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Abstract The subject of the study was silicate–phosphate

glasses of NaCaPO4–SiO2 system which are precursors of

glass–crystalline materials. Glass–crystalline materials of

NaCaPO4–SiO2 system obtained via crystallization of

glasses belong to a group of the so-called bioactive mate-

rials. In order to obtain glass–crystalline materials with pre-

established parameters, it is necessary to conduct crystal-

lization of glasses at specific conditions. In order to design

direct crystallization process properly, it is necessary to

know the structure and microstructure of the glassy pre-

cursor. Microscopic investigation showed that liquation

takes place in all the studied glasses. Based on DSC

examinations, it has been found out that crystallization of

the glasses of NaCaPO4–SiO2 system is a multistep pro-

cess. The presence of several clearly separated exothermic

peaks in DSC curves of investigated glasses makes it

possible to crystallize only the separated phase with the

matrix remaining amorphous or vice versa. Conducted

detailed X-ray and spectroscopic studies of the materials

obtained by heating in a gradient furnace (in the temper-

ature specified on the basis of DSC) showed that separated

phase and matrix crystallizes separately. Therefore, bio-

active glass–crystalline materials can be obtained due to

the existence of the phase separation phenomenon and pre-

established sizes of the crystalline phase.
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Introduction

Glasses and glass–crystalline materials of NaCaPO4–SiO2

system belong to a group of bioactive materials, capable of

forming bonds with the tissue (e.g., [1–10]). The use of glass

as a biomaterial makes it possible to take the advantage of

specific properties of the glassy state, i.e., ease of obtaining

practically any shape, ease of controlling properties by

proper choice of chemical composition, possibility to apply

various processing methods, as well as isotropic properties.

However, the main feature of the silicate–phosphate glasses

is also its fragility, which significantly limits their use as

biomaterials. One of the best ways to improve the mechan-

ical properties of glasses is to perform partial crystallization

(devitrification) in order to obtain glass–crystalline materi-

als. Such materials are characterized by the presence of very

fine crystals of the crystalline phase, randomly distributed in

the rest of the glassy matrix [11, 12]. This allows to combine

advantages of both glassy and crystalline materials (high

mechanical strength). As a result, the glass–crystalline

materials are characterized by much higher mechanical

strength compared to the glassy precursors. However, a

problem arises because the growth of crystalline phases very

adversely affects the bioactivity of the glasses [13, 14]. In the

extreme case, uncontrolled crystallization can lead to the

conversion of bioactive glass into completely inert material

[14]. Thus, it is necessary to provide full control over the

process. To design such process properly, it is necessary to

know the structure and microstructure of the glassy precur-

sors. Our previous studies concerning the structure and

microstructure of glasses of XCaPO4–SiO2 system (where

X = Na? and or K?) have shown that glass phase separation

exist in all obtained materials [15, 16].

We think that problems with uncontrolled growth of

crystalline phases can be reduced in the silicate–phosphate
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glasses by using a glass phase separation phenomenon. The

boundaries of separated phase–matrix phase may be a

barrier limiting the growth of crystalline phases.

The main objective of this study was to determine the

effect of NaCaPO4 content on the crystallization process

and thermal resistance of glasses of NaCaPO4–SiO2

system.

Experimental

Synthesis of glasses is described in detail in our earlier

article [17]. Heating of glasses at temperatures determined

on the basis of thermal research (DSC) was carried out in a

gradient furnace. The horizontal tube furnace (electric

heating) with siliconite heating elements was used. Silic-

onite layer thickness is controlled temperature distribution,

which is solid, wherein there is a maximum temperature in

the center of the device and decreases progressively toward

the ends of the tube. Pieces of glass was placed in a boat

with kaolin-coated heat-resistant steel and then inserted

into previously heating tube for 2 h. The highest temper-

ature for the center of the furnace was determined from the

differential scanning calorimetry (DSC) curve of glass (the

maximum temperature of crystallization). The samples

(after heating for 2 h) were then drawn from the furnace

together with the boat and cooled.

