
Introduction

Bioactive glasses have numerous applications in the

repair and reconstruction of diseased and damaged

tissues. The possibility of controlling a range of their

chemical properties and the rate of bonding to tissues,

differentiate them from other bioactive ceramics and

glass-ceramics. The most reactive glass compositions

develop a stable, bonded interface with soft tissues.

The primary advantage of bioactive glasses is their

rapid rate of surface reaction which leads to fast tissue

bonding. Their main disadvantage is its mechanical

weakness and low fracture toughness due to an amor-

phous two-dimensional glass network, which make

them unsuitable for load-bearing applications [1].

In most of applications, bioactive glasses are used

in form of powders – with certain particle size- produc-

ing coatings on different substrates, which are incurred

at various heat treatments [2, 3]. Different conditions

of thermal treatments of bioactive glass powder can af-

fect subsequent crystallization processes and thus may

influence its bioactivity and cellular reactions. More-

over, it is observed that apart from different heat treat-

ments, the crystallization mechanism is dependent on

particle size of powders [4].

In the investigation of crystallization and nucle-

ation in a glass, it is important to acquire information

about the temperature range at which nucleation and

growth reactions take place, thus making it possible

to control the microstructure of the glass formed

through a scheduled heat treatment. DSC is a rather

simple method to obtain useful quantitative informa-

tion about nucleation and crystallization mechanisms

in glass forming systems [5, 6].

The object of this investigation was the study of

the mechanism of crystallization in the

SiO2–Na2O–CaO–P2O5 bioactive glass system as a

function of particle size. Furthermore, the bioactive

behavior dependence of the specific glass system on

particle size is studied, through the process of immer-

sion in SBF and the examination of the developed

hydroxylcarbonate apatite (HCA) layer on the surface

of the particles.

Experimental

Materials and methods

High-purity silica and reagent-grade calcium, sodium

carbonate, and calcium phosphate were weighed and

mixed to obtain bioactive glass in the system
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SiO2–Na2O–CaO–P2O5 (45SiO2, 24.5Na2O,

24.5CaO, 6.0P2O5 in mass%). The glass was melt in a

Pt crucible at 1450°C in a high temperature furnace,

where it was kept for 4 h to ensure that the melt was

homogeneous and bubble free, and then, the melt was

poured and quenched in water. The formation of the

bioactive glass – in the specific system – was con-

firmed by FTIR analysis and scanning electron mi-

croscopy with associated energy dispersive spectro-

scopic analysis (SEM-EDS). The quenched glass was

ground and screened – by a system of multiple siev-

ing – to five different regions of particle size: less

than 20, 20–40, 40–80 and 80–140 μm and bulk.

The thermal behaviour of bioactive glass in the

bulk form and in the form of powdered samples of dif-

ferent grain size ranges was studied using differential

thermal and thermogravimetric analysis (DTA/TG).

Thermal analysis was performed with a Setaram

thermogravimetric-differential thermal analyzer

SETSYS 16/18 TG-DTA (1750°C rod), under the

conditions of heating rate 10°C min
–1

, up to

1400°C – in argon atmosphere –, and furnace cooling.

The mass in all studied samples was about 40 mg.

In order to follow the bioactivity evolution, sam-

ples with different particle size and the same mass

(m=40 mg) were soaked for the same time period (1 day

and 2 days) in a solution that simulates human blood

fluid (SBF) [7, 8], with a composition that can be found

in Table 1. SBF was prepared by dissolving appropriate

quantities of reagent grade chemicals of NaCl,

NaHCO3, KCl, K2HPO4⋅3H2O, MgCl2⋅6H2O and CaCl2

in distilled water, as described by Kokubo et al. [7] and

the ion concentrations were confirmed using atomic ab-

sorption spectroscopy (AAS). The pH of the solution

was buffered at 7.25 with trishydroxymethyl-amine-

methane and hydrochloric acid at 37°C.

In order to attend the time dependence of the ap-

atite layer formation with the particle size, the pow-

ders were immersed in SBF solutions with a specific

volume of immersion liquid – the same for all sam-

ples – and were stored in an incubator at 37°C. After

one and two days of immersion, powder samples were

filtrated, rinsed with distilled water and air-dried.

