions in growth of HA 

and amorphous calcium phosphate and retard this process. Moreover, in vivo 

studies showed that as Mg
2+

 content icreased, the crystal size decreased. Besides the 

crstal size, crystallinity index also decreased as Mg
2+

 content increased [176]. 

The indirect effect of Mg
2+

 on bone crystallization is related with osteocalcin 

formation and osteocalcin binding to HA. Osteocalcin inhibits the transformation of 

HA from brushite and nucleation of mineral formation. Mg
2+

 has positive effect of 

osteocalcin. Therefore, as Mg
2+

 amount decreases, osteocalcin amount decreases, 

which results in altered mineralization. However, this ion can also close the 

available HA binding sites of osteocalcin which inhibits the function of osteocalcin 

and thus increase mineralization [177]. 

Al
3+

 is another metal ion that competes with calcium and inhibits the 

mineralization. The amount of Al
3+

 in the bone is very low and has a value 5-7 

mg/kg in dry bone [178]. Moreover, Al
3+

 has a positive effect on osteoprogenitor 

cells and osteoid nodules.  

The metal boron has not a significant effect on soft tissue calcium amounts, 

bone mineral density, bone weight and bone Ca, Mg and P amounts. However, it 

was investigated that this metal ion increased calcium absorption. 

Cadmium is another important metal that can be incorporated into the bone 

structure. It was reported that cadmium defiency resulted in decrease in mechanical 

properties of bone. Moreover, it decreases the calcium absorption with increasing 

calcium loss and thus bone resorption. By direct interaction with bone cells, it 

decreases the mineralizing ability of them. Moreover, by inhibiting some proteins, it 
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decreases collagen production.  This metal changes the morphology of bone cells 

and decrases the amount of osteoblasts and osteoclasts. Therefore, it can be 

concluded that cadmium has an inhibitory effect on HA nucleation and growth. It is 

found in blood with a concentration 0.23-0.29 parts per billion [178]. More than this 

value results in toxicity, thus kidney damage would occur. 

Lead also incorporates into the bone structure. This ion exactly behaves like 

Ca
2+

 ion. However, higher values results in toxicity. 90% by weight of all Pb
2+

 in 

the body is beared by bones [178]. Little dose of Pb
2+

 in medium of cells was found 

to increase the calcium ion concentration. If the dose was increased, it resulted in 

supression of alkaline phophatase, endochondrial bone formation, collagen type II 

and X production. It was also reported that, Pb
2+

 compete with Ca
2+

 in binding to 

osteocalcin which regulates the bone mineral dynamics. It also inhibited the release 

of osteonectin in cells [178]. Moreover, it was also investigated that Pb
2+

 increased 

the intracellular concentrations of cAMP and Ca
2+

 which stimulated the osteoclast-

like cells [178]. 

Silicon is another element that is found in bone structure. It was reported that 

silicon increased the mineralization whereas Si
4+

 deficiency resulted in some 

deformations in bone shapes [178]. 

Strontium use the same metabolic pathways with Ca
2+

. It replaces Ca
2+

 and 

inhibits mineralization and bone formation. Moreover, increase of strontium 

amounts results in delay in natural progression of osteoid to bone. However, non-

toxic amounts of Sr
2+

 used in osteoporosis treatment. It was found that, appropriate 

amount of Sr
2+

 raised the trabecular calcified bone volume by reducing bone 

resorption [178]. Moreover, high amounts of Sr
2+

 depressed the bone Ca
2+

 content 

and deposition rate. 

 

1.6. Aim of the Study 

In this study, synthesis of nano HA doped with Zn
2+

, F
-
 and Cl

-
 ions and 

investigation of their structural, mechanical and biological properties were aimed. 

By investigating the structural mechanical and biological properties of synthesized 
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compositions, a suitable material for biomedical applications such as metal implant 

coating, tissue engineering, bone substitution should be obtained. Precipitation 

method was used to synthesize the pure and doped HAs. The samples were dried 

and sintered at 1100 °C for 1h.  

Density of the samples were also measured by using Archimedes‟ principle. To 

observe the structural properties, X-ray diffraction (XRD), Fourier Transform 

Infrared Spectroscopy (FTIR) and Scanning Electron Microscopy (SEM) methods 

were applied. Phase changes, crystallinity and lattice parameters were observed by 

XRD method. The specific bonds in the samples and doping amounts were 

determined by FTIR. By detection of the bonds, it was proved that HA structure is 

obtained. Moreover, by the detection of Zn
2+

, F
-
 and Cl

-
 related bands, ion 

incorporation to the HA structure were proved. Microstructure of the crystals were 

observed and grain sizes were determined by SEM. Mechanical properties were 

investigated by Vickers microhardness test. Microhardness and fracture toughness 

of the samples were determined by using Vickers microhardness test. After the 

structural and mechanical investigations, the best composition in terms of structural 

and mechanical properties was chosen. The chosen compositions should gave the 

highest density, stability, Vickers microhardness and fracture toughness values and 

the lowest grain size values. The biological properties of the chosen composition 

were investigated.  

Alamar Blue™ assay and Alkaline Phosphatase Activity (ALP) assay were 

done to observe biological properties. Saos-2 cell line was used for in vitro tests. 

Cells were seeded on the pure HA and doped HA disks. Alamar Blue™ assay was 

applied to determine cell viability and proliferation. ALP assay was used to 

determine osteogenic activity of the cells. Moreover, SEM pictures were used to 

observe the cell morphology. Dissolution test was also done in simulated body fluid 

(SBF) and the changes were observed by SEM.  

This study investigated Zn
2+

 and Cl
-
 co-doped samples in terms of some 

mechanical and structural properties for the first time. It was important due to the 

fact that there was little information about Cl
-
 doped HA in literature which 
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included chlorapatite, F
-
 and Cl

-
 co-doped HA. Moreover, Zn

2+
 and F

-
 co-doped 

samples were also synthesized and investigated in terms of structural, mechanical 

and biological properties for the first time. This study also included very detailed 

FTIR observations of HA different from other studies. 
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CHAPTER 2 

 

 

MATERIALS AND METHODS 

 

 

 

2.1. Materials 

2.1.1. Materials Used in Pure HA and Zn
2+

, F
-
, Cl

-
 Doped HA Synthesis 

The precursors used to synthesize pure HA were calcium nitrate tetrahydrate 

(Ca(NO3)2·4H2O) (Merck, Germany) and diammonium hydrogen phosphate 

((NH4)2HPO4) (Merck, Germany). For doped samples, besides these precursors 

additional compounds were required. Zn
2+

 doped samples were prepared with zinc 

nitrate hexahydrate (Zn(NO3)2·6H2O) (Riedel-deHaën, Germany). F
-
 doped samples 

were prepared with ammonium fluoride (NH4F) (Aldrich, Germany). Calcium 

chloride dihydrate (CaCl2·2H2O) (Fisher Scientific, USA) were used for Cl
-
 doped 

samples. The pH adjustment was made by ammonia solution (NH4OH) (Merck, 

Germany). 

 

2.1.2. Materials Used in Cell Culture Studies 

In cell culture studies, for cell proliferation medium Dulbecco‟s Modified 

Eagle Medium with high glucose and fetal bovine serum (FBS) were obtained from 

Biochrom, Germany. For Alamar Blue™ assay, Alamar Blue™ was provided by 

Invitrogen, USA. Penicilin-streptomycin was obtained from PAA Laboratories 

GmbH, Austria. For differentiation medium, L-ascorbic acid, β-glycerophosphate 

and dexamethasone were purchased from Sigma, Germany. Dimethly sulfoxide 

(DMSO) (molecular biology grade) for cell freezing medium was the product of 

AppliChem, Germany. Trypsin-EDTA used for cell detachment was obtained from 

PAA laboratories GmbH, Austria. For SEM specimen preparation, gluteraldehyde, 

cacodylic acid and hexamethyldisilizane (Sigma-Aldrich, Germany), 96 % ethanol 
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(Ryssen, France) and 100 % ethanol (Merck, Germany) were used. For Alkaline 

Phosphatase Activiy (ALP) assay and Bicinchioninic Acid (BCA) assay, Triton X-

100, sodium azide, p-NPP, p-nitrophenol, bichiconic acid and cupric sulfate were 

provided from Sigma, Germany. Bovine Serum Albumin (BSA) was the product of 

PAA Laboratories GmbH, Austria . 

For dissolution tests, SBF was prepared by using NaCl, MgCl2·6H2O, 

MgSO4·7H2O from Merck, Germany, NaHCO3, KCl, CaCl2·2H2O, HCl from 

Riedel-deHaën, Germany, K2HPO4 obtained from  Fluka, Switzerland and Tris 

((CH2OH)3CNH2) obtained from Bio-rad, France. 

 

2.2. Methods 

2.2.1. Synthesis of HA Samples 

2.2.1.1. Synthesis of Pure HA Samples 

Precipitation method was used to produce pure HA samples. The precursors for 

this method were calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) and diammonium 

hydrogen phosphate ((NH4)2HPO4). These two powders were dissolved separately 

in distilled water with different amounts to obtain a theoretical Ca/P ratio of 1.67 

and stirred 1h. At the end of 1h stirring, some ammonia solution (NH4OH) was 

added to the solution with diammonium hydrogen phosphate ((NH4)2HPO4) and the 

solution was left for stirring for 10 minutes. Then, calcium nitrate tetrahydrate 

(Ca(NO3)2·4H2O) solution and some ammonia solution were added dropwise. 

Ammonia was added to adjust the pH level between 11 and 12. Then, the final 

mixture was left for stirring and the heater was turned on to speed up the reaction. 

The final mixture was heated until it was boiled. After boiling for 10 minutes, the 

heater was turned off and the boiled mixture was left for stirring overnight. The 

prepared mixture was then left for aging for 1 day. After 1 day, the mixture was 

filtered using a vacuum filter. By filtration with a fine filter paper, a wet cake was 

obtained. The wet cake was dried overnight at 200ºC to remove excess water and 

ammonia. The dried samples were sintered at 1100ºC for 1h. 
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2.2.1.2. Synthesis of Doped HA Samples 

In addition to precursors (calcium nitrate tetrahydrate and diammonium 

hydrogen phosphate), zinc nitrate hexahydrate (Zn(NO3)2·6H2O) for Zn
2+

 doped 

samples, ammonium fluoride (NH4F) for F
-
 doped samples,  calcium chloride 

dihydrate (CaCl2·2H2O) for Cl
-
 doped samples were used. 15 different compositions 

were prepared. These compositions were grouped into four. These are F group, 2Zn 

F group,  Cl group, 2 Zn Cl group. Zn
2+

 amount was kept constant in all 

compositions with the value 2 mol.%. Table 2.1 summarizes the amounts of doping 

by mole percentage and naming for all samples. 

 

Table 2.1. Naming, percentages of doping by mole and Ca/P ratio for prepared 

samples. 

Sample Name Mole % Zn
2+

 Mole % F
-
 Mole % Cl

-
 Ca/P 

Pure 0 0 0 1.67 

2 Zn 2 0 0 1.63 

F group 

1 F 0 1 0 1.67 

2.5 F 0 2.5 0 1.67 

5 F 0 5 0 1.67 

2 Zn F group 

2 Zn 1 F 2 1 0 1.63 

2 Zn 2.5 F 2 2.5 0 1.63 

2 Zn 5 F 2 5 0 1.63 

Cl group 

1 Cl 0 0 1 1.67 

2.5 Cl 0 0 2.5 1.67 

5 Cl 0 0 5 1.67 

2 Zn Cl group 

2 Zn 1 Cl 2 0 1 1.63 

2 Zn 2.5 Cl 2 0 2.5 1.63 

2 Zn 5 Cl 2 0 5 1.63 

 

To obtain doped samples, the precursors calcium nitrate tetrahydrate and 

diammonium hydrogen phosphate were used. For Zn
2+

 addition, zinc nitrate 
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hexahydrate was added to calcium nitrate tetrahydrate solution. The compound 

calcium chloride dihydrate was added to calcium nitrate tetrahydrate solution for Cl
-
 

addition. For F
-
 doped samples, ammonium fluoride was added to diammonium 

hydrogen phosphate solution.  

The mole amounts were changed according to doping percentages. For pure 

HA, 0.075 moles of calcium nitrate tetrahydrate and 0.045 moles of ammonium 

hydrogen phosphate were used. The 2 mol.% Zn
2+

  doped HA included 0.0735 

moles of calcium nitrate tetrahydrate, 0.045 moles of diammonium hydrogen 

phosphate and 0.0015 moles of zinc nitrate hexahydrate.  

The F group without Zn, had 0.0075 moles of calcium nitrate tetrahydrate and 

0.0045 moles of diammonium hydrogen phosphate. However, ammonium fluoride 

mole amounts changed. It was 0.00075 for 1% F, 0.00188 for 2.5% F and 0.00375 

for 5% F. The F group with 2% Zn included same amounts of calcium nitrate 

tetrahydrate, diammonium hydrogen phosphate with mole amounts of 0.0735, 0.045 

and 0.0015, respectively. However, ammonium fluoride amounts changed and had 

the values of 0.00075, 0.00188 and 0.00375 for 1% F, 2.5% F and 5% F, 

respectively.   

The Cl group without Zn, had the same mole amount of diammonium hydrogen 

phosphate with the value 0.0044. However, calcium nitrate tetrahydrate mole 

amounts changed due to the presence of Ca
2+

. The calcium nitrate tetrahydrate used 

in terms of moles could be listed as 0.07493 for 1% Cl, 0.07481 for 2.5% Cl, 

0.07463 for 5% Cl.  Calcium chloride dihydrate mole amounts were listed as 

0.00075 for 1% Cl, 0.00188 for 2.5% Cl and 0.00375 for 5% Cl. The Cl group with 

2% Zn included same amounts of diammonium hydrogen phosphate and zinc nitrate 

tetrahydrate with mole amounts of 0.045 and 0.0015, respectively. However, 

calcium nitrate tetrahydrate amounts were changed with the mole amounts 0.07343 

for 1% Cl, 0.07331 for 2.5% Cl and 0.07313 5% Cl. Moreover, calcium chloride 

dihydrate mole amounts were also different with the values 0.00075 for 1% Cl, 

0.00188 for 2.5% Cl and 0.00375 for 5% Cl.  
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After stirring the solutions separately for 1h, they were mixed with the same 

procedure corresponding to the pure HA synthesis. Then, the mixture was boiled up 

to 10 minutes and left for stirring overnight. After that, the mixture was aged for 1 

day. After aging, filtration with fine filter paper using a vacuum filter was applied 

and wet cake was obtained. The wet cake was dried overnight at 200ºC. The dried 

samples were sintered at 1100ºC for 1h. 

 

2.2.2. Characterization Methods 

2.2.2.1. Structural Characterization 

2.2.2.1.1. Density Measurements 

Archimedes method was used to determine the densities of the samples. This 

method is based on the formula; 

 

 d=m/V                                                  (2.1) 

 

Where d is density, m is mass and V is the volume of the sample. 

By using the Precisa Gravimetrics Density Determination Kit, first the dry 

weight of the sintered samples were measured by putting the sample in the upper 

part of the kit. Then, the weight of the samples in distilled water were measured by 

putting the sample in the lower part of the kit. The volume (V) of the samples were 

calculated by using this formula: 

 

V= dry weight-wet weight                             (2.2) 

 

Then the density formula becomes with d is density; 

 

          d=dry weight/( dry weight-wet weight)                       (2.3) 

 

The theoretical density of pure HA is 3.156 g/cm
3
. By using this value, relative 

densities of the pure and doped HA samples were calculated. 
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2.2.2.1.2. X-Ray Diffraction Analysis 

X-Ray diffraction analysis was performed by a Rigaku DMAX 2200 device. 

