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Abstract

Fluorapatite-containing glass ceramics were synthesized on the basis of the glass-forming system SiO2–Al2O3–P2O5–CaO–CaF2. The

introduction of phosphorus and fluorine containing materials, as well as the specific regime of heat treatment of the glasses gave glass ceramic

materials with crystalline phases of the apatite group—fluorapatite (Ca10(PO4)6F2), apatite (Ca3(PO4)2), vitlokite (Ca9P6O24), etc. The X-ray phase

analysis showed that the main phase in all the glass ceramic samples was fluorapatite. The phase composition, structure and some of the basic

properties of the glass ceramic samples were determined.
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1. Introduction

The design of bioactive glass ceramic materials which are

closely related to the glass technology is considered to be one of

the main achievements in glass production. Recently, the

interest towards the preparation of glasses and glass ceramic

materials for stomatologic and orthopedic purposes signifi-

cantly increased [1–6]. In stomatology, bioactive glass ceramics

are widely used as an implant on which the denture is fixed and

for manufacturing the denture itself [7–11]. The denture glass

ceramics outperform the materials used not so long ago by its

aesthetic look, mechanical strength, biological compatibility

and functionality.

Both inert and bioactive materials are used since they can

successfully replace the natural bones and teeth ensuring good

functionality and biological compatibility. To make glass

ceramic materials, i.e. materials with which the live bone tissue

would interact, it should contain apatite phase Ca3(PO4)2. This

phase is part of the natural bones and provides strength and

growth ability [12–17].

Apatite phase can be obtained by controlled crystallization

where a melt of variable concentration could be separated into

mica and apatite crystals [18–24].
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Fluorapatite is a kind of hydroxyapatite where the hydroxylic

groups (OH�) are substituted by F� ions which reduces the

solubility, stimulates the formation of bone tissue and increases

the compression strength. The extraction of ions in the

surrounding bone forms stronger bonds since it strengthens

the tissue next to the implanted one. Therefore, it could be

supposed that the F� ions stabilize the calcium-phosphate phase.

Taking into account the interest towards the preparation of

non-metal implantants, the present paper is focused on the

preparation of bioactive glass ceramics. The aim is to synthesize

fluorapatite (Ca10(PO4)6F2)-containing glass ceramics by certain

heat treatment of three glass compositions, as well as to

determine some of their basic physicochemical properties.

2. Experimental

2.1. Materials

For the preparation of the glass ceramic materials, the

glasses were selected so as to obtain crystalline phases of the

apatite group after certain heat treatment. They were based on

the system: SiO2–Al2O3–P2O5–CaO–CaF2.

2.2. Methods

The materials were studied by X-ray analysis, differential

thermal analysis (DTA) and scanning electron microscopy

(SEM).
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Table 2

Composition of glass mixtures for preparation of 100 g glass material

Raw materials Composition

BG1 (mass%)

Composition

BG2 (mass%)

Composition

BG3 (mass%)

SiO2 – 15.1 9.58

Al(OH)3 – 39 4.63

K2CO3 – – 1.37

K2SiF6 – – 4.38

CaF2 10.2 17.8 7.65

MgCO3�Mg(OH)�3H2O – – 16.3

H3PO4 94 47 70.5

CaCO3 89 45 67
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The X-ray analyses were carried out by the method of

powder diffraction using X-ray apparatus equipped with

goniometer URD-6 (Germany) with cobalt anode and Ka

emission.

The DTA experiments were performed on a derivatograph

OD-102 (MOM, Hungary) by heating to 1000 8C at a rate of

10 8C/min.

The micrographs were taken using scanning electron

microscope Tesla BS 340 (Czech Republic).

The materials densities were determined by the method of

hydrostatic weighing. Their chemical resistance was studied by

the weight method using glass grains sized 0.40–0.50 mm

where the weight difference before and after treatment with

0.1N HCl and 0.1N NaOH for 1 h was measured.

2.3. Composition and experimental procedure

The oxide compositions of the initial glasses are shown in

Table 1. Aiming to obtain certain properties of the end product,

components and additives in various percentages were

introduced into the basic composition SiO2–Al2O3–P2O5–

CaO–CaF2 and three compositions were prepared, as shown in

Table 1 (BG1, BG1 4 BG1).

As initial materials, part of the oxides were introduced in the

form of Al(OH)3, CaCO3, H3PO4, K2CO3, K2SiF6,

3MgCO3�Mg(OH)2�H2O for better homogenization and degas-

sing of the glass material. Taking into account that the glass

composition contained some volatile components like: K2O,

CaF2, K2SiF6, their quantities were increase proportional to the

coefficient of volatility.

The glass compositions of the mixtures used are presented in

Table 2.

The glass was melted, cast in a die and subjected to thermal

treatment for phase separation and crystallization to obtain the

main phase of fluorapatite. The material obtained is easily

processed. The melting was carried out in an oven ‘‘Naber’’ at

heating rate of 350 8C/h and 2 h isothermal treatment at

1450 8C. After that, the molten glass was cast into preliminarily

heated graphite dies. The tempering was carried out at 680 8C
for 12 h, followed by free cooling of the oven.

The samples prepared were then subjected to high

temperature crystallization in a high temperature superkanthal

oven on corundum support. The aim of this treatment was to

form the necessary crystalline phases in the samples. The
Table 1

Initial glass compositions for the preparation of glass ceramics

Component Composition

BG1 (mass%)

Composition

BG2 (mass%)

Composition

BG3 (mass%)

SiO2 – 15 9.5

MgO – – 7.2

CaO 50 25 37.5

Al2O3 – 25.35 3

K2O – – 0.93

CaF2 7.74 13.6 5.8

P2O5 42.23 21.1 31.7

K2SiF6 – – 4.4
crystallization was performed at 850, 900 and 950 8C. When

the required temperature was reached, 2 h isothermal periods

were used to finalize the process of crystallization, followed by

free cooling of the oven.