Then, the same quantity from each powder with dif-

ferent particle sizes (m~1.5 mg), was mixed with KBr

and was pressed in a vacuum press, in order to be pro-

duced pellets with 13 mm diameter and 0.6% concise-

ness, which were examined with FTIR.

FTIR measurements were carried out with a

Bruker spectrometer IFS 113v and the spectra were

collected in the transmittance mode, in MIR region

(5000–400 cm
–1

). Due of the increase of noise in

spectra with the increase of the particle size of the

powders, for each spectrum 128 consecutive scans

were recorded with a resolution 2 cm
–1

, thus the trans-

mittance bands of CO
3

2–
at the spectra are observed.

Results and discussion

Crystallization process dependence on particle size

In Fig. 1 is presented the DSC curve obtained from a

powdered sample of the bioactive glass system

SiO2–Na2O–CaO–P2O5 with particle size less than

20 μm. There are four characteristic features: the

glass transition (Tg) at 555°C, two exothermic crystal-

lization peaks (Tc1 and Tc2) at 700 and 795°C respec-

tively, and the melting process that takes place in the

range 1100–1250°C.

The TG analysis, confirms that at lower tempera-

tures (<200°C) there is a small reduction in mass

about 0.08%, that is attributed to the evaporation of

water which was included in bioactive glass mass dur-

ing the preparation process, and at higher tempera-

tures the mass remains unchanged.

In the corresponding curves (Fig. 2) in the region

of crystallization of all powdered samples we follow

the presence of two discrete crystallization peaks and

their behavior seems to be dependent on the particle

size. Decreasing the particle size the first peak be-

come sharper and for powders with particle size

<80 μm the two peaks are clearly separated. How-

ever, increasing the particle size, the first peak – at
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Table 1 Ion concentrations of the simulated body fluid

(mmol dm
–3

)

Na
+

K
+

Mg
2+

Ca
2+

Cl
–

HCO
3

–
HPO

4

2–

142.0 5.0 1.5 2.5 147.8 4.2 1.0

Fig. 1 DSC curve of powdered bioactive glass in system

SiO2–Na2O–CaO–P2O5 (particle size <20 μm) at heat-

ing rate of 10°C min
–1

(heat flow)



lower temperature – becomes shorter and broader, re-

sulting in an overlap of the second peak (higher tem-

perature) with the first peak, after a critical value of

powders’ particle size (80–140 μm). Finally the DSC

curve obtained from bulk bioactive glass system

SiO2–Na2O–CaO–P2O5, (Fig. 3), presents one exo-

thermic event at 757°C (Tc) related to the formation of

crystal phases, while the glass transition and the melt-

ing process are observed in temperature regions,

where the respective characteristic processes of the

powdered samples take place.

The presence of two crystallization peaks in the

DSC curves of powdered samples can be attributed ei-

ther to two distinct phase transformations or to two dif-

ferent crystallization mechanisms. In order to be exam-

ined the phases that are crystallized and the tempera-

tures where they are crystallized, during the specific

heat treatment, it is presented the FTIR study in pow-

dered samples – with particle size <20 μm – heated

with the same heat treatment in three characteristic

temperatures: 900°C – after the end of the temperature

range of the two exothermal peaks –, 700°C – the tem-

perature where the first crystallization peak arises –

and 570°C – a temperature before the begging of the

range of the two exothermic peaks.

FTIR analysis

Samples heat treated up to 900°C

In a crystallized bioactive glass sample – in the sys-

tem SiO2–CaO–Na2O–P2O5 – heated at 900°C [9]

there are two phases identified; sodium calcium sili-

cate (Na2Ca2Si3O9) being the major crystal phase

present, and a second crystal phase that is calcium

phosphate or an apatite-like phase (Ca5(PO4)3OH).

All powdered samples heated with the same heat

treatment up to 900°C present the same FTIR spec-

trum in agreement with the literature [9] for respec-

tive bioactive glass in the same system, heat treated

under the same conditions. If these two phases were

crystallized at different times e.g. different tempera-

tures ranges, this would give rise to the two peaks in

DTA trace. To be examined this possibility, there

were studied by FTIR samples heated at 700°C – the

lower temperature where the first crystallization peak

(Tc1) is present and before the end of temperature

ranges of the two exothermal peaks.