The phases present in the samples and lattice parameters were calculated by using 

X-Ray diffraction results. Cu-Kα radiation at 40 kV/ 40 mA was used for XRD 

analysis. The samples were scanned from 20
o
 to 70

o 
in 2θ with a scanning step size 

of 2.0
o
/min. To compare the positions of diffracted planes Joint Committee on 

Powder Diffraction Standards (JCPDS) files were used. 

 

2.2.2.1.2.1. Lattice Parameter Calculation from XRD Results 

It was mentioned that HA has a hexagonal unit cell structure with lattice 

parameters of “a” and “c”. To calculate these parameters, Rietvelt analysis method 

was applied by using the General Structural Analysis System (GSAS) computer 

program. 

After finding “a” and “c” parameters, the hexagonal unit cell volumes were 

calculated by using the formula below [179]; 

 

                                                        caV )(589.2 2                                             (2.4) 

 

The fraction of crystalline phase was calculated by using the formula below 

[180]; 

 

Xc ≈ 1- (V112/300/I300)                                         (2.5) 

 

Where Xc is the fraction of crystalline phase, V112/300 is the intensities of the hollow 

between (1 1 2) and (3 0 0) planes and I300 is the intensity of (3 0 0) plane. The 

hollow between (1 1 2) and (3 0 0) planes disappears completely in non-crystalline 

samples. 
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2.2.2.1.2.2. Grain Size Determination from XRD Results 

Grain sizes were investigated by using XRD patterns. Rietwelt analysis was 

applied to the samples and Lorenzian crystallite sizes of the samples were detected. 

By using the Lorenzian crystallite size obtained from GSAS computer program, the 

grain sizes of the samples were calculated by using the formula below [181];  

 

)(

)18000(

xL

K
P









                                              (2.6) 

  

In this formula, 

P: grain size; K: 0.85-1.00 (selected as 0.90 here); λ: Cu Kα (1.54056 A); Lx: 

Lorenzian crystallite size obtained from GSAS computer program. 

 

2.2.2.1.3. Scanning Electron Microscopy (SEM) Analysis 

A JEOL JSM-6400 (JEOL Ltd., Japan) SEM at a voltage of 15 kV was used to 

examine the samples. The samples were displayed with 30000X magnification. 

 

2.2.2.1.4. Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra were used to identify the presence of bonds formed in the doped 

and pure HA structure. For FTIR spectra, the samples were first crushed with a 

mortar and pestle. Then, the prepared powders were mixed with potassium bromide 

(KBr) with 1 to 100 weight ratio. The prepared powder mixtures were dried in 

vacuum by freeze drying for 1 day. Then, the samples were cold pressed for 8 

minutes to obtain transparent pellets. The spectra were recorded from 4000 cm
-1

 to 

400 cm
-1

 using a 100 scan on Spectrum One Spectrometer (Perkin Elmer, Norwalk, 

CT, USA). For the analysis of infrared spectral data, Perkin Elmer Spectrum One 

software package was used. 

 Statistical analysis of FTIR studies were done by using Minitab Statistical 

Software, USA. 
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2.2.2.2. Mechanical Characterization 

2.2.2.2.1. Vickers Micro-hardness  

Vickers micro-hardness tester (HMV-2, Shimadzu, Japan) was used to 

determine the micro-hardness of the samples. The sintered samples were embedded 

in epoxy molds (Struers, Denmark) for easy handling. Then, the samples were 

polished on papers with grids 180, 240, 320, 400, 600, 800, 1000 and 1200 

successively before examination. Final polishing was applied with 1 μm 

monocrystalline diamond suspension (Buehler Ltd., USA). After the samples were 

prepared, a diamond indenter was applied with a load of 200 g for 20 seconds onto 

the surface of the samples. The diagonal indent shape formed after the indentation 

was measured to determine the micro-hardness of the samples. 15 measurements 

were performed on three parallels for each sample.  For the calculation, the 

following formula was used: 

 

                                                   
2

0.001854
P

HV
d

                                        (2.7) 

  

Where; 

HV: Vickers hardness (GPa); P: Applied load (N); d: diagonal indent length (mm). 

 

2.2.2.2.2. Fracture Toughness 

Fracture toughness of the samples was also calculated from the cracks 

generated by the indentations applied during the micro-hardness test. Fracture 

toughness can be calculated by using two different approaches depending on the 

size of the cracks formed by indentation.  

The two shapes of the cracks are presented in Figure 2.1. According to the 

approaches, Halfpenny shape cracks were formed when the ratio of c/a was greater 

than 3, whereas the Palmqvist shaped was observed when the ratio of c/a was less 

than 3.  
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When Halfpenny shaped cracks were generated, the Evans and Charles 

equation was used to calculate the fracture toughness [182]: 

 

                                                     1 1.5
0.0824c

P
K

C
                                        (2.8) 

  

Where; P: applied load (N); C: crack length (m). 

 

a l
c

Top

Side

HalfpennyPalmqvist

c/a <3 c/a >3

 

Figure 2.1. The top and side representation of the Palmqvist and Halfpenny shape 

cracks generated by Vickers micro-hardness indentation [183]. 

 

If Palmqvist shape crack was observed, Palmqvist equation was used for the 

calculations [184]: 

 

                                        
0.6 0.4

1 0.6 0.5
0.035( )( )

( )
c

H E a
K

c a



                               (2.9) 

Where: 

H: Hardness; E: Young‟s Modulus;  : the coefficient related to the material 

constraint (  3). 
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2.2.2.3. Biological Characterizations 

Biological characterizations were done for the selected compositions which 

gave the best results in terms of microstructural and mechanical properties. From 

Group 3 2 Zn 1 F, 2 Zn 2.5 F and 2 Zn 5 F compositions were used. In addition to 

group 3, HA and 2 Zn were also characterized to investigate the effects of 

incorporated ions on cell proliferation. Saos-2 cell line was used for in vitro cell 

culture experiments. In terms of biological characterization, Alamar Blue™ dye 

reduction assay was used to study cell proliferation. Alkaline phosphatase activity 

measurement (ALP), an early bone differentiation marker, was conducted to 

determine the effects of composition and incorporated ions on the osteogenic 

differentiation of these cells on discs. Cell morphology on discs was studied by 

SEM at days 3 and 14. 

 

2.2.2.3.1. Alamar Blue™ Assay 

4 samples for each group were used for Alamar Blue assay.1x10
5
 number of 

cells were seeded on each disc. Disks were placed separately to wells of  24 well 

plates. Cells were incubated at 37ºC in an carbon dioxide incubator (Shel Lab, 

USA). Differentiation medium (90% high glucose DMEM without phenol red and 

10% FBS supplemented with 0.47 mM ascorbic acid, 7.96 mM β-glycerolphosphate 

and 0.8 µM dexamethasone) was used as  culture medium. The viability assay was 

conducted at days 3, 7 and 15. Culture medium was refreshed every three days. 

After decanting culture medium, the cells were washed with phosphate 

buffered saline (PBS) once and Alamar Blue™ solution (10% Alamar Blue™ 

reagent in DMEM without phenol red) was added. After 4h of incubation, the 

medium in each well was collected and fluorescence was read (excitation at 525 nm 

and emission at 580 nm) in a fluorimeter (Modulu 9200, Turner Biosystem, USA). 

After the media were collected, cells were washed with PBS once and 

differentiation medium was added for further culturing. 
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2.2.2.3.2. Alkaline Phosphatase Activity Assay 

For ALP activiy measurements, 5x10
4
 cells/disk were seeded on discs and the 

discs were incubated in osteogenic differentiation medium for 15 days. At days 7 

and 15, the cell lysates were obtained by bursting cells with freeze and thaw cycles 

in 600 µl of PBS containing 0.1 % Triton X-100, 0.1 % v/w sodium azide and 1 % 

protease inhibitor. The plate was kept on ice for 30 minutes and then thawed. 20 µl 

lysate and 100 µl p-nitrophenylphosphate substrate solution were mixed. The 

mixture was incubated at 37°C for 30 minutes. Then, the absorbance at 405 nm was 

read by microplate spectrophotometer (µQuant MQX200, Biotek, USA). The 

amount of p-nitrophenol produced was determined using the calibration curve 

constructed with known concentrations of p-nitrophenol. 

 

 

Figure 2.2. The conversion reaction of p-nitrophenylphosphate to p-nitrophenol by 

alkaline phosphatase enzyme. 

 

BCA assay was done to determine the total protein amount in the lysates for the 

normalization of Alkaline Phosphatase Activity. Shortly, 1 ml Cu2SO4 solution (2 g 

cupric sulfate in 50 ml water) was mixed with 50 ml bicinchoninic acid solution to 

prepare the working reagent solution. 1 ml of the working solution and 50 µl cell 

lysate were incubated at 37 °C for 30 min. The absorbances of the samples were 

measured at 562 nm by microplate spectrophotometer (µQuant MQX200, Biotek, 

USA). The total protein amount was determined using the calibration curve 

constructed with known concentrations of bovine serum albumin (BSA) (0- 1.2 

mg/ml). 
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2.2.2.3.3. Scanning Electron Microscopy (SEM)  

Cell morphologies were observed by SEM. 2 samples from each composition 

were prepared for SEM analysis. 1x10
5
 cells were seeded on discs and cultured in 

differentiation culture medium for 1 and 15 days. The cells were fixed with 2.5% 

gluteraldehyde in PBS solution. After 2h of fixation, the discs were rinsed with 

cacodylate buffer with (0.155 M, pH 4.7) for 1 minute. Then, the samples were 

rinsed with increasing concentrations of ethanol for 5 min (70%, 80%, 90% and 

100%) .To increase the conductivity in SEM application, the disc samples were 

immersed in hexamethyldisilazane solution for 20 minutes. After the solution was 

pulled out and disks were kept at +4 °C until analysis. For further increase in 

conductivity, the discs were coated with lead by precision etching coating system 

(PECS) (Gatan 682, USA). 

 

2.2.2.3.4. Dissolution Test 

Four discs from each sample were prepared and sintered at 1100°C for 1 h. 

Discs were then immersed in simulated body fluid (SBF) prepared as described in 

Table 2.2. All of the samples from each composition were placed separately in 15 

ml polypropylene tubes. 10 ml of SBF was poured in each tube. Two of the samples 

from each composition were placed in a waterbath (Nuve, Turkey) set at 37°C and 

60 rpm. The other two were placed in a incubator (Leec, United Kingdom) set at 

37°C.   

Dissolution of the samples with time was investigated by two different 

methods. One was measuring pH and the other was SEM observations for apatite 

formation on discs.  
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Table 2.2. Chemical composition of SBF solution and the sequence of mixing 

[183]. 

Order of addition Reagent Amount (g/l) 

1 NaCl 6.721 

2 NaHCO3 2.268 

3 KCl 0.224 

4 K2HPO4 0.174 

5 MgCl2·6H2O 0.305 

6 CaCl2·2H2O 0.368 

7 MgSO4·7H2O 0.123 

8 Tris((CH2OH)3CNH2) 6.059 

9 1 M HCl 30 ml 

 

2.2.2.3.4.1. pH Measurements 

pH of the samples were measured by using a pHmeter, (Thermo, USA) at days 

3, 7 and 15. pH of SBF solution without a disc was measured as a control. Change 

in pH at different incubation periods for each sample (either in waterbath or in 

incubator) was determined by subtracting the pH of the SBF in the control tube 

from the pH of the SBF in the sample‟s tube. 

 

2.2.2.3.4.2. SEM Observations for Ca
2+

 Deposition 

SEM observations were conducted after 7 and 15 days of incubations in SBF 

either in a water bath or incubator as described above. At the end of each incubation 

period, the samples were treated with acetone and 70% alcohol and left for drying at 

room temperature. The samples were coated with lead by precision etching coating 

system (PECS) (Gatan 682, USA) before SEM examinations.  
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CHAPTER 3 

 

 

RESULTS AND DISCUSSION 

 

 

 

3.1. Structural Analysis 

3.1.1. Density of the Samples 

The density of the samples after the sintering at 1100°C for 1h are represented 

in Table 3.1.  

 

Table 3.1. Density of the samples after the sintering at 1100 °C for 1h. 

Group ID Sample ID 
Sintered Density 

(g/cm
3
) 

Relative Density 

(%) 

Group 1 
Pure 2.902 91.9 

2 Zn 3.056 96.8 

Group 2 

1 F 2.728 86.5 

2.5 F 2.736 86.7 

5 F 3.024 95.8 

Group 3 

2 Zn 1 F 3.048 96.6 

2 Zn 2.5 F 3.052 96.7 

2 Zn 5 F 3.123 99.0 

Group 4 

1 Cl 2.985 94.6 

2.5 Cl 3.091 97.9 

5 Cl 2.974 94.2 

Group 5 

2 Zn 1 Cl 2.968 94.1 

2 Zn 2.5 Cl 3.044 96.5 

2 Zn 5 Cl 2.894 91.7 

 

In this study, the density of 2% Zn
2+

 doped sample was found as 3.056 g/cm
3
, 

whereas the density of pure HA was found as 2.902 g/cm
3
. Ergun et al. synthesized 

2% by mole Zn
2+

 added HA by precipitation method and sintered the samples at 
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1100°C for 1h [137]. They measured the density by Archimedes method and found 

the value 3.160 g/cm
3
 whereas the theoretical density was found as 3.238 g/cm

3
 

[137]. Moreover, pure HA was synthesized by the same method and the 

experimental density was found as 3.125 g/cm
3
 [137].  

When Zn
2+

 effect to density is investigated, it can be said that Zn
2+

 addition 

increased the density of pure HA. The density results of the current study was 

consistent with other studies.  

There were other studies which combined ZnO with TCP. Xue et al. studied 

TCP doped with Zn
2+

 ang Mg
2+

 ions [185]. According to their results, after sintering 

at 1100°C, Zn
2+

 addition increased relative density of the TCP up to 83.9% whereas 

the undoped sample had the relative density of 74.7% of the theoretical density 

[185]. Moreover, co-doping of Mg
2+

 and Zn
2+

 into TCP increased the relative 

density up to 81.5% although it was observed that Mg
2+

 addition did not have any 

effect on density of TCP [185]. Therefore, the reason of this increase can be 

interpreted as Zn
2+

 addition effect. In this study, the reason of the increase in 

density is explained as inhibitory effect of Zn
2+

 dopants on phase transformation 

[185]. Zn
2+

 dopants prevented β-TCP to transform into α-TCP which are more 

soluble and less stable phases, respectively. However, it was also stated that this 

inhibitory effect was only valid when the amount of Zn
2+

 content was higher than 

that is used in current study [185].  

In another study, TCP powder was mixed with ZnO powder to obtain Zn
2+

 

doped TCP [186]. After sintering the samples at 1250°C for 6h, the results showed 

that ZnO addition resulted in small improvement in densification of TCP [186]. 

Moreover, 2.5% ZnO doped sample gave smaller density values than 1% ZnO 

doped sample [186]. Bandyopadhyay et al. also studied HA doped with ZnO by 

mixing the powders of these two compounds [187]. After sintering at 1250°C, it 

was found that ZnO addition increased the density of the HA with a maximum of 

92.4% relative density [187]. As the amount of ZnO increased in the samples, 

density of the samples increased also. Moreover, it was found that effect of ZnO on 

the density was more significant in HA than in TCP [187].  
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Effect of ZnO addition on HA synthesized by sol-gel technique and sintered  at 

1250°C and 1300°C for 6h was investigated by Kalita et al. [155]. Samples sintered 

at 1300°C gave higher density values than the samples sintered at 1250°C [155]. 

Moreover, ZnO addition showed an improvement in density of sintered pure HA. 