The next step was to read the temperature at every 1 cm

points along the axis of the furnace and determine the

temperature distribution.

In order to identify the type of crystallizing phases

during the crystallization process the detailed X-ray studies

of the materials received after the devitrification have been

carried out. XRD data were collected by PANalytical

X’Pert Pro MD powder diffractometer using Kalfa1 radi-

ation from Cu anode. The configuration was standard

Bragg–Brentano setup with Ge (111) monochromator at the

incident beam. All measurements were performed with the

0.008 step size at 3–75 scanning range and the 205 s of

measurement time for each step. Measurements were car-

ried out under room temperature and ambient pressure.

Middle infrared (MIR) spectroscopic measurements of

the glasses were made with a Bio-Rad FTS 60V spectrom-

eter. Transmission technique, samples as KBr pellets.

Spectra were collected after 124 scans at 4 cm-1 resolution.

All glasses were subjected to DSC measurements con-

ducted on Netzch STA 449 F1 Jupiter, operating in the heat

flux DSC mode. Glass samples weighing 35 mg were

heated in platinum crucibles at a rate of 10 �C min-1 in a

dry nitrogen atmosphere up to 1,000 �C. The obtained

samples were refined to the grain size below 0.1 mm.

Results and discussion

Glasses belonging to NaCaPO4–SiO2 systems whose

composition are given in Table 1 have been selected for the

Table 1 Composition of the samples (mol%)

NaCaPO4–SiO2 system

1Na 90 % SiO2–10 % NaCaPO4

2Na 80 % SiO2–20 % NaCaPO4

3Na 70 % SiO2–30 % NaCaPO4

4Na 60 % SiO2–40 % NaCaPO4

5Na 50 % SiO2–50 % NaCaPO4
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Fig. 1 DSC of glass 1Na
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studies. The composition was selected to compensate the

negative charge of [PO4]3- and [SiO4]4- by Na? and Ca2?

cations.

EDX studies showed that the chosen glasses separated

phase and the matrix chemical compositions differ signif-

icantly among themselves [15, 16]. They must therefore

also have different crystallization temperature. Structural

studies (MIR, MAS NMR) revealed that both separated

phase and matrix are characterized by a domain structure

[18]. As it was mentioned above, knowledge of micro-

structure and structure of glasses provides a basis for the

design of direct crystallization process. Of course, in order

to plan the direct crystallization process it is necessary to

determine characteristic temperatures for the glassy state,

in particular the devitrification temperature.

The results of thermal studies (DSC) of glasses are

presented in Figs. 1, 2, 3, 4, and 5. Examination of the

DSC curves can trace the effect of the NaCaPO4 content

on the thermal resistance and the process of crystallization

of the glasses of NaCaPO4–SiO2 system. As you can see

the crystallization of investigated glasses (except of 1NA

glass) takes place in two stages–peaks in the range of

826–917 and 892–964 �C. One step crystallization process

of 1NA glass is related to the almost invisible phase

separation [15, 16] and very small amount of NaCaPO4.

DSC curves of 2Na—5NA glasses are all alike—which

demonstrate that the crystallization of these glasses is very

similar. Earlier reported glass phase separation suggests

that the matrix and separated phase crystallize separately.

The increased amount of NaCaPO4 in liquidation
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silicate–phosphate glasses of the tested systems (2Na–5NA)

results only in increased heat resistance of glasses. There is

a clear, systematic shift of peaks to higher temperatures

(Table 2), reflecting the increasing resistance to crystalli-

zation. To determine in detail the crystallization process of

tested glasses, the direct crystallization process (in gradient

furnace) of selected glass (2Na) was conducted.

The 2Na glass has been selected for detailed studies

because it is characterized by the presence of spherical

nano-sized separated phase [15, 16]. The DSC curve of

glass 2Na (Fig. 2) shows two distinct peaks (at 826 and

892 �C), so heating process was performed at 800, 825,

870, and 890 �C. After the heating process, obtained

materials were analyzed by MIR and XRD methods.