3. Results and discussion

3.1. Differential thermal analysis (DTA)

DTA was used to determine the temperature intervals of

crystallization of the glasses. The DTA curves for glasses with

compositions BG1 and BG2 showed that characteristic

endothermic reactions occurred in the interval 500–660 8C,

corresponding to the generation of crystallization nuclei which

grew with the highest rate at 700 8C. With the increase of

temperature to 800–850 8C, as well as at higher temperatures

about 905 8C, a new phase was formed. In glass composition

BG3, characteristic exothermic reactions were observed in the

interval 720–740 8C, corresponding to formation of crystalline

phases. New crystalline phases were formed at 940 8C.

Based on the results from the DTA analyses, the crystal-

lization regime was selected to be 850 8C for BG1, 900 8C for
Fig. 1. DTA of glass with composition BG1.



Fig. 2. DTA of glass with composition BG2.

Table 3

X-ray phase analysis of glass ceramic materials

Composition TM (8C) Tcr. (8C) Main crystalline phases

BG1 1450 850 Fluorapatite, vitlokite

BG2 1450 900 Fluorapatite, fluormargarite, vitlokite

BG3 1450 950 Fluorapatite, vitlokite, apatite,

sellaite, norbergite, fluorphlogopite
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BG2 and 950 8C for BG3, with 2 h isothermal treatment for all

the three regimes (Figs. 1–3).

3.2. X-ray analysis

The crystalline phases formed in the samples are quite

important for their properties and possible fields of application.

The type and distribution of the newly formed crystalline

phases were determined by X-ray phase analysis.

The results obtained are presented in Table 3.

According to X-ray data, the predominating phases are these

of the apatite group with fluorapatite being the largest phase in

composition BG1. In this sample, the amount of the initial

components are the closest to the theoretical composition of
Fig. 3. DTA of glass with composition BG3.
fluorapatite. Peaks of two other phases—vitlokite (Ca9P6O24)

and fluormargarite (CaAl2(Al2Si2)O10F2) were observed in the

X-ray pattern for the BG2 sample. Sample BG3 showed the

greatest versatility which was due to the introduction of MgO,

K2O and K2SiF6 along with the components participating in

compositions BG1 and BG2. This stimulated the crystallization

of several other phases: apatite (Ca3(PO4)2), sellaite (MgF2),

norbergite (Mg3F2SiO4) and fluorphlogopite (KMg2.5Si4O10F2).

Further, the densities of the glasses were determined, as well

as their alkali and acid resistance.

The data on glasses densities are presented in Table 4 and

they showed different values due to the material type (glass or

glass ceramics), different initial composition and different

crystalline phases. The overall tendency observed was a density

decrease from glasses to glass ceramics due to the somewhat

denser formed crystalline phases.

Since bioactive materials are subjected to chemical reactions

in human body, their more deep characterization requires a

study on their behavior in alkali and acidic media. These

chemical reactions lead to chemical and biological bonding

with the tissue at the interface between human tissue and the

bioactive implantant which was expected to be faster than the

common growth of tissue into the implantant pores and

providing mechanical fixation.

Glass grains sized 0.40–0.50 mm were used for the

determination of their chemical resistance, measured by the

weight difference before and after 1 h treatment with 0.1N HCl

and 0.1N NaOH.

As can be seen from the data on chemical resistance

(Table 5), the materials obtained were more resistant to alkali
Table 4

Densities of glasses and glass ceramic materials (g/cm3)

Composition BG1 BG2 BG3

Glass 3.147 3.354 3.145

Glass ceramics 2.769 2.804 2.687

Table 5

Chemical resistance of glasses and glass ceramic materials (%weight loss)

Sample Composition Alkali resistance Acid resistance

Glass BG1 3.8 10

BG2 1 15

BG3 5 10

Glass ceramics BG1 0 20

BG2 0.8 13

BG3 1.4 15



Fig. 4. SEM micrographs of glass ceramic samples of composition BG2 at magnifications: (a) �110, (b) �1000, (c) �2000.
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media than to acidic ones. The highest alkali resistance was

observed for the glass ceramic materials, which varied from 0 to

2%. A tendency to decrease of the values of certain properties

from glasses to glass ceramic materials was also established.

3.3. Scanning electron microscopy

Fig. 4 shows electron micrographs of samples of composi-

tion BG2.

Prismatic crystals characteristic for apatite structure are

shown in Fig. 4. They, 10–20 mm in size, were evenly

distributed throughout the native glass phase. Crystals of

different habitus were also observed due to the presence of

alloyed phases. Their sizes were in the range 5–10 mm.

4. Conclusions

Three kinds of glasses were obtained in the system SiO2–

Al2O3–P2O5–CaO–CaF2 and the conditions for their crystal-

lization were determined in order to synthesize glass ceramic

materials. It was found that bioactive glass ceramic materials

can be prepared under certain regime of thermal treatment of

the glass mixture—melting at 1450 8C for 2 h and crystal-

lization at 680 8C for 12 h. The X-ray phase analyses showed

that the main crystalline phase in all the samples studied was

fluorapatite. The additional phases found in some of the

samples were: apatite, norbergite, vitlokite, fluorphlogopite,
fluormargarite, sellaite. It was experimentally established that

the density and the chemical resistance of the glass ceramics

synthesized depend directly on the type and quantity of the

crystalline phases.
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