Especially the samples doped with 1 wt.% ZnO gave the highest density results 

[155]. However, as the amount of doping increased up to 2.5 wt.%  and 4 wt.%, 

density of the samples decreased [155].  

 

 

Figure 3.1. The effect of Zn
2+

 and F
-
 ions on relative density of the samples after 

the sintering at 1100°C for 1h. 

 

When F group is investigated, it can be said that F
-
 ion addition with an amount 

of 1 mole% and 2.5 mole% decreases the density of pure HA (Figure 3.1). A slight 

change in the densities can be seen between 1 F and 2.5 F  whereas the density of 5 

F increases dramatically. In a study, Y
3+

 and F
- 

ions were added to HA by 

precipitation method and sintered at 1100°C for 1h [188]. According to this study, 

F
-
 addition decreased the density values of HA [188]. Moreover, as the F

-
 amount 

increased  in HA, the density values decreased [188].  

In another study, Mg
2+ 

and F
-
 ions were doped into HA with the same method 

and sintered at 1100°C for 1h [147]. In this study, it was investigated that, Mg
2+

 ion 
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decreases the density of HA [147]. Moreover, when different percentages of Mg
2+

 

and 2.5% by mole F
-
 were added together, the densities of the samples increased 

and higher values than density of pure HA were obtained [147]. However, as the 

amount of F in the samples increased, densities started  to decrease [147].  

Thermal stability of HA increased with the increase in the F
-
 content [189]. 

However, when the F
-
 content increased up to 57 mole% of OH

-
 ions, porous 

structures were obtained at all sintering temperatures which resulted in decrease in 

the density of the samples [189]. In another study, F
-
 was substituted into the HA 

with 50 mol.% [190]. The samples were synthesized by precipitation method and 

sintered at 1250°C for 1h. According to the results, 3.07 g/cm
3
 of density was 

obtained for pure HA [190]. This value was 97% of the theoretical density (3.16 

g/cm
3
). For fluoridated HA, density was found as 3.13 g/cm

3
 which is the 100% of 

the theoretical density [190]. α-TCP phase was also seen in pure HA at sintering 

temperature of 1250°C.  

It is also investigated that as the F
-
 content increased, the sinterability of the 

samples decreased. Moreover, F
-
 content was increased between about 20 and 80 

mol.%, the sintered density and some mechanical properties such as hardness, 

Young‟s Modulus and brittleness of HA decreased at a constant sintering 

temperature [191, 192]. As the sintering temperature increased, other phases 

different than HA appeared. However, fluoridated samples had one phase which is 

HA [190]. This means that F
-
 ion increases the stability of HA. Increased stability 

results in decrease in dissolution rate and increase in density. The bond between F
-
 

and OH
-
 also decreased the rate of diffusion which increased the density [188]. 

From the results of the former studies, it can be concluded that small additions of F
-
 

ion into HA structure increased the density due to increase in stability and decrease 

in dissolution rate. However, when the amount of F
-
 ion increased up to 20 mol.% 

and above porosity appeared which decreased the density of the samples. 

Moreover, it can be easily seen that, Zn
2+

 addition significantly increases the 

density of the F
-
 doped samples as expected. Zn

2+
 and F

-
 doped samples show the 

same trend as F
-
 doped samples in terms of the amount of doped F

-
 ions. When the 
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results were compared with that of pure HA, only the density of 1 F and 2.5 F gave 

smaller values than that of pure HA.  

 

 

Figure 3.2. The effect of Zn
2+

 and Cl
-
 ions on relative density of the samples after 

the sintering at 1100 °C for 1h. 

 

When Cl
-
 amount became 2.5 mol.%, the density continued to increase. 

However, 5 mol.% addition of Cl
-
 ion decreased the density under the density value 

of 1 mol.% Cl
-
 doped HA. Although Zn

2+
 incorporation and Cl

-
 incorporation 

increased the density of pure HA seperately, when these two ions added together to 

the structure of HA, the density values were supressed.  Moreover,  in Zn
2+

 and Cl
-
 

co-doped samples, the density increased up to that of 2.5 mol.% doping of Cl
-
. 

However, 5 mol.% doping of Cl
-
 resulted in decrease in density. The smallest 

density was achieved in 2 Zn 5 Cl (Figure 3.2). 

The densities of pure HA and chlorapatite were measured as 2.83 and 2.23 

g/cm
3
, respectively [193]. From these results, it can be said that the densities of Cl

-
 

doped HA samples should be between these values. Moreover, as the amount of Cl
-
 

increased, the density of the samples decreased [193]. However, the densities of Cl
-
 

doped samples obtained in this study was higher than that of pure HA. This was due 

to the fact that the precursor used in this study was CaCl2·2H2O. This calcium 

included precursor provided more Ca
2+

 ions to the system which may result in more 
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dense materials. However, as the amount of Cl
-
 addition increased, the density 

values decreased. The decrease may be stem from the fact that 5 mol.% addition of 

Cl
-
 may deform the structure of HA, which may result in an increase in porosity. 

Zn
2+

 and Cl
-
 incorporation together resulted in lower densities than that of Zn

2+
 or 

Cl
-
 doped samples. It was expected that the densities increased further by Zn

2+
 

addition. However, these two ions incorporation may contribute to some 

deformations in the structure and result in porosity. From these results, as it was 

expected, the lowest density among Cl
-
 doped samples corresponded to the sample 

2 Zn 5 Cl. 

 

3.1.2. X-Ray Diffraction Analysis 

XRD data is shown in Figures 3.3-3.8. When compared to JCPDS#: 9-432 data 

for Standard  HA, it can be easily observed that all samples possess the XRD 

pattern of HA.   

No other phases such as α-TCP and β-TCP are observed. In some of the 

samples, small amount of CaO phase is detected.  Rietvelt analysis was applied to 

the samples by using General Structure Analysis System (GSAS) computer 

program. CaO and HA phases found in the structure of the samples are listed in 

Table 3.2. 

According to the Figures 3.3-3.8, there is no significant broad peaks which are 

the indicator of poor crystallinity. The fraction of crystalline phases were calculated 

by using intensity of the peaks which corresponded to (3 0 0) and (1 1 2) system. 

The results are presented in Table 3.2. According to the results, Zn
2+

 addition 

decreased the crystallinity, whereas F
-
 and Cl

-
 additions increased it. However, as 

the F
-
 and Cl

-
 amount increased, crystallinity decreased. Addition of Zn

2+
 ion 

dropped the Ca/P ratio of HA from 1.67 to 1.63. Therefore, the lack of Ca
2+

 ions in 

the structure decreased the crystallinity of the HA [194]. The increase in 

crystallinity with addition of F
-
 stemmed from the increase in the stability of the 

pure HA with addition of F
-
. However, when the addition amount increased, the 

fraction of crystallites decreased due to the deformations of the HA structure. 



 66 

However, all values are higher than that of pure HA except 5 F. It has the same 

value with pure HA. Co-doping of Zn
2+

 and F
-
 ions resulted in increase in fraction 

of crystallite when compared with F
-
 doped samples surprisingly.  

 

Figure 3.3. XRD patterns of a) Standard HA (JCPDS#: 9-432); b) Standard α-TCP 

(JCPDS#: 9-169); c) Standard β–TCP (JCPDS#: 9-348). 

 

The increase in fraction of crystallite in Cl
-
 doped samples was due to the fact 

that the additional Ca
2+

 from the precursor CaCl2·2H2O. However, as the Cl
-
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amount increased, the fraction of crystallite phase decreased. This can be explained 

by the deformation in the HA structure by increasing the amount of Cl
-
 in the 

sample. Surprisingly, Zn
2+

 and Cl
-
 doped samples gave higher crystallinity values 

than Zn
2+

 or Cl
-
 doped samples.  

 

 

Figure 3.4. XRD patterns of the samples sintered at 1100 °C for 1h: a) pure HA; b) 

2 Zn. 



 68 

 Co-doping of these two ions increased the crystallinity further. 2 Zn 2.5 Cl 

sample had the highest crystallinity. 

 

 
Figure 3.5. XRD patterns of the samples sintered at 1100°C for 1h: a) 1 F; b) 2.5 F; 

c) 5 F. 
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Figure 3.6. XRD patterns of the samples sintered at 1100°C for 1h: a) 2 Zn 1 F; b) 

2 Zn
 
 2.5 F; c) 2 Zn 5 F.

 

 

CaO phase is formed by the incorporation of Zn
2+

 ions into HA hexagonal 

structure [195]. When Zn
2+

 ion replaces Ca
2+

 ion in HA, the Ca
2+

 ions detached 

from HA structure to form CaO. Therefore, it may be the reason of CaO presence in 
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the samples with Zn
2+

 ions. The phase fraction of HA in Zn
2+

 doped HA was higher 

than that of pure HA.  

 

 

Figure 3.7. XRD patterns of the samples sintered at 1100°C for 1h: a) 1 Cl; b) 2.5 

Cl
 
; c) 5 Cl. 

 

When the phase fractions of fluoridated samples was investigated, it can be said 

that HA phase fraction increased. It is due to the fact that F
-
 makes the HA structure 
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more stable. Therefore, presence of other phases were inhibited. Moreover, Zn
2+

 

and F
-
 co-doping gave the highest fraction of HA phase which was the indicator of 

increased stability with co-doping of these two ions. 

 

 
Figure 3.8. XRD patterns of the samples sintered at 1100°C for 1h: a) 2 Zn 1 Cl; b) 

2 Zn 2.5 Cl; c) 2 Zn
 
5 Cl. 
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Cl
-
 ion doping resulted in increase in CaO phase. This is due to the fact that the 

precursor used for Cl
-
 contained samples is CaCl2·H2O. The Ca

2+
 ions of the 

precursor may also cause the formation of CaO, although the amount of Ca
2+

 ion is 

calculated before mixing the precursors. As the amount of Cl
-
 in the samples 

increased, the phase fraction of CaO increased as expected. In Zn
2+

 and Cl
-
 co-

doped samples a decrease in CaO phase was detected when compared to Cl
-
 doped 

samples. This is due to the stability effect of Zn
2+

 doping on HA structure. 

 

Table 3.2. Weight fractions of HA and CaO phase and fraction of crystalline phase 

in samples. 

Group 

Name 

Compound 

Name 

Weight fraction of 

HA phase  

Weight fraction 

of CaO phase  

Fraction of 

crystalline phase 

(Xc) 

Group 

1 

Pure 0.9934 0.0066 0.75 

2 Zn  0.9970 0.0030 0.68 

Group 

2 

1 F 0.9871 0.0129 0.83 

2.5 F 0.9912 0.0088 0.82 

5 F 0.9962 0.0038 0.75 

Group 

3 

2 Zn 1 F 1.0000 0.0000 0.84 

2 Zn 2.5 F 1.0000 0.0000 0.89 

2 Zn 5 F 1.0000 0.0000 0.85 

Group 

4 

1 Cl 0.9876 0.0125 0.85 

2.5 Cl 0.9775 0.0225 0.82 

5 Cl 0.9661 0.0339 0.80 

Group 

5 

2 Zn 1 Cl 0.9950 0.0050 0.93 

2 Zn 2.5 Cl 0.9869 0.0131 0.97 

2 Zn 5 Cl 0.9731 0.0270 0.87 
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3.1.2.1. Lattice Parameters of Pure and Doped HA 

Hexagonal lattice parameters and unit cell volumes of the materials were 

investigated using Rietvelt analysis by GSAS.  

 

Table 3.3. Hexagonal lattice parameters, unit cell volumes of all samples.  

Group 

Name 

Compound 

Name 
a (Å) c (Å) Δa (Å) Δc (Å) V (Å

3
) ΔV (Å

3
) 

Group 1 
Pure 9.4349 6.8926 0.0000 0.0000 1588.5 0.000 

2 Zn  9.4314 6.9006 -0.0035 0.0080 1589.2 0.669 

Group 2 

1 F 9.4341 6.8938 -0.0008 0.0012 1588.5 0.016 

2.5 F 9.4333 6.8958 -0.0016 0.0032 1588.7 0.193 

5 F 9.4311 6.8985 -0.0038 0.0059 1588.6 0.083 

Group 3 

2 Zn 1 F 9.4161 6.8875 -0.0188 -0.0051 1581.0 -7.489 

2 Zn 2.5 F 9.4054 6.8882 -0.0295 -0.0044 1577.6 -10.892 

2 Zn 5 F 9.4029 6.8910 -0.0320 -0.0016 1577.4 -11.119 

Group 4 

1 Cl 9.4215 6.8808 -0.0133 -0.0118 1581.3 -7.193 

2.5 Cl 9.4370 6.8895 0.0021 -0.0031 1588.5 0.006 

5 Cl 9.4242 6.8711 -0.0107 -0.0215 1579.9 -8.552 

Group 5 

2 Zn 1 Cl 9.4187 6.8871 -0.0162 -0.0055 1581.8 -6.729 

2 Zn 2.5 Cl 9.4327 6.8974 -0.0022 0.0048 1588.9 0.388 

2 Zn 5 Cl 9.4188 6.8772 -0.0161 -0.0154 1579.6 -8.950 

 

According to the results, Zn
2+

 addition increased the lattice parameter “c”, 

whereas decreased the lattice parameter “a” with a little amount. However, the 

volume increased due to increase in parameter “c”. In the crystal structure of HA, 

Zn
2+

 can be placed into three positions. These are Ca(I), Ca(II) and P positions 

[196]. The ionic radius of these ions are 0.99 Å for Ca
2+

, 0.31 Å for P
5-

 and 0.74 Å 

for Zn
2+

, respectively [197]. There are four Ca(I) atoms and six Ca(II) atoms in HA 
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structure. The Ca(I) atoms formed octahedral structure with their O
2-

 atoms [187, 

198]. On the other hand, Ca(II) atoms formed tetrahedral structure with O
2-

 atoms 

[187, 198]. The tetrahedral structure requires less energy of formation. P
5-

 ion also 

forms tetrahedral structure. However, the difference in ionic radius and charge Zn
2+

 

ion is more likely to replace Ca
2+

 ions. Between Ca(I) and Ca(II), Zn
2+

 ion prefers 

Ca(II) ion to replace due to less energy of formation because of its tetrahedral 

structure. Zn
2+

 has smaller ionic radius than that of Ca
2+

. Therefore, it was expected 

that Zn
2+

 decreased the parameters “a”, “c” and unit cell volume [137]. However, it 

was more likely to have a decrease in parameter “a” and unit cell volume and 

increase in the parameter “c” [196]. When the lattice parameters in this study were 

investigated, it can be said that there was no significant difference in parameter “a” 

after Zn
2+

 addition. However, as expected, the parameter “c” increased. This 

difference was reflected as increase in unit cell volume which was an unexpected 

result. This stemmed from the fact that Zn
2+

 ion can incorporate not only Ca(II) site 

but also Ca(I) site in the same structure. In this structure, most of Zn
2+

 ions replaced 

Ca(II) site. Some of the ions may be replaced Ca(I) and P site also.   

F
-
 addition made very small changes in the crystal lattice of HA [199]. F- 

addition into HA decreased the parameter “a” and increased the parameter  “c”. Due 

to the fact that increase in parameter “c” was higher than increase in parameter “a”, 

these changes resulted in very small increase in unit cell volumes when compared 

with pure HA. The changes in lattice parameters were also related with the amont of 

F
-
 doping. As the amount of F

-
 increased in the structure, the parameter “a” 

decreased and the parameter  “c” increased. F
-
 ions replaces OH

-
 ion in the HA 

structure. The ionic radius of F
-
 and OH

-
 ion are 1.31 Å and 1.35 Å, respectively 

[200]. F
-
 ion has higher electronegativity than that of OH

-
. The decrease in 

parameter “a” stemmed from the low ionic radius and high electronegativity of F
-
 

ion [188].  The decrease in lattice parameter  “a” was an expected result [139, 190, 

198, 199]. Table 3.4 represents the positions of atoms along c-axis. According to 

the Table 3.4, F
-
 ion positions are very close to the “O” atom position in OH

-
 ion. 