Figure 6 shows the MIR spectra of the starting glass and

materials received after the heating process. Assignment of
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Table 2 Peaks on DSC curves

Temperature/�C

1Na 964

2Na 826 892

3Na 888 920

4Na 903 952

5Na 917 964
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the individual bands to the respective types of vibration is

shown in Table 3. On the basis of earlier detailed spec-

troscopic studies of model glasses, it was found that in the

glasses of NaCaPO4–SiO2 system the glass matrix has a

mixed domain structure—there are domains of NaCaPO4

and cristobalite structure (submicroheterogenity). While

separated phase have a homogeneous domain structure—

only domains of cristobalite structure occur [18]. Accord-

ing to Görlich [19], devitrification of glasses is based on

reorientation of domains during heating. Thus domains can

be treated as crystallization nuclei, which will decide of the

type of crystallizing phase [17]. This information allows to

precisely describe the devitrification process. Analyzing

MIR spectra shown in Fig. 6, it can be said that the

phosphate phase crystallizes as the first one. Characteristic

bending vibrations O–P–O in phospho-oxygen tetrahedrons

at about 575 cm-1 appear at 800 �C and then its intensity

increase at 825 and 870 �C [20]. In connection with the

previously presented information it can be concluded that

the phosphate phase crystallized only from the matrix—

phosphate phase was present only in the matrix of glass.

Further heat treatment (at 890 �C) results in much sharpens

of band at about 800 cm-1, and appear of additional bands

at about 610 and 1,197 cm-1. These bands are character-

istic for cristoballite [21]. As it can therefore be concluded
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Fig. 6 MIR spectra of the starting glass (2Na) and heating in the

respective temperatures

Table 3 Assignment of bands on MIR spectra [20, 21]

Wavenumber/cm-1

Si–O(Si), Si–O(P), Si–O-,

P–O-, P=O, Si=O (stretching)

Si–O–Si

(bending)

Vibration of

silicooxygen rings

O–P–O

(bending)

O–Si–O

(bending)

2Na 1,105 801 473

2Na-800 �C 1,107 802 574 475

2Na-825 �C 1,103 802 576 475

2Na-870 �C 1,104 803 607 568 475

2Na-890 �C 1,197 (Si=O) 1,102 796 610 575 486
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the cristoballite crystallized in the second step—separated

phase and the remainder of the matrix crystallized. To

accurately determine the type of crystallizing phases, X-ray

studies were performed. Figure 7 shows a X-ray patterns of

glasses heated at appropriate temperatures. X-ray patterns

show mainly amorphous halo and a few weak reflections in

the 30–35� 2h. The phase analysis has allowed to link this

reflections with phosphate phase (NaCaPO4). As you can

see in the case of glasses heated at temperatures of 800,

825, and 870 �C, we get a glass–crystalline material. This

confirms that, in the case of investigated glasses, in the first

stage phosphate phase (NaCaPO4) crystallized from the

matrix. The heating of glass at 890 �C leads to obtain a

completely crystalline material, in which the dominant

phase is cristoballite. It can be concluded that properly

conducted crystallization can lead to partial crystallization

of the matrix in complete amorphous of separated phase.

Conclusions

Thermal studies of liquation silicate–phosphate glasses of

NaCaPO4–SiO2 system allow to conclude that crystalliza-

tion of glasses of this system, containing more than 20 %

NaCaPO4 is a multistep process. Crystallization of all

glasses in which, there is the phenomenon of phase sepa-

ration is very similar—the two-stage crystallization. The

increase of NaCaPO4 amount in studied glasses causes a

significant increase of their resistance to crystallization.

Structural studies of materials obtained after heating in

gradient furnace shown that the first one to crystallize was

the glass matrix (phosphate phase—NaCaPO4), then the

separated phase and the remainder of the matrix (cristo-

balite). Thus, based on the investigated glasses it is pos-

sible to obtain glass–crystalline materials by appropriate

selection of crystallization conditions.
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