Therefore, no change in c-axis was expected [130, 139, 190, 198]. However, in a 
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study a slight increase in direction c was detected [199]. This was due to the fact 

that 0.05 difference in z positions between “O” atom and “F” atom. 

 

Table 3.4. z positions of the atoms of OH
-
, F

-
 and Cl

-
 ions [130].  

Ion Atoms z 

OH
-
 

O 0.2 or 0.3, 0.7 or 0.8 

H 0.06 or 0.44, 0.56 or 0.94 

F
-
 F 0.25, 0.75 

Cl
-
 Cl 0.0, 0.44 

 

F
-
 and Zn

2+
 ions codoping decreased the parameter “a” significantly. This was 

due to the fact that F
-
 and Zn

2+
 ions had smaller ionic radius than OH

-
 and Ca

2+
 ions 

have [200]. The parameter “c” was smaller than pure HA in all Zn
2+

 and F
-
 co-

doped samples. However, as the amount of F
-
 increased the parameter  “c” 

increased. This increase did not have an significant effect on hexagonal unit cell 

volumes. Hexagonal unit cell volumes of the samples decreased as the F
-
 content in 

the Zn
2+

 and F
-
 co-doped samples increased. 

Cl
-
 addition decreased both the parameters “a” and “c”. Cl

-
 ion replaced OH

-
 

ion. The ionic radius of Cl
-
 and OH

-
 ions are 1.81 Å and 1.35 Å, respectively [200]. 

Due to the fact that Cl
-
 ion is bigger than OH

-
 ion, the unit cell volume expected to 

expand. However, the expansion only seen in the samples 2.5 mol.% Cl
-
 added 

samples. Decrease in both parameters “a” and “c” were observed in 1 mol.% Cl
-
 

added samples. Further decrease were seen for 5 mol.% Cl
-
 doped samples. 

According to Table 3.4, the z position of Cl
-
 ion is highly different than O atom 

position. H and Cl atoms have the same positions (Table 3.4). Therefore, a 

deformation in the structure of HA was expected. This deformation resulted in 

increase in lattice parameters. Moreover, Cl
-
 addition resulted in two different types 

of crystal structure;  one is P63 /m  hexagonal crystal structure and the other is P21 

/b monoclinic structure [201]. The fluctuations in the lattice parameters stemmed 
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from occurrence of two different crystal structures in different amounts in Cl
-
 doped 

samples.  

When Zn
2+

 and Cl
-
 introduced to the system together, further decrease in “a”, 

“c” and unit cell volume of the samples doped Cl
-
 with 1 mol.% and 5 mol.% and 

increase in all parameters of 2.5 mol.% Cl
-
 doped sample were observed. Zn

2+
 ion 

addition decreased the hexagonal crystal lattice structure. Therefore, decrease in 

lattice parameters should be observed. 

 

3.1.3. FTIR Analysis 

FTIR studies were done for the observation of bands related to HA and also 

observation of bands related to Zn
2+

, F
-
 and Cl

-
 ions to investigate whether HA 

structure was obtained or not and these three ions were incorporated to the HA 

structure or not.  

 

Table 3.5. Assignments of FTIR absorption bands of pure HA after sintering at 

1100°C for 1h in 4000-400 cm
-1

 region [144, 193, 202-204].  

Peak No 
Functional 

Groups 

Vibration 

Mode 
Wavenumber (cm

-1
) 

1 (PO4)
3-

 ν1 960 

2  (PO4)
3-

  ν2 473 

3  (PO4)
3-

 ν3 1045, 1091 

4   (PO4)
3-

  ν4 568, 601  

5 OH
-
 librational 632 

6 OH
-
 stretching 3571 

7 OH…Cl   3498 

8 OH…F   711, 3543  

9 Zn-O stretching 3403, 433 
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In Table 3.5, the locations of observed FTIR bands in pure HA and their 

assignments are summarized. All (PO4)
3-

 and OH
-
 related bands specific for HA 

were observed in all samples nearly at the same wavenumbers.  

 

Table 3.6. The band locations in FTIR spectra of the samples in the range of 3570-

1045 cm
-1

. 

Observed Wavenumbers  

(cm
-1

) 

Sample ID 

3571 3543 3495 3403 1091 1045 

Pure 3571  -  - -  1091 1045 

2 Zn 3570  -  - 3403 1091 1044 

1 F 3570 3543  -  - 1091 1046 

2.5 F 3569 3543  -  - 1092 1046 

5 F 3567 3542  -  - 1093 1047 

2 Zn 1 F 3570 3543  - 3404 1091 1045 

2 Zn 2.5 F 3569 3543  - 3402 1091 1045 

2 Zn 5 F 3567 3538  - 3400 1092 1046 

1 Cl 3571  - 3495 - 1091 1045 

2.5 Cl 3571  - 3496 - 1091 1045 

5 Cl 3571  - 3496 - 1090 1045 

2 Zn 1 Cl 3570 - 3498 3404 1091 1045 

2 Zn 2.5 Cl 3569 - 3496 3403 1090 1045 

2 Zn 5 Cl 3569 - 3496 3403 1091 1046 

 

According to Table 3.6, The band observed at 3571 cm
-1

 in pure HA spectra is 

assigned to the stretching vibration of the structural OH
-
. By 2 mol.% Zn

2+
 addition, 

the band shifted to 3570 cm
-1

 [144, 190, 193, 203, 205]. Moreover, 1 mol.% 

addition of  F
-
 ion resulted in a shift to 3570 cm

-1
. As the amount of F

-
 increased in 
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the samples, the bands gradually shifted to the smaller wavenumbers (For 2.5 F, it 

became 3569 cm
-1

 and for 5 F, it became 3567 cm
-1

). Zn
2+

 and F
-
 doped samples 

followed the same trend with F
-
 doped samples. The shifts in the absorptions are 

indicator of changes in structure, conformation and intermolecular interaction [206]. 

In the current study, the wavenumbers decreased with increasing F
-
 amount in band 

at 3571 cm
-1

. The shifts in the wavenumbers in band at 3571 cm
-1

 stem from the 

increase in number of hydrogen bonds between F
-
 and H

+
 ions with F

-
 addition. Cl

-
 

doping did not change the location of pure HA. However, Zn
2+

 and Cl
-
 co-doping 

resulted in a little shift to 3570 and 3569 cm
-1

. 

 

 

Figure 3.9. FTIR absorbance spectra of pure HA, F
-
 and/or Zn

2+
 doped samples in 

3600-3320 cm
-1

 region. (Normalization was done at peak 3575 cm
-1

.) 

 

Figure 3.9 shows the FTIR absorbance spectra for pure HA and F
-
 and/or Zn

2+
 

doped samples in 3600-3320 cm
-1

 region. In this range, the peaks at around 3571, 

3543 and 3403 cm
-1

 were observed. The intensity of the peaks at 3571 cm
-1
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decreased with increasing F
-
 amount in the samples [188]. This is due to the fact 

that F
-
 ion replaces with OH

-
 ion in the HA structure. As the F

-
 amount in the 

samples increases, the concentration of OH
-
 ion in the HA structure decreases due 

to the replacement with F
-
 ion which results in decrease in intensity of the peaks at 

3571 cm
-1

 [207]. This is the indicator of successful incorporation of F
-
 ion into the 

HA structure. 

 

 

Figure 3.10. FTIR absorbance spectra of pure HA and F
-
 doped samples in 3590-

3510 cm
-1

 region. (Normalization was done at peak 3575 cm
-1

.) 

 

The difference in the intensities can be seen more precisely in Figures 3.10 and 

3.11. The differences in the intensities and the area under the bands are strongly 

related with the concentration of the functional groups [208, 209]. Therefore, the 

area under the the peak 3571 cm
-1

 was also calculated for all samples and the results 

were represented in Figure 3.12. According to Figure 3.12, there is a statistical 

difference between pure HA and 2.5 F, pure HA and 5 F, 2.5 F and 5 F. Moreover, 

2 Zn 5 F sample has significantly lower OH
-
 band area at 3571 cm

-1
 than that of the 

pure, 2 Zn 1 F and 2 Zn 2.5 F samples. This indicates that the concentration of OH
-
 

functional group decreased in the sample 2 Zn 5 F due to the replacement of F
-
 

group with OH
-
 group [208, 209]. The changes in the area under the peak at 3571 
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cm
-1

 suggest that F
-
 ion addition with the amounts of 1 mol.%, 2.5 mol.% and 5 

mol.% was succeeded. 

 

 

Figure 3.11. FTIR absorbance spectra of pure HA, F
-
 and/or Zn

2+
 doped samples in 

3593-3334 cm
-1

 region. (Normalization was done at peak 3573 cm
-1

.) 

 

Another important band in F
-
 doped samples is at 3543 cm

-1
. This band 

corresponds to the bond OH…F. Therefore, this band was seen only in F
-
 doped 

samples. A small shift was seen in 5 mol.% F
-
 doped HA ( at 3542 cm

-1
). A 

relatively high amount of shift was observed for 2 Zn 5 F ( at 3538 cm
-1

). The shifts 

to the lower wavenumbers with addition of F
-
 ion is also related with increase in the 

number of hydrogen bonds between F
-
 and H

+
 ions [207, 208]. As the F

-
 amount 

increased in the HA structure, the number of hydrogen bonds between F
-
 and H

+
 ion 

increased which resulted in a decrease in wavenumbers of the band at 3543 cm
-1

 

(Figure 3.10 and 3.11) [208, 209]. Moreover, in Figure 3.11, the samples without F
-
 

ion (pure HA and 2 Zn) do not have any bands at 3543 cm
-1

 as expected. The band 

at 3543 cm
-1

 is the evidence of the successful incorporation of F
-
 ion into the HA 

structure. 
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Figure 3.12. The OH
-
 stretching band area at 3570 cm

-1
 for pure HA and Zn

2+
 

and/or F
-
 doped samples. (Paired student t- test was applied by using Minitab 

Statistical Software, USA: * denotes p<0.05 and ** denotes p<0.01.) 

 

The area under the band at 3543 cm
-1

 was also calculated for F
-
 doped samples. 

Figure 3.13 represents the area under the band which corresponding to the OH…F 

bond. According to the Figure 3.13, the area under the band at 3543 cm
-1

 increased 

with F
-
 amount in the samples. The increase in the area becomes significant for 5 F 

sample when comparing with 1 F and 2.5 F. For the samples doped with Zn
2+

 and F
-

, a significant increase is seen between 2 Zn 1 F and 2 Zn 2.5 F, and between 2 Zn 

2.5 F and 2 Zn 5 F. The difference in the area under the band at 3543 cm
-1

 is the 

evidence of successful incorporation of F
-
 ion into the HA structure with the ion 

amounts of 1 mol.%, 2.5 mol.% and 5 mol.%. 
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Figure 3.13. The OH…F band area at 3543 cm
-1

 for pure HA and Zn
2+

 and/or F
-
 

doped samples. (Paired student t-test was applied by using Minitab Statistical 

Software, USA: * denotes p<0.05 and ** denotes p<0.01.) 

 

In Figures 3.9 and 3.11, the band at 3403 cm
-1

 is seen only in Zn
2+

 doped 

samples. Therefore, this band was assigned to the Zn-O symmetrical stretching. F
-
 

doping resulted in shift to the smaller wavenumbers whereas Cl
-
 doping did not 

change the locations of the bands at 3403 cm
-1

. The band at 3403 cm
-1

 is the 

indicator of successful incorporation of Zn
2+

 ion into the HA structure. 

In Figure 3.14, the FTIR absorbance spectra of Zn
2+

 and/or Cl
-
 doped samples 

are seen between the wavenumbers 3600 and 3320 cm
-1

. As can be seen from figure 

3.14, there are three peaks at 3570, 3495 and 3403 cm
-1

 in 3600-3320 cm
-1

 region. 

The OH
-
 stretching band at 3570 cm

-1
 was also observed in Cl

-
 doped samples. The 

difference in the intensities of the bands was observed by second derivative of the 

spectra (Figures 3.16 and 3.17) due to the fact that the absorbance of OH
-
 stretching 

band at 3570 cm
-1 

was low and could not be observed clearly. Moreover, there is no 

significant difference between the areas under the OH
-
 stretching band at 3570 cm

-1
 

in Cl
-
 doped samples. However, Zn

2+
 and Cl

-
 doped samples have significant 

decrease in the area under the band 3571 cm
-1

 when compared with pure HA sample 

(Figure 3.15). Moreover, there is also a significant decrease in the area under the 

band 3571 cm
-1

 of 2 Zn 2.5 Cl when compared with 2 Zn (Figure 3.15). The 



 83 

decrease in intensity and the area under the band at 3571 cm
-1

 indicated that the 

concentration of the functional group OH
-
 decreased in HA structure with Cl

-
 

addition. Cl
-
 ion replaces with OH

-
 ion. Therefore, as the Cl

-
 amount in the HA 

structure increased, OH
-
 concentration decreased [208, 209]. It is the evidence of 

the successful incorporation of Cl
-
 ion into the HA structure with the amounts of 

1mol.%, 2.5 mol.% and 5 mol.%. 

 

 

Figure 3.14. FTIR absorbance spectra of pure HA, Cl
-
 and/or Zn

2+
 doped samples 

in 3600-3320 cm
-1

 region. (Normalization was done at peak 3575 cm
-1

.) 

 

The band at 3495 cm
-1

 appeared with Cl
-
 addition to the HA. Therefore, this 

band is related with OH…Cl bond. In Figure 3.14, this little band was not seen 

clearly. However, when the second derivative of the spectra was taken, the band at 

3495 cm
-1

 can be observed clearly. No significant shift was detected in 

wavenumbers between Cl
- 
doped samples at 3495 cm

-1
. The observation of the band 

at 3495 cm
-1

 is the indicator of successful incorporation of the Cl
-
 ion into the HA 
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structure.

 

Figure 3.15. The OH
-
 stretching band area at 3570 cm

-1
 for pure HA and Zn

2+
 

and/or Cl
-
 doped samples. (Paired student t-test was applied by using Minitab 

Statistical Software, USA: * denotes p<0.05 and ** denotes p<0.01.) 

 

 

Figure 3.16. Second derivative FTIR spectra of pure HA, 1 Cl, 2.5 Cl and 5 Cl in 

3590-3490 cm
-1

 region. 
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Moreover, as the Cl
-
 amount in the samples increased, the intensity of the band 

at 3495 cm
-1

 increased (Figure 3.14). The increase in the intensity can be interpreted 

as the increase in the concentration of Cl
-
 ion in the HA structure [208, 209]. In 

Figures 3.18 and 3.19, second derivative of the 3495 cm
-1

 band are represented. 

Second derivative of the spectra are used in order to detect small bands more 

precisely. According to Figures 3.18 and 3.19, the area under the band at 3495 cm
-1

 

increased with Cl
-
 amount. For more accurate information, the area under the band 

at 3495 cm
-1

 was calculated for Cl
-
 doped samples. The results are represented in 

Figure 3.20. There is a significant increase in the area under the band at 3495 cm
-1

 

between 1 Cl and 5 Cl. Moreover, when Zn
2+

 was incorporated into the samples, the 

area under the band at 3495 cm
-1

 decreased. The difference between 2 Zn 2.5 Cl and 

2 Zn 5 Cl becomes significant in addition to the difference between 2 Zn 1 Cl and 2 

Zn 5 Cl (Figure 3.20). The change in the area under the band at 3495 cm
-1

 is the 

indicator of gradually incorporation of Cl
-
 ions into HA structure with the amounts 

of 1 mol.%, 2.5 mol.% and 5 mol.%.  

 

 

Figure 3.17. Second derivative FTIR spectra of pure HA, 2 Zn 1 Cl, 2 Zn 2.5 Cl 

and 2 Zn 5 Cl in 3584-3548 cm
-1

 region. 
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OH
-
 stretching band was highly affected by F

-
 addition. However, Cl

-
 addition 

did not affect the OH
-
 stretching band. Moreover, OH…F band can be realized 

easily whereas OH…Cl band can be observed clearly by second derivative of the 

spectra. This is due to the fact that F
-
 ion fits into space that is formed by OH

-
 ion 

whereas Cl
-
 ion does not. This situation stems from the fact that F

-
 ion has smaller 

ionic radius that than of OH
-
 ion. Moreover, the ionic radius of these two ions are 

closer (1.35 Å for OH
-
 ion, 1.31 Å for F

-
 ion [200]). However, Cl

-
 ion has higher 

ionic radius than that of OH
-
 ion (1.81 Å for Cl

-
 ion [200]). Therefore, for Cl

-
 ion, it 

is difficult to fit in the space of OH
-
 ion.  

 

 

Figure 3.18. Second derivative FTIR spectra of pure HA, 1 Cl, 2.5 Cl and 5 Cl in 

3500-3491 cm
-1

 region. 
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Figure 3.19. Second derivative FTIR spectra of pure HA, 2 Zn, 2 Zn 1 Cl, 2 Zn 2.5 

Cl and 2 Zn 5 Cl in 3500-3493 cm
-1

 region. 

 

Figure 3.20. The OH…Cl band area at 3495 cm
-1

 for pure HA and Zn
2+

 and/or Cl
-
 

doped samples. (Paired student t-test was applied by using Minitab Statistical 

Software, USA: * denotes p<0.05 and ** denotes p<0.01.) 
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Figure 3.21. FTIR absorbance spectra of pure HA, F
-
 and/or Zn

2+
 doped samples in 

1400-400 cm
-1

 region. (Normalization was done at point 2820 cm
-1

.) 

 

The bands at 1091, 1045 and 960 cm
-1

 correspond to the ν3, ν3 and ν1 

vibrational modes of (PO4)
3-

 bond. F
-
 addition resulted in small shifts to the higher 

wavenumbers at bands 1091 and 1045 cm
-1

. However, no significant change was 

observed for the band at 960 cm
-1

. Cl
-
 doped samples had no significant change in 

locations of these three bands (Table 3.6 and 3.7). Moreover, the intensities and the 

areas under these three bands did not change with Zn
2+

, F
-
 or Cl

-
 addition. However, 

between pure HA and 2 Zn, there are some differences in the area under the bands 

at 1091, 1045 and 960 cm
-1

. There is a significant decrease in the area under these 

phosphate related bands in 2 Zn spectra when compared with pure HA spectra 

(paired t-test was applied by using Minitab Statistical Software, USA and p<0.05 

was accepted as a significant difference). This is due to the fact that some Zn
2+

 ions 

may replace with P
5+

 ions in the (PO4)
3-

 or may distort P
5+

 ions and break the bonds 

between P
5+

 and O
2-

.  
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Figure 3.22. FTIR absorbance spectra of pure HA, Cl
-
 and/or Zn

2+
 doped samples 

in 1400-400 cm
-1 

region. (Normalization was done at point 2820 cm
-1

.) 

 

The bands at 1091, 1045 and 960 cm
-1

 are the evidence of formation of HA 

with the precipitation method successfully. 

The bands between the wavenumbers 711 and 727 cm
-1

 corresponded to the 

bond between OH…F. The band at 711 cm
-1

 shifted to the higher wavenumbers 

with F
-
 and Zn

2+
 addition (Table 3.7). In Figure 3.23, the bands at between 711 and 

727 cm
-1

 can be seen clearly. However, in Figure 3.25, there is no such band which 

supports the fact that this band is related to F
-
 ion. Shifts in wavenumbers to the low 

frequencies can be interpreted as the increase in the strength of hydrogen bonds in 

the structure and increase in bond formation in the structure [210, 211]. However, 

for the band at 711 cm
-1

, there was an increase in wavenumbers with Zn
2+

 and F
-
 

addition which is inconsistent with other F
-
 and OH

-
 related bands. 
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Table 3.7. The band locations in FTIR spectra of the samples in the range of 960-

433 cm
-1

. 

Observed Wavenumbers  

(cm
-1

) 

Sample ID 

960 711 632 601 566 473 433 

Pure 960  - 632 601 568 473  - 

2 Zn 959 - 635 600 567 474 433 

1 F 961 711 634 601 569 473  - 

2.5 F 961 713 637 601 569 474  - 

5 F 961 717 640 602 569 474 -  

2 Zn 1 F 961 719 636 601 569 474 433 

2 Zn 2.5 F 960 725 639 601 569 474 435 

2 Zn 5 F 961 727 640 602 570 474 434 

1 Cl 960  - 632 601 569 474  - 

2.5 Cl 960  - 632 601 568 473  - 

5 Cl 960  - 632 601 568 474  - 

2 Zn 1 Cl 960 - 634 601 568 473 434 

2 Zn 2.5 Cl 960 - 636 600 568 473 434 

2 Zn 5 Cl 959 - 635 601 570 472 432 

 

 

The area under the band at 711 cm
-1

 was also calculated for F
-
 doped samples. 

The results were represented in Figure 3.24. According to the Figure 3.24, there is 

an increase in the area under the band at 711 cm
-1

 with F
-
 addition. Significant 

increase is seen between the samples 1 F and 5 F, and also 2.5 F and 5 F. In F
-
 and 

Zn
2+

 doped samples, the changes in the area values are significant for all samples 

[212]. The increase in the area under the band at 711 cm
-1

 is indicator of an increase 

in the concentration of F
-
 functional group in HA structure [209, 213]. Like the 
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band at 3543 cm
-1

, the band at 711 cm
-1

 is the indicator of successful addition of F
-
 

ion into the HA structure. 

 

Figure 3.23. FTIR absorbancespectra of pure HA, F
-
 and/or Zn

2+
 doped samples in 

750-430 cm
-1

 region. (Normalization was done at peak 490 cm
-1

.) 

 

In Table 3.7, the band at 632 cm
-1

 corresponded to OH
-
 librational mode was 

shifted to 635 cm
-1

 by 2 mol.% Zn
2+

 addition [144]. F
-
 ion doping also increased the 

wavenumber of the pure HA. Increase in wavenumber with F
-
 ion amount was also 

seen in F
-
 and Zn

2+
 doped samples. No change in locations was observed for Cl

-
 

doped samples. The shifts to higher wavenumbers with F
-
 and Zn

2+
 ion addition at 

632 cm
-1

 band show inconsistent pattern with the OH…F and OH
-
 stretching bands 

observed between 3600 cm
-1

 and 3403 cm
-1

 [210, 211]. Some fluctuations were 

seen in Cl
-
 and Zn

2+
 doped samples at 632 cm

-1
. However, when compared with F

-
 

doped samples, these fluctuations became negligible. 
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Figure 3.24. The OH…F band area at 711 cm
-1

 for pure HA and Zn
2+

 and/or F
-
 

doped samples. (Paired student t-test was applied by using Minitab Statistical 

Software, USA: * denotes p<0.05 and ** denotes p<0.01.) 

 

 

Figure 3.25. FTIR absorbance spectra of pure HA, Cl
-
 and/or Zn

2+
 doped samples 

in 750-430 cm
-1

 region. (Normalization was done at peak 490 cm
-1

.) 

 

The intensity of OH
-
 librational band decreased with addition of Cl

-
 and F

-
 ions 

because of the fact that these two ions replaces with OH
-
 ion (Figures 3.23, 3.25). 

This is also the indicator of successful incorporation of Cl
-
 and F

-
 ions into the HA 
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structure. For more precise results, the area under this band was also calculated for 

F
-
 and Cl

-
 doped samples. The results are represented in Figures 3.26 and 3.27. The 

decrease in the intensity of OH
-
 librational band is indicator of a decrease in the 

concentration of OH
-
 functional group [209, 213]. As the F

-
 and Cl

-
 ion 

concentration in the structure increased, the replacement with OH
-
 ion increased. 

The replacement with OH
-
 ion decreased the concentration of OH

-
 ion in the HA 

structure which resulted in decrease in intensity and the area under the band at 632 

cm
-1

.  

 

Figure 3.26. The OH
-
 librational and area at 632 cm

-1
 for pure HA and Zn

2+
 and/or 

F
-
 doped samples. (Paired student t-test was applied by using Minitab Statistical 

Software, USA: * denotes p<0.05 and ** denotes p<0.01.) 

 

In Figure 3.26, a decrease in OH
-
 librational band area with F

-
 addition is 

observed. However, changes in the areas do not have significant meanings. 

However, when Zn
2+

 ion is incorporated to the HA structure, it results in significant 

changes in the areas under the band at 632 cm
-1

. The decrease in the band areas at 

632 cm
-1

 with F
-
 addition is seen in F

-
 and Zn

2+
 co-doped samples in Figure 3.26. 

Comparing with OH
-
 stretching band, OH

-
 librational band was affected less by F

-
 

addition. 
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In Figure 3.27, the area under the band at 632 cm
-1

 of Cl
-
 and/or Zn

2+
 doped 

samples is shown. When comparing with pure HA, there is a decrease in the area of 

the band at 632 cm
-1

. However, no difference is observed among Cl
-
 doped samples. 

Due to the differences between the ionic radius of OH
-
 ion and Cl

-
 ion, replacement 

of Cl
-
 ion with OH

-
 ion became problemeatic [200]. Therefore, the differences 

under the area of band at 632 cm
-1

 changes insignificantly. Zn
2+

 ion incorporation to 

the structure results in further decrease in the area under the band at 632 cm
-1

. 

However, the difference between Cl
-
 doped samples is negligible. Pure sample has 

the highest value and there is a significant difference between pure HA and Zn
2+

 

and Cl
-
 co-doped samples.

 

 

Figure 3.27. The OH
-
 librational band area at 632 cm

-1
 for pure HA and Zn

2+
 and/or 

Cl
-
 doped samples. (Paired student t-test was applied by using Minitab Statistical 

Software, USA: * denotes p<0.05 and ** denotes p<0.01.) 

 

The bands at 601 and 568 cm
-1

 corresponded to (PO4)
3-

 with vibrational mode 

of ν4. No significant difference in wavenumbers was detected for these bands. The 

wavenumbers changed between 600-602 cm
-1

 and 567-570 cm
-1

 for 601 cm
-1

 and 

568 cm
-1

 bands, respectively [205, 206]. Another band related with (PO4)
3-

 group 

was detected at 473 cm
-1

 which corresponded to the vibrational mode of ν2 [214]. 

There was not any significant shift for the band at 473 cm
-1

 according to Table 3.7 
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(Figures 3.23, 3.25). The bands at 601, 568 and 473 cm
-1

 have nearly the same 

intensities in all samples. This is an indicator of the fact that Zn
2+

, Cl
-
 and F

-
 

addition did not affect these (PO4)
3-

 related bands. These three bands at 601, 568 

and 473 cm
-1

 are also the evidence of formation of HA structure with the solution 

precipitation method. 

There was a small band at 433 cm
-1

 in Zn
2+

 containing samples [204]. 

Therefore, this band was assigned to Zn-O symmetrical stretching band. 

Insignificant fluctuations between Zn
2+

 doped samples were seen around this band. 

The wavenumbers were between 432 and 435 cm
-1

 (Table 3.7). 

To conclude that (PO4)
3-

 related bands detected at 1091, 1045, 960, 601, 568 

and 473 cm
-1

 and OH
-
 related bands detected at 632 (librational) and 3571 

(stretching) cm
-1

 are the indicator of the fact that HA synthesis is successful. The 

bands detected at 3495 cm
-1

 in Cl
-
 doped samples showed that Cl

-
 was successfully 

incorporated into the HA structure. Moreover, the bands at 3543 and 711 cm
-1

 were 

detected in F
-
 doped samples. The detection of these bands showed the fact that F

-
 

ion was accepted by the structure of HA. The decrease in the intensities of OH
-
 

related bands and the decrease in the areas under the OH
-
 related bands with the F

-
 

and Cl
-
 ion addition showed that OH

-
 ion replaced with F

-
 and Cl

-
 ions. 

Furthermore, the bands at 3403 and 433 cm
-1

 were detected only in Zn
2+

 doped 

samples. This situation showed that Zn
2+

 was incorporated into the HA structure 

successfully. 

 

3.1.4. SEM Analysis 

Figures 3.28-3.32 represent the SEM pictures of related groups. The 

morphology of the samples were investigated. No significant difference was seen 

between the SEM images. It can be easily observed from the SEM images that grain 

sizes of the samples increased by Zn
2+

 addition and F
-
 addition. Cl

-
 addition 

decreased the grain sizes whereas Zn
2+

 incorporation to Cl
-
 doped samples 

increased the grain sizes. However, for more precise results, grain sizes were 
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calculated in Table 3.8 by using the Lorenzian crystallite size obtained from 

Rietwelt analysis.  

 

 
 

Figure 3.28. SEM results of Group 1; a) pure HA; b) 2 Zn (Scale bar  is 2 µm, 

magnification is 30000X). 

 

 
 

Figure 3.29. SEM results of Group 2; a) 1 F; b) 2.5 F; c) 5 F (Scale bar is 2 µm, 

magnification is 30000X). 
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Figure 3.30. SEM results of Group 3; a) 2 Zn 1 F; b) 2 Zn 2.5 F; c) 2 Zn 5 F (Scale 

bar is 2 µm, magnification is 30000X). 

 
 

Figure 3.31. SEM results of Group 4; a) 1 Cl; b) 2.5 Cl; c) 5 Cl (Scale bar is 2 µm, 

magnification is 30000X). 



 98 

 
 

Figure 3.32. SEM results of Group 5; a) 2 Zn 1 Cl; b) 2 Zn 2.5 Cl; c) 2 Zn 5Cl 

(Scale bar is 2 µm, magnification is 30000X). 

 

According to the results, Zn
2+

 addition decreased the grain size of pure HA 

according to Rietvelt analysis results. In a study, the effect of doping of diavalent 

and trivalent ions into HA was investigated. The pure and doped samples were 

synthesized by precipitation method. The samples were sintered at 1100°C for 1h. It 

was found that HA doped with diavalent ions such as Mg
2+

 and Zn
2+

 had higher 

average grain size than pure HA have. However, trivalent ions such as Y
3+

, In
3+

, 

La
3+

, Bi
3+

 decreased the average grain size of pure HA [165].  In this study, 

undoped HA had the average grain size of 1.12 µm [165]. Moreover,  5% wt. Zn
2+

 

doped HA had the average grain size of 2.27 µm [165]. In another study, Ergun et 

al. synthesized pure HA and 2% by mole Zn
2+

 doped HA by precipitation method. 

The samples were sintered at 1100°C for 1h [137]. According to the study, the 

average grain size of pure HA was found as 0.56 µm, whereas Zn
2+

 doped samples 

had the average grain size of 0.32 µm [137]. Therefore, it was concluded that Zn
2+
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addition decreased the grain size of HA. In the current study, smaller grain sized 

materials were obtained. For pure HA, it was 0.19 µm and for 2 Zn, it was 0.18 µm. 

 

Table 3.8. Average grain size of the samples calculated by Rietvelt Analysis. 

Group 

ID 
Sample ID 

Grain size (nm) by 

Rietvelt Analysis 

Group 1 
Pure 191 

2 Zn 183 

Group 2 

1 F 186 

2.5 F 190 

5 F 182 

Group 3 

2 Zn 1 F 176 

2 Zn 2.5 F 166 

2 Zn 5 F 188 

Group 4 

1 Cl 199 

2.5 Cl 181 

5 Cl 160 

Group 5 

2 Zn 1 Cl 209 

2 Zn 2.5 Cl 187 

2 Zn 5 Cl 203 

  

 

There were also studies which investigated the effect of ZnO on TCP and HA 

[187]. In one of these studies ZnO was added into HA and TCP with different 

amounts with a range from 0% to 3.5% by mole. The samples were sintered at 

1250°C for 3h. It was investigated that, ZnO did not have any significant effect on 

microstructures of HA. The average grain size was found between 5 and 6 μm. 

However, in case of TCP, ZnO addition decreased the grain sizes significantly. 
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Moreover sintering temperature was also an important parameter for grain growth. 

Increase in the sintering temperature (1300°C) increased the grain sizes due to high 

temperature grain growth [187]. Moreover, in a study it was also investigated that, 

addition of ZnO with a percentage of 0.25 by weight decreased the grain size of 

TCP by 12% when the samples were prepared by solid state reactions and sintered 

at 1250°C for 2h [215].  

F
-
 addition also decreased the grain size of pure HA according to results of 

Rietvelt analysis. As the amount of F
-
 increased in the samples, the grain size 

decreased. However, in 2.5 F, an unexpected increase in grain size were observed. 

Co-doping of F
-
 and Zn

2+
 ions resulted in further decrease in grain sizes. As the 

amount of F
-
 increased up to 2.5 mol.%, grain sizes decreased. However, 5 mol.% 

addition of F
-
 increased the grain size of the samples. However, the values are still 

lower than grain size of HA.  

Sun et al. investigated the grain sizes of Mg
2+

 and F
-
 doped HA that was 

synthesized by precipitation method and sintered at 1100°C for 1h [147]. According 

to the results, all doped samples resulted in smaller grain sizes than pure HA have. 

Moreover, Mg
2+

 and F
-
 co-doped samples showed further decreases in grain sizes 

[147]. The obtained grain sizes were ranged from 195 to 278nm  [147]. In another 

study, HA and 50% F
-
 substituted HA was synthesized by precipitation method and 

sintered at 1250°C for 1h and 1100°C for 3h, separately [190]. According to the 

SEM images, grain growth and coalescence with some small pores were seen in HA 

powder [190]. F
-
 substituted sample had a limited porosity when compared with 

pure HA [190]. When sintering temperature was decreased to 1100°C and sintering 

time increased up to 3h, no grain growth and coalescence were seen and more 

porous structures were obtained [190]. In the current study, grain growth can be 

seen clearly. Toker et al. also investigated the effect of F
-
 doping on HA and found 

that F- ion addition decreased the grain sizes of pure HA [188]. 

The grain sizes of Cl
-
 doped samples were in the range of 0.199-0.160µm. 1 

mol.% Cl
-
 addition increased the grain size of pure HA. However, as the Cl

-
 amount 

increased, the grain sizes of the samples decreased. Co-doping of Zn
2+

 and Cl
-
 ions 
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increased the grain size of pure HA. However, a sharp decrease was seen in 2 Zn 

2.5 Cl when compared with Zn
2+

 and Cl
-
 co-doped samples. Decrease in grain sizes 

with Cl
-
 addition was seen in Zn

2+
 and Cl

-
 co-doped sample like in Cl

-
 doped 

samples.The presence of CaO phase also may have a role in high grain sizes of Cl
-
 

doped samples.  

In a study, pure HA, chlorapatite and three different compositions of Cl
-
 

substituted HA were synthesized by precipitation method [193]. The samples 

sintered at 1200°C for 2h. According to the SEM images, pure HA had less porosity 

than Cl
-
 substituted samples. As the Cl

-
 amount in the samples increased, their  

porosity increased. The chlorapatite had the highest porosity among other Cl
-
 added 

samples. The porosity of the ceramics had a significant effect on the mechanical 

properties. It was investigated that significanly porous materials had low 

mechanical performance [193]. 

 

3.2. Mechanical Analysis 

In terms of mechanical analysis, Vickers micro-hardness test was applied to the 

samples. Fracture toughness and Vickers micro-hardness values were calculated. 

 

3.2.1. Vickers Micro-hardness 

Vickers microhardness values are represented in Table 3.9. According to the 

results, Zn
2+

 addition decreases the microhardness of the pure HA, slightly. F
-
 

addition into HA also decreases microhardness of pure HA. However, as F
-
 amount 

increases the microharness of the samples are improved. 2.5 F gives the lowest 

microhardness result. However, its standard deviation is highest. Therefore, it can 

be said that by F
-
 addition microhardness values increase. This is due to the fact that 

F
- 
decreased the porosity of the samples which resulted in more compact and hard 

structure [139]. Moreover, the high affinity between F and H atoms played an 

important role in formation of this compact structure [188]. 
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Table 3.9. Vickers microhardness of the samples sintered at 1100 °C for 1h. 

Group 

Name 
Compound Name Vickers Microhardness (GPa) 

Group 1 
Pure 5.826 ± 0.055 

2 Zn  5.756 ± 0.174 

Group 2 

1 F 5.030 ± 0.338 

2.5 F 4.777 ± 1.393 

5 F 5.073 ± 0.951 

Group 3 

2 Zn 1 F 5.771 ± 0.204 

2 Zn 2.5 F 6.057 ± 0.243 

2 Zn 5 F 6.262 ± 0.170 

Group 4 

1 Cl 5.229 ± 0.486 

2.5 Cl 5.490 ± 0.386 

5 Cl 6.001 ± 0.361 

Group 5 

2 Zn 1 Cl 5.611 ± 0.392 

2 Zn 2.5 Cl 4.934 ± 0.589 

2 Zn 5 Cl 5.148 ± 0.619 

 

In a study HA/yttria-doped alumina composite and HA/yttria-doped zirconia 

composites and the effect of fluorapatite that were added to HA with a percentage 

of 80 were investigated [139]. According to the results, after sintering the 

composites at 1400°C for 3h, the samples including F
-
 had a significant decrease in 

porosity.  It is found that F
-
 addition increased the Vickers microhardness values 

significantly. The reason of this increase was explained as the decrease in porosity 

of fluoridated samples [139]. In another study, HA and 50% F
-
 substituted HA was 

synthesized by precipitation method and sinetered at 1250°C for 1h [190]. 

According to the Vickers microhardness test applied to the samples, F
-
 addition 

resulted in a slight increase in microhardness values at all applied loads [190]. Sun 

et al. investigated Vickers microhardness of Mg
2+

 and F
-
 doped HA that was 

synthesized by precipitation method and sintered at 1100°C for 1h [147]. According 

to the results, Mg
2+

 doping decreased the microhardness values. As the amount of 
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Mg
2+

 doping increased, the microhardness decreased. However, F
-
 addition 

improved the microhardness values. It was observed that as the amount of F
-
 

increased, the microhardness values also increased [147]. Toker et al. found that F
-
 

addition increased the microhardness of pure HA up to a limit.  

2 mol.% Zn
2+

 incorporation to the F
-
 doped samples is also investigated. It is 

observed that Zn
2+

 addition improves the microhardness of F
-
 doped samples. 2 Zn 

2.5 F and 2 Zn 5 F samples give higher values than pure HA and 2 Zn (Figure 3.33). 

In another study ZnO was added into HA and TCP with different amounts with a 

range from 0% to 3.5% by mole. The samples were sintered at 1250°C for 3h. 

When Vickers microhardness values were investigated, it was found that, as ZnO 

amount increased in HA, the microhardness of the samples increased. However, 

3.5% by mole addition of ZnO decreased the microhardness to a value higher than 

pure HA have. The highest microhardness value was 4.8 GPa and obtained for 2.5% 

by mole ZnO added HA. The reason of the increase in the microhardness was 

explained as the effect of combination of better densification and reduced grain size 

[187]. 

Gunduz et al. obtained a material by mixing of small amounts of ZnO with 

bovine HA powder. They sintered the samples at various temperatures from 1000°C 

to 1300°C [216]. Vickers microhardness test was applied to the samples. According 

to the results, as the sintering temperature increased, Vickers microhardness values 

increased. The samples sintered at 1300°C had 5 times higher microhardness values 

than the samples sintered at 1000°C. The effect of ZnO was investigated and found 

that ZnO increased the microhardness of the samples [216]. However, the amount 

of ZnO was also important. The addition of ZnO with the amounts of 2.5% and 

10% by weight did not give satisfactory results as 5% by wt. ZnO added samples 

gave [216].  In another study, HA doped with MgO and ZnO was synthesized by 

sol-gel technique [155]. For mechanical analysis, the samples were sintered at 

1300°C for 6h. Vickers hardness test results showed that ZnO addition with a 

percentage of 1 by weight  increased the Vickers hardness of the samples when 

compared with pure HA [155]. However, MgO doped samples gave the highest 
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microhardness values [155]. The improvement was calculated as 6% for ZnO 

addition and 20% for MgO addition [155]. 

 

 

Figure 3.33. Vickers microhardness of pure HA, 2 Zn, 1 F, 2.5 F, 5 F, 2 Zn 1 F, 2 

Zn 2.5 F, 2 Zn 5 F. 

 

Cl
-
 addition decreased the microhardness values. However, as the Cl

-
 amount 

increased, microhardness values increased. The highest microhardness value was 

obtained for 5 Cl among Cl
-
 doped samples. 2 mol.% Zn

2+
 incorporation to the Cl

-
 

doped samples results in further decrease in microhardness values. 2 Zn 2.5 Cl has 

the lowest microhardness value. Zn
2+

 incorporation supresses the increase in 

microhardness. All samples that include Zn
2+

 and Cl
-
 have lower microhardness 

values than pure HA and 2 Zn (Figure 3.34). This was due to the decrease of Ca/P 

ratio in Zn doped samples [193]. Ca
2+

 ions increased the hardness of the samples. 

The increase in microhardness of 5 Cl stemmed from the additional CaO phase in 

the structure. 
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Figure 3.34. Vickers microhardness of pure HA, 2 Zn, 1 Cl, 2.5 Cl, 5 Cl, 2 Zn 1 Cl, 

2 Zn 2.5 Cl, 2 Zn 5 Cl. 

 

In a study, pure HA, chlorapatite and three different compositions of Cl
-
 

substituted HA were synthesized by precipitation method [193]. The samples were 

sintered at 1200°C for 2h. Vickers microhardness of the samples showed that, HA 

and 2.5 mol.% Cl
-
 substituted HA gave the highest results. Other Cl

-
 substituted 

samples had lower results due to the decrease in Ca/P ratio in these samples. 

Calcium deficiency resulted in decrease in mechanical properties. However, 

although chlorapatite had the Ca/P ratio of 1.67, it gave lower values than Cl
-
 

substituted sample which had the Ca/P ratio of 1.62 in terms of microhardness. 

Unlike very similar element F
-
 which substitution increased the stability of HA, Cl

-
 

substitution decreased the stability. However, 2.5 mol.% Cl
-
 addition did not have a 

significant effect on microhardness results [193].  

 

3.2.2. Fracture Toughness 

Fracture toughness of the samples is also calculated as seen in Table 3.10.  
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Table 3.10. Fracture toughness of the samples sintered at 1100 °C for 1h. 

Group Name Compound Name 
Fracture Toughness 

(MPa·m
1/2

) 

Group 1 
Pure 1.121 ± 0.165 

2 Zn  1.054 ± 0.098 

Group 2 

1 F 1.247 ± 0.282 

2.5 F 1.082 ± 0.129 

5 F 1.110 ± 0.364 

Group 3 

2 Zn 1 F 1.147 ± 0.050 

2 Zn 2.5 F 0.998 ± 0.007 

2 Zn 5 F 1.233 ± 0.159 

Group 4 

1 Cl 1.114 ± 0.183 

2.5 Cl 1.095 ± 0.023 

5 Cl 1.090 ± 0.197 

Group 5 

2 Zn 1 Cl 1.099 ± 0.146 

2 Zn 2.5 Cl 1.227 ± 0.265 

2 Zn 5 Cl 1.077± 0.114 

 

According to results Zn
2+

 addition decreased the fracture toughness of pure 

HA. Doping of F
-
 increased the fracture toughness. However, as F

- 
amount increases 

the samples became more brittle and fracture toughness values decreased up to 2.5 

mol.% F
-
 doping. The samples with doped of 2.5 mol.% F

-
 showed the lowest value 

which was an indicator of brittleness of the material. However, as the amount of F
-
 

increased further, the fracture toughness of the samples also increased.  

In a study HA/yttria-doped alumina composite and HA/yttria-doped zirconia 

composites and the effect of fluorapatite that were added to HA with a percentage 

of 80 were investigated [139]. According to the results, after sintering the 

composites at 1400°C for 3h, the samples including F
-
 had a significant decrease in 

porosity.  Fracture toughness of the samples were also measured and calculated. It 

was found that, F
-
 addition caused increase in the fracture toughness. The reason of 

this increase was explained as the decrease in porosity of fluoridated samples [139]. 
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In another study HA and 50% F
-
 substituted HA was synthesized by 

precipitation method and sinetered at 1250°C for 1h [190]. Fracture toughness data 

showed that, F
-
 substitution increased the fracture toughness of the samples 

significantly, hence decreased the brittleness index [190]. 

 

 

 

Figure 3.35. Fracture toughness and relative density relation of pure HA, 2 Zn, 1 F, 

2.5 F, 5 F, 2 Zn 1 F, 2 Zn 2.5 F, 2 Zn 5 F 

 

Zn
2+

 addition to the F
-
 doped samples increases the fracture toughness. 

Therefore, by Zn
2+

 and F
-
 addition the material becomes resistant to fractures when 

compared to pure HA and 2 Zn although Zn
2+

 decreased the fracture toughness of 

pure HA alone. Like in F
-
 doped samples, 2 Zn 1 F had the highest fracture 

toughness value among Zn
2+

 and F
-
 doped samples. Significant decrease was seen 

for 2 Zn 2.5 F. As the amount of F
-
 increased, fracture toughness also increased.  

Cl
-
 effect is also investigated. It is observed that Cl

-
 addition makes the material 

more brittle. When the Cl
-
 amount increases, fracture toughness decreases which 

means increase in brittleness.  Zn
2+

 addition decreased the fracture toughness values 
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with a little amount. However, increasing the Cl
-
 amount to 2.5 mol.% results in a 

significant increase in fracture toughness. 

 

 

 

Figure 3.36. Fracture toughness and relative density relation of pure HA, 2 Zn, 1 

Cl, 2.5 Cl, 5 Cl, 2 Zn 1 Cl, 2 Zn 2.5 Cl, 2 Zn 5 Cl. 

 

The relative density and fracture toughness are also related properties. In 

Figures 3.35 and 3.36, the relation between fracture toughness and relative density 

can be investigated. In Figure 3.35, the fracture toughness shows an increasing 

trend as relative density increases. However, 1 F has the highest fracture toughness 

although it has the lowest relative density. 

Figure 3.36 also shows the increasing trend between relative density and  

fracture toughness. 

The  calculated fracture toughness values were between 0.998 and 1.247. The 

highest value correspond to 1 F whereas the lowest one corresponds to 2 Zn 2.5 F. 
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3.3. Biological Characterizations 

3.3.1. Alamar Blue™ Assay 

Alamar Blue™ is the indicator of cell proliferation. It has a dark blue non-

fluorescent color and when reduced with cell metabolites it gains a fluorescent red 

color.  

 

 

 

Figure 3.37. Cell proliferation on HA and doped HA discs determined by Alamar 

Blue™ Assay. (* and + denote p<0.1, # denotes p<0.05 for independent student t 

test by using SPSS-15.0 Software, USA). 

 

Alamar Blue™ reagent does not interfere with any of metabolic reactions 

which makes this reagent non-cytotoxic. In Figure 3.37, results for cell proliferation 

on discs with different compositions  are presented. 

On all Zn
2+

 doped samples, higher cell proliferation than that of pure HA was 

observed at day 3 which was in agreement with the work of Ramaswamy et al. 

[217]. The group reported that Zn
2+

 addition increased the cell proliferation when 

compared with Ca-Si based ceramics without Zn
2+

. At day 7, the viability of cells 
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on pure HA, 2 Zn and 2 Zn 1 F group discs remained the same as on day 3. At day 

7, a decrease in the cell viability was observed. This could be due to reaching 

confluency on these discs and changing state from proliferation to differentiation 

state as reported by other studies [218, 219]. Further increase in F
-
 content 

decreased the metabolic activity of the cells on these discs and an evident time 

dependent decrease in the viability of cells was observed for these groups. In 

literature, there are several reports stating that Zn
2+

 ion addition increased the 

proliferation of the cells. However, in the study of Ito et al., it was stated that when 

zinc content of HA/TCP composites was between 0.6 and 1.2 wt.% an increase in 

the proliferation of MC3T3-E1 was observed. Otherwise, for zinc content higher 

that 1.2 wt.%, zinc release from the materials resulted in cytotoxic effects. The 

group observed the highest cell proliferation in the samples with 1.2 wt.% Zn
2+

 

[133]. The Zn
2+

 amount used in the samples was also in this range in the current 

study. When the viability of the cells on doped discs was compared with that of 

pure HA at different time periods, no significant differences were observed showing 

that dopants did not cause any cytotoxic effect. It can be suggested that all groups 

were biocompatible. The time dependent decrease in the viability of the cells could 

be explained by the either probable cell death or decrease in cell viability due to 

reaching high cell density on discs or cells being captured in mineralized matrix that 

they produced.  

In the current study, it was observed that F
-
 addition to HA also resulted with 

an increase in the proliferation of cells (Figure 3.37). F
-
 effect on cell proliferation 

and attachment were reported in several studies 220-223]. The investigations 

showed that doping of HA with F
-
 can improve the biological properties (i.e. cell 

attachment, proliferation, functionality) of HA if the level of doping was done at 

optimum levels. This optimum amount for F
-
 addition to HA was reported as 0.4 

mol F
-
/ 1 mol HA in literature [222, 223]. It was also shown that OH

-
 ions had 

binding sites for cell attachment and F
-
 ions in culture medium stimulated cell 

attachment [224]. The highest proliferation among F
-
 doped discs was obtained for 

2 Zn 1 F at day 3 in the current study. However, a time dependent increase in the 
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proliferation of cells on discs was not observed on all discs. In a study by Wang et 

al., the proliferation of MG63 cells was investigated on fluoridated HA. The group 

observed that the cells proliferated up to day 5. However, at day 7, the rate of 

proliferation started to decrease. Among fluoridated samples, 50 mol.% and 67 

mol.% F
-
 added samples highest cell proliferation was observed. However, the 

samples without F
-
, 33 mol.% F

-
 added HA and fluorapatite gave similar results in 

terms of cell proliferation [221]. Another study, however, reported that F
-
 ion 

addition did not affect the cell proliferation and attachment significantly, but 

affected the gene expession specifically, ALP activity and osteocalcin related genes 

[220]. 

 

3.3.2. Alkaline Phosphatase Activity Assay 

In Figure 3.38, alkaline phosphatase (ALP) activities of the cells seeded on 

pure HA and doped HA discs are presented. It was observed that at day 7 ALP 

activities of cells were higher than those on day 15 for all groups except 2 Zn 2.5 F 

group. This might indicate that the cells on these discs switched to the next 

differentiation state in agreement with the findings of  Kim et al.  and  Wang et al.  

with the down regulation of the ALP gene [220, 221].   

It was also observed that 2 mol% Zn
2+

 addition alone increased the ALP 

activity significantly both at days 7 and which was also in agreement with literature 

[217, 225]. Ramaswamy et al.  observed a time dependent increase in ALP activity 

of osteoblasts seeded on Ca-Si based materials [217]. In another study, Zn
2+

 effect 

on β-TCP/HA composities in terms of ALP activity of bone marrow cells was 

investigated for two weeks [225]. According to their results, 0-1.26 wt.% of Zn
2+

 

addition increased the ALP activiy of the bone marrow cells. It was reported that 

1.26 wt.% of Zn
2+

 added samples showed 3 or 4 fold higher ALP activity results 

when compared with samples without Zn
2+

 [225]. Roughly a 1.5 and 2-fold 

increases were observed for only 2 Zn and 2 Zn 1 F groups, respectively in the 

current study (Figure 3.38). Higher ALP activity observed for these groups were 

also in agreement with the viability results (Figure 3.37). Webster et. al. synthesized 
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Zn
2+

 doped HA by precipitation method and sintered the samples at 1100°C for 1 h. 

They observed that human osteoblast cells had higher ALP activity on Zn
2+

 doped 

samples than pure HA at days 7 and 21. They also concluded that the increase in 

ALP activity was dependent on the grain size of the samples. Smaller grain size 

resulted in better attachment of the cells hence higher ALP activity [137, 163, 165, 

188].  

 

 

 

Figure 3.38. ALP Activity results at day 7 and 15. (*, + and ¤ denote p<0.1, # and § 

denote p<0.05 for independent student t test by using SPSS-15.0 Software, USA). 

 

In the study of Webster et al., the grain sizes of the samples undoped HA, 2 

mol% Zn
2+

 doped HA and 7 mol% Y
3+

 doped HA were found as 0.56 µm, 0.32 µm  

and 0.27 µm, respectively [137]. The cell density and the calcium adsorption on 

these samples increased as the grain sizes decreased [165]. In the current study, the 

highest grain size corresponded to the pure HA with the value 0.191 µm and all 

Zn
2+

 doped samples had lower grain sizes (i.e., 0.183 µm  for 2 Zn, 0.176 for 2 Zn 1 

F, 0.166 for 2 Zn 2.5 F and 0.188 for 2 Zn 5 F) than that of pure HA. Moreover, 

ALP acitivity of the Zn
2+

 doped samples had higher results than pure HA except 2 
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Zn 2.5 F. 2 Zn 2.5 F had the lowest grain size and ALP activity among the samples. 

It was also reported that grain sizes smaller than a certain given limit may affect the 

ALP activity negatively [218]. In the current study this limit was 0.176 µm. 

The highest ALP activity was observed for 2 Zn 1 F group in this study. 

However, further increase in F
- 
content in the samples decreased the ALP activity 

when compared with the groups at the same time period. Toker et al. found that F
-
 

addition to HA higher than 2.5 mol.% resulted in decrease in ALP activity at day 7 

[188]. However, an increase was seen at day 14. The increase at day 14 was lower 

than the increase in 1 mol.% F
-
 added sample [188]. The current study was in 

agreement with the study of Toker et al. The samples with 5 mol.% F
-
 content 

showed a decrease in ALP activity of the cells both at day 7 and day 15. 

 

3.3.3. SEM Examinations for Cell Morphologies 

Figures 3.39 and 3.40 represent the morphologies of cells on discs after 1 and 

15 days of incubations. SEM images showed that cells seeded on 2 Zn and 2 Zn 1 F 

samples spreaded on discs extensively at day 1, which is an indicator of good cell 

attachment. On pure HA and 2 Zn 2.5 F discs, cells were about 10 µm and cuboidal 

whereas on 2 Zn 5 F, cells were about 20 µm and had dendritic shapes. However, 

on 2 Zn and 2 Zn 1 F discs, it was observed that the cell diameters reached to about 

50 µm and they also had dendritic shapes.  
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Figure 3.39. SEM images of a) pure HA; b) 2 Zn; c) 2 Zn 1 F; d) 2 Zn 2.5 F; e) 2 

Zn 5 F after 24h. 
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Figure 3.40. SEM images of a) pure HA; b) 2 Zn; c) 2 Zn 1 F; d) 2 Zn 2.5 F; e) 2 

Zn 5 F after 15 days. 
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The effect of Zn
2+

 addition on cell morphologies of different cell types were 

studied by different groups [185, 226]. In the study by Xue et al., it was observed 

that OPC1 cells on TCP samples without Zn
2+

 had few filopodium. Few filapodium 

was the indicator of poor cell attachment. By Zn
2+

 addition, OPC1 cells gained 

three dimensional and cuboidal morphology. Moreover, filopodium started to 

increase by Zn
2+

 addition [185]. In Figure 3.39, Saos-2 cells seeded on pure HA 

discs had few filapodium. Moreover, cells seeded on the sample 2 Zn 2.5 F had few 

filapodium which means poor cell attachment but at the same time gained cuboidal 

shape. The cell morphologies observed for other Zn
2+

 included samples supported 

the study of Xue et al. [185]. Similarly, in a study by Miao et al., SEM observations 

showed that human osteoblast-like MG63 cells had dendritic shapes and a diameter 

of 50 µm on Zn
2+

 doped samples. The group observed spherical cell bodies on the 

samples without Zn
2+

 with SEM [226].  

In the current study, cell morphology was strongly affected by Zn
2+

 addition. 

However, F
-
 addition had no significant effect on cell morphologies as mentioned in 

the study of Wang et al. [221]. In this study, the effect of F
-
 addition on the 

morphology of osteoblast-like MG63 cells was investigated. No change in cell 

morphology was detected between fluoridated samples. It was reported that cells 

spreaded onto surface of fluoridated samples with their filopodium and 

lamellipodium which was the indicator of good cell viability. 

In Figure 3.40, some apatite-like clusters are seen on the samples. However, no 

cells were found at the end of 15 days. It is thought that cells died or detached from 

the discs during sample preparation for SEM analysis. In accordance with the ALP 

results, few apatite-like depositions were observed on 2 Zn 5 F discs. On the other 

hand, although ALP activity of the cells on 2 Zn 1 F and 2 Zn 2.5 F discs had higher 

values than that of pure HA and 2 Zn, very few depositions were seen on 2 Zn 1 F. 

Moreover, 2 Zn had more apatite-like formations than 2 Zn 2.5 F.  
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3.3.4. Dissolution Test 

3.3.4.1. pH Measurement Results 

Stimulated body fluid (SBF) is a solution that has the same ionic concentrations 

with human extracellular fluid [227] and it is a metastable solution which has Ca
2+

 

and PO4
3-

 ions are supersaturated with respect to apatite [228].  

Table 3.11 represents the ion concentrations of blood plasma and SBF. The pH 

of SBF should be adjusted to 7.25 at 36.5 °C. However, if the material tested had 

low apatite forming ability, the pH should be 7.40 [227]. In the current study, the 

pH of the SBF was chosen 7.25 due to the high apatite forming ability of HA. The 

samples were kept at 36.5°C both in the water bath and incubator. 

Dissolution and reprecipitation are two reactions in equilibrium. Figures 3.41 

and 3.42 show ΔpH values of Zn
2+

 and F
-
 doped samples incubated in SBF in a 

shaking waterbath and in incubator, respectively. It was observed that the pH of the 

solutions increased with time. In Figure 3.41, a significant increase was seen 

between days 3 and 7. However, the pH changed slightly between days 7 and 15. 

This was due to the fact that the solution reached the equilibrium of dissolution and 

reprecipitation of the ions. The increase in pH is an indicator of high dissolution 

[229-232]. Increase in pH observed between days 3 and 7 could be the result of high 

dissolution. However, between days 7 and 15, the pH change was decreased 

significantly which may be interpreted as the saturation of dissolved ions. In 

literature, it was reported that reprecipitation stage began after the saturation of 

dissolved ions which was followed by decrease in of Ca
2+

 and PO4
3- 

ions 

concentration and a final stage of apatite formation. For TCP, the ion concentrations 

of Ca
2+

 and (PO4)
3-

 in SBF started to decrease at day 5. Then, the significant pH 

increase was observed later at day 15 [233]. However, HA was more stable than 

TCP. In Figure 3.42, no significant increase in pH was observed between days 3 

and 7. However, there was a significant increase at day 15. This was due to lack of 

mechanical stimulator. In water bath, SBF and material interaction increased by 

mechanical disturbance. However, in samples kept in incubator did not have any 

stimulator for maximizing the interaction of SBF and the material.  
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Table 3.11. Ion concentrations of blood plasma and SBF [234]. 

Ion  
Concentration (mol/m

3
) 

Blood plasma SBF 

Na
+
  142.0 142.0 

K
+
  5.0 5.0 

Mg
2+

  1.5 1.5 

Ca
2+

  2.5 2.5 

Cl
-
 103.0 147.8 

HCO3
-
 7.0 4.2 

HPO4
2-

 1.0 1.0 

SO4
2-

 0.5 0.5 

 

The effect of Zn
2+

 and F
-
 ions on the rate of dissolution were also investigated.. 

In Figure 3.41, a decrease in pH of all samples doped with  Zn
2+ 

and F
-
 was seen 

when compared to pure HA at day 3. The pH change observed for 2 Zn 1 F was the 

most significant in comparison to pure HA at days 3 and 7. In literature, Zn
2+

 

addition into carbonated HA, Ca-Si based ceramics, TCP and sol-gel prepared 

bioactive glasses were investigated in terms of dissolution studies in different 

solutions such as cell culture medium, acid, tris-HCl buffer and SBF [185, 217, 235, 

236].  

In most of the studies, Zn
2+

 addition decreased the dissolution rate of the 

samples and made the material more chemically stable. The decrease in ∆pH in the 

current study was interpreted as decrease in the dissolution rate. It was reported that 

the rate of dissolution increased with increasing crystal disorder and decreasing 

crystal size. Zn
2+

 ion was known to reduce the crystalline disorder [237]. Moreover, 

it increased the crystal size [238]. In this study, Zn
2+

 addition decreased the fraction 

of crystalline phases (Table 3.2) (i.e. 0.75 for pure HA and 0.68 for 2 Zn) and 
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increased the crystal size (Table 3.3) (i.e., 1588.5 Å
3
 for pure HA and 1589.2 Å

3
  

for 2 Zn). 

 

 

Figure 3.41.  The ∆pH of the samples in waterbath. 

 

The decreases in ΔpH resulted in decrease in the dissolution rate meaning that 

Zn
2+

 addition made HA more chemically stable although it had lower fraction of 

crystalline phases which may be interpreted as low crystallinity. At days 7 and 15, 

except 2 Zn 1 F samples, pH changes observed for all doped samples were 

indifferent than that of pure HA. According to a study of Webster et al., Zn
2+

 

increased the dissolution of HA. The mass of Zn
2+

 doped HA decreased whereas the 

mass of HA increased during 21 days. The increase stemmed from the precipitation 

of apatite on the surface of HA [165]. However, the results in the current study did 

not support the study of Webster et al. For both pure and doped HA samples, there 

was a time dependent increase in ∆pH (Figures 3.41 and 3.42) indicating a time 

dependent dissolution of the samples to differing degrees. After  day 7, the 

dissolution rates started to decrease as a property of the material.  
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Figure 3.42. The ∆pH of the samples in incubator. 

 

 The further decrease in pH change in 2 Zn 1 F sample may stem from the F
-
 

effect in the structure. F
-
 addition increased the fraction of crystallites and made the 

material more stable [220, 239, 240]. As it was mentioned before, the disorder in 

the crystal structure increases the solubility significantly. Therefore, F
-
 ion 

increased the crystallinity and the stability of the structure. It can be explained by 

the fact that F
-
 ion has more stronger hydrogen bond with H atom in OH

-
 ion than 

O
2-

 and H
+
 ions have. H atoms make bond with O

2-
 in different directions along c-

axis. It was reported that the stability increased the most when 50 mol.% F
-
 was 

doped into HA. The doping percentage higher than 50 mol% resulted in increase in 

the solubility. Up to that ratio, as F
-
 amount increased the solubility decreased 

[221].   

In Figure 3.42, no significant change in pH was observed among the samples at 

days 3, 7 and 15. This was due to lack of the mechanical stimulator. The SBF could 

not interact these materials efficiently. Therefore, the slight change in pH that was 

seen in the samples in the water bath  (Figure 3.41) was not seen in the samples 

when they were incubated.  
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3.3.4.2. SEM Observations for Ca
2+

 Deposition 

Figures 3.43-3.52 represent the SEM observations of pure and doped HA discs 

after 7 and 15 days and  in SBF. 

 

 

 

Figure 3.43. SEM images of a) pure HA in incubator, 5000X; b) pure HA in 

incubator, 20000X; c) pure HA in water bath, 5000X;  d) pure HA in water bath, 

20000X after 7 days in SBF. Circle shows dissolved area on the apatite surface. 

Arrow head shows the apatite cluster formed on the surface. 

 

In Figures 3.43 and 3.44, the samples in the incubator have similar surface 

morphologies at days 7 and 15. However, at day 15, the surface was more rough 

and some apatite particles were seen. The samples in the water bath have more 
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apatite crsytals when compared with the samples in incubator. Among the samples 

in water bath, the samples at day 15 have more dissolution pits on the surface which 

might be due to the dissolution of the samples. The increase in roughness of the 

surface observed in SEM images are in agreement with the findings in Figures 3.46 

and 3.47 in which the pH change increased with a probable higher dissolution rate. 

 

 

 

Figure 3.44 SEM images of a) pure HA placed in incubator, 5000X; b) pure HA in 

incubator, 20000X; c) pure HA in water bath, 5000X; d) pure HA in water bath, 

20000X after 15 days in SBF. Circle shows dissolved area on the apatite surface. 

Arrow heads show the holes that are formed by dissolution. 
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Figure 3.45. SEM images of a) 2 Zn in incubator, 5000X; b) 2 Zn in incubator, 

20000X; c) 2 Zn in water bath, 5000X;  d) 2 Zn in water bath, 20000X after 7 days 

in SBF. Arrow head shows the apatite crystals formed on the surface. 

 

No significant difference between the samples with the same composition in 

the incubator and in the water bath was detected (Figures 3.45 and 3.46). The 

dissolution effect was noticed at the day 15. The samples in the incubator had more 

dissolution pits than those incubated in the water bath at day 15. However, more 

apatitic formations were observed on the surface of the samples in the water bath. 
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Figure 3.46. SEM images of a) 2 Zn in incubator, 5000X; b) 2 Zn in incubator, 

20000X; c) 2 Zn in water bath, 5000X;  d) 2 Zn in water bath, 20000X after 15 days 

in SBF. Arrow heads show the holes that were formed by dissolution of the 

material. 
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Figure 3.47. SEM images of a) 2 Zn 1 F in incubator, 5000X; b) 2 Zn 1 F in 

incubator, 20000X; c) 2 Zn 1 F in water bath, 5000X;  d) 2 Zn 1 F in water bath, 

20000X after 7 days in SBF. The rectangle represents the dissolved area on the 

surface. The circle shows the holes formed by dissolution. 

 

2 Zn 1 F sample gave the lowest decreases in terms of pH changes among the 

other samples. This means that 2 Zn 1 F sample was the most stable one. Therefore, 

least dissolution  in 2 Zn 1 F samples was expected. The images in the Figures 3.47 

and 3.48 are consistent with these results. When the images of pure and 2 Zn were 

compared with the images of 2 Zn 1 F, it was observed that 2 Zn 1 F had fewer 

holes on its surface. The water bath effect on the samples appeared with more 
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apatitic formations on the surface. Moreover, no change was seen between the 

images of the day 7 and day 15 for the discs with the same composition. 

 

 

 

Figure 3.48. SEM images of a) 2 Zn 1 F in incubator, 5000X; b) 2 Zn 1 F at in 

incubator, 20000X; c) 2 Zn 1 F in water bath, 5000X; d) 2 Zn 1 F in water bath, 

20000X after 15 days in SBF. Arrow head shows the hole formed by dissloution. 
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Figure 3.49. SEM images of a) 2 Zn 2.5 F in incubator, 5000X; b) 2 Zn 2.5 F in 

incubator, 20000X; c) 2 Zn 2.5 F in water bath, 5000X;  d) 2 Zn 2.5 F in water bath 

, 20000X after 7 days in SBF. Arrow head shows the hole formed by dissolution. 

Circle shows dissolved area on the surface. 

 

In Figures 3.46 and 3.47, the change in pH  for 2 Zn 2.5 F was higher than that 

observed for 2 Zn 1 F. Therefore, a high dissolution rate was expected for 2 Zn 2.5 

F. In Figures 3.49 and 3.50, the dissolution was clearly seen with dissolution pits. 

The surface of the sample 2 Zn 2.5 F was very rough and with more holes when 

compared with pure, 2 Zn and 2 Zn 1 F at day 15. The water bath had no significant 

effect on 2 Zn 2.5 F sample. However, at day 7, more apatitic formations were 

observed for the samples incubated in the water bath. For 2 Zn 2.5 F, there was a 
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significant difference between the surface morphologies of the samples at days 7 

and 15. Consistent with the pH change results, more rough surface was seen at day 

15 when compared to day 7. 

 

 

 

Figure 3.50. SEM images of a) 2 Zn 2.5 F in incubator, 5000X; b) 2 Zn 2.5 F in 

incubator, 20000X; c) 2 Zn 2.5 F in water bath, 5000X;  d) 2 Zn 2.5 F in water bath, 

20000X after 15 days in SBF. Arrow heads show the dissolution pits on the surface 

of the material. 
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Figure 3.51. SEM images of a) 2 Zn 5 F in incubator, 5000X; b) 2 Zn 5 F in 

incubator, 20000X; c) 2 Zn 5 F in water bath, 5000X;  d) 2 Zn 5 F in water bath, at 

20000X after 7 days in SBF. 

 

No significant change was observed between the samples in the water bath and 

in the incubator at day 7 (Figure 3.51). 2 Zn 5 F had less rough surface than that of 

2 Zn 2.5 F at day 15 supporting the pH change results. According to Figure 3.46, 

pH change decreased when F
-
 mole% in doped samples was increased to 5 mol.% 

(2 Zn 5 F). However, in the Figure 3.47, a slight increase in the pH change of 2 Zn 

5 F was seen for those incubated in the incubator. When the samples in the 

incubator and in the water bath were compared, more dissolution pits were seen on 

the surface of the samples in the water bath. Moreover, some apatitic formations 
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were observed on the samples in the incubator at day 15 when compared with the 

samples in the incubator at day 7. 

 

 

 

Figure 3.52. SEM images of a) 2 Zn 5 F in incubator, 5000X; b) 2 Zn 5 F in 

incubator, 20000X (Arrow heads show the apatite clusters); c) 2 Zn 5 F in water 

bath, 5000X;  d) 2 Zn 5 F in water bath, 20000X (Arrow heads show the dissolution 

pits) after 15 days in SBF.  
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CHAPTER 4 

 

 

CONCLUSION 

 

 

 

In this study HA and HA doped with Zn
2+

, Cl
-
 and F

-
 ions synthesized by 

precipitation method. The doping of Zn
2+

 was kept at 2 mol.%, whereas doping of 

Cl
-
 and F

-
 ions changed with the percentages of 1 mol.%, 2.5 mol.% and 5 mol.%. 

The synthesized samples sintered at 1100°C for 1h. Microstructural, mechanical and 

biological properties of the sintered samples were investigated. 

According to the density measurements, addition of Zn
2+

 ion increased the 

density of pure HA, whereas F
-
 addition decreased the density of pure HA. 

However, as the F
-
 amount increased, the density of the samples increased. Co-

doping of Zn
2+

 and F
-
 ions highly improves the density of pure HA. For Zn

2+
 and F

-
 

co-doped samples, as the F
-
 amount increased, the density of the samples increased 

and the highest density was obtained for 2 Zn 5 F. Cl
-
 doped samples had higher 

density values than that of pure HA due to the additional Ca
2+

 ions from precursor 

CaCl2·2H2O. However, fluctuations were seen with changes in the amount of 

doping. Co-doping of Zn
2+

 and F
-
 ions resulted in further increase in density. 

XRD results shows that HA and trace amount of CaO phase detected in all 

samples except Zn
2+

 and F
-
 co-doped samples and 5 F sample. The intensity of CaO 

phase increased when Ca
2+

 ion that was introduced to the system increased. The 

fraction of crystalline phase in the samples were calculated. Zn
2+

 ion addition 

decreased the fraction of crystalline phase due to the decrease in Ca/P ratio whereas 

F
-
 and Cl

-
 addition increased it. As the amount of F

-
 or Cl

-
 increased in the samples, 

the fraction of crystalline phase decreased. However, fluctuations were seen in Zn
2+

 

and F
-
 co-doped and Zn

2+
 and Cl

-
 co-doped samples. Lattice parameters and 

hexagonal unit cell volumes of the samples were calculated. In all samples except 
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2.5 Cl, lattice parameter “a” decreased. Lattice parameter “c” decreased in samples 

co-doped with Zn
2+

 and F
-
 and all Cl

-
 doped samples except 2 Zn 2.5 Cl. These 

changes in lattice parameters reflected as increase in hexagonal unit cell volume of 

Zn
2+

 doped HA and F
-
 doped HA and decrease in hexagonal unit cell volume of 

Zn
2+

 and F
-
 co-doped samples. Among Cl

-
 doped samples, only 2.5 Cl and 2 Zn 2.5 

Cl increased the hexagonal unit cell volume of pure HA.  

In FTIR studies, PO4
3-

 (ν1, ν2, ν3, ν4 vibrational modes) and OH
-
 (librational and 

stretching) bands related to HA were observed. It was the indicator of the fact that 

HA was snthesized by precipitation method successfully. The bands corresponding 

to the residual compounds were not observed. The bands observed in F
-
 doped 

samples at 711 and 3543 cm
-1

 showed that F
-
 ion was incorporated into the HA 

structure, successfully. In Cl
-
 doped samples, the band detected at 3495 cm

-1
 was 

the indicator of successful Cl
-
 incorporation to the HA structure. Changes in the 

intensity of the bands and the area under the bands with the amount of doping were 

observed. The decrease in intiensities and the area under both OH
-
 librational and 

stretching bands with the amount of Cl
-
 and F

-
 ions showed that Cl

-
 and F

-
 ions 

replaced with OH
-
 ion successfully. Zn

2+
 specific bands were observed at 3403 cm

-1
 

and 433 cm
-1

 which was the indicator of successful incorporation of Zn
2+

 ion to the 

HA structure.  

SEM images showed no significant differences in surface morphologies of the 

samples. According to grain size calculations, Zn
2+

 or F
-
 ions addition decreased the 

average grain size of the samples. Moreover,  further decrease in grain sizes were 

seen in Zn
2+

 and F
-
 co-doped samples. Cl

-
 addition increased the grain sizes of pure 

HA. However, as the Cl
-
 amount increased, grain sizes decreased. The group 

consisting of Zn
2+

 and Cl
-
 co-doped samples had the highest grain size values and 

fluctuations in grain sizes were observed.  

Mechanical characterization was done by Vickers microhardness test and 

fracture toughness of the samples also calculated. Zn
2+

 ion addition decreased the 

microhardness of the samples like F
-
 ion addition. However, when these two ions 

co-doped into HA structure, hardness increased significantly. Moreover, hardness 
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increased with F
-
 amount in the samples. Cl

-
 addition decreased the microhardness 

of pure HA. However, as the Cl
-
 amount increased, the microhardness of the 

samples increased. 5 Cl samples had higher Vickers microharness than pure HA. 

Zn
2+

 and Cl
-
 co-doping resulted in fluctuations and the microhardness values 

obtained were smaller than pure HA.  

Zn
2+

 addition decreased the fracture toughness of the sample. F
-
 and Cl

-
 

addition seperately resulted in more brittle materials except 1 F. The fracture 

toughness decreased with the amount of Cl
-
 in the samples. Co-doping of Zn

2+
 and 

F
-
 resulted in higher fracture toughness values whereas co-doping of Zn

2+
 and Cl

-
 

did not.  

Zn
2+

 and F
-
 co-doped samples gave the highest density values. According to 

XRD patterns, the most stable compositions corresponded to the Zn
2+

 and F
-
 co-

doped samples due to the fact that no CaO phase was detected. The unit cell 

volumes of Zn
2+

 and F
-
 co-doped samples decreased gradually as expected whereas 

other samples showed fluctuated trends. Gradual decrease in unit cell volumes was 

also the indicator of the stability of these compositions. Zn
2+

 and F
-
 co-doped 

samples gave smaller grain sizes than pure HA. Co-doping of Zn
2+

 and F
-
 ions 

increased the Vickers microhardness values significantly and also they gave 

relatively higher fracture toughness values. Therefore, Zn
2+

 and F
-
 co-doped 

samples could be a good candidate for some biomedical applications such as metal 

implant coating. Cell culture studies were applied to Zn
2+

 and F
-
 doped samples due 

to its better structural and mechanical properties. 

Alamar™ Blue assay was done to determine the behaviour of cells when they 

were in contact with the materials. Cell proliferation results showed that Zn
2+

 

incorporation to the structure increased the cell proliferation. 1 mol.% F
-
 addition 

resulted in further increase in cell proliferation. However, as the amount of increase 

in F
-
 content, cell proliferation rates decreased. Cells were differentiated to 

osteoblasts and their functionality were observed by ALP activity assay. The results 

were in the same trend with Alamar™ Blue assay. Zn
2+

 addition increased the ALP 

activity and further increase was seen in 2 Zn 1 F. However, there was a sharp 



 134 

decrease in 2 Zn 2.5 F and cell functionality started to increase again in 2 Zn 5 F. 

SEM images also supported these results. In samples 2 Zn and 2 Zn 1 F, cells 

spreaded extensively and had a dendritic shape which means that cells had good 

attachment on these samples. However, cells seeded on pure HA, 2 Zn 2.5 F and 2 

Zn 5 F showed cuboidal shape. The small grain size of 2 Zn 1 F with the value 

176nm was strongly related to increase in cell viability and alkaline phosphatase 

activity.  Dissolution test in SBF was also done by measuring the change in pH of 

the SBF that the samples dipped in. The change in pH was higher in the samples 

that were put into the waterbath when compared with the samples that were put into 

the incubator. Moreover, the pH change increased with time in all samples which 

means that dissolution increased with time. Among the samples F
-
 doped samples 

gave lower results than pure HA and 2 Zn which is an indicator of F
-
 effect on low 

dissolution rate. 

To conclude that the sample 2 Zn 1 F showed the highest results in terms of 

biological properties. Moreover, this sample also had superior machanical 

properties when compared to other samples. Therefore, it is a good candidate for 

biomedical applications especially in osteoporosis treatment because of the 

noteworthy effect of Zn
2+

 ion on osteoclast cells.  
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APPENDIX A 

 

 

CALIBRATON CURVE FOR ALP ACTIVITY ASSAY 

 

 

 

 

 

Figure A.1. The calibration curve of p-nitrophenol. 
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APPENDIX B 

 

 

CALIBRATON CURVE FOR BCA ASSAY 

 

 

 

 

 

Figure B.1. The calibration curve of bovine serum albumin. 
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