Samples heat treated up to 700°C

In the FTIR spectra, (Fig. 4), peaks at wavenumbers

620, 575 cm
–1

are commonly assigned to a calcium

phosphate or apatite-like phase, as the dual peaks at

about 575 and 620 cm
–1

are attributed to P–O bending

vibrations [10–12]. Additionally, there is a peak, at

1040 cm
–1

, which can be attributed to the stretching

PO4 vibration [13], although in the 1000–1050 cm
–1

region the asymmetric vibration Si–O–Si is very

strong resulting in the overlapping with the stretching

PO4 vibrational peak.

From these results it is clear that the two phases

are also detected at this temperature, suggesting the

simultaneous growth of these phases. Consequently,

the two crystallization peaks observed in the DSC

curve of this sample – and of all powdered samples of

this bioactive glass system – must not be due to a dif-

ferent phase development. In order to be excluded the

possibility, one of these two phases to be crystallized

at temperatures lower than the starting temperature of

the first crystallization peak, bioactive glass samples
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Fig. 3 DSC curve for SiO2–Na2O–CaO–P2O5 bioactive glass

system (bulk) at heating rate of 10°C min
–1

(heat flow)

Fig. 2 DSC curves of bioactive glass powder as a function of

particle size (heating rate 10°C min
–1

)



with particle size <20 μm were heated at 570°C, ap-

plying exactly the same heat treatment.

Samples heat treated up to 570°C

As it is observed from FTIR spectra, all the samples

heated at temperatures lower than the starting temper-

ature of the first crystallization peak, present the same

characteristic peaks to those of unheated bioactive

glass. This observation confirms the conclusion that

the crystallization process of the two phases takes

place simultaneously at the temperature range where

the two exothermic peaks are detected.

XRD measurements on the same samples treated

at respective temperatures (570, 700 and 900°C) sup-

ported the above conclusion [14].

As from the above studies it was concluded that

the two crystallization peaks cannot be attributed to

two distinct phase transformations, we examined the

different crystallization mechanisms that occurred.

Study of exothermic peaks’ parameters

Peak parameters in curves provide important informa-

tion about nucleation and growth. Studies of the com-

plete peak profile can often reveal features about the

mode of crystallization and the evolving micro-

structure that are not manifested from the peak tem-

perature. The DSC crystallization peak heights, (δTc),

of nucleated glass as a function of the glass particle

size, are shown in Fig. 5, while the crystallization

peak temperature, Tc, increase with increasing parti-

cle size is presented in Fig. 6.

The dependence of δTc on particle size

It is clear from Fig. 5, that the crystallization height

(δTc) of the second peak vs. particle size, remains almost

unchanged. On the other hand, δTc of the first crystalli-

zation peak decreases with increasing particle size.

The technique for identifying surface and bulk

crystallization was developed by Ray and Day [15].

The dominant crystallization mechanism, surface or

bulk, can be identified by determining the crystalliza-

tion peak height (δTc) or the ratio T
c

2
/ΔTc (ΔTc is the

peak half width) as a decreasing or increasing function

of the bioactive glass powder particle size. When the

transformation proceeds only by internal nucleation

and growth, the crystallization peak height (δTc) is pro-
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Fig. 5 DSC crystallization peak height (δTc) for

SiO2–Na2O–CaO–P2O5 bioactive glass system at differ-

ent particle sizes (heating rate 10°C min
–1

)

Fig. 4 FTIR spectra of the SiO2–Na2O–CaO–P2O5 bioactive

glass system unheated, heated at 570, 700 and 900°C.

Additionally is presented the characteristic spectra of

the sodium calcium silicate (Na2Ca2Si3O9) phase



portional to the concentration of nuclei in the glass

[16], and no change should be observed in δTc as a

function of particle size (for the same scan conditions

and the same mass of sample). This behavior was ob-

served in the second crystallization peak, indeed

(Fig. 5). In reverse, the crystallization peak height

(δTc) of the first peak decreases with increasing parti-

cle size. This behavior suggests that the particles crys-

tallize primarily by surface crystallization, as in this

case the peak height δTc is proportional to the number

of nuclei and simultaneously, the ratio of total surface

area to volume, decreases with increasing particle size

for the same total mass of sample. An ensemble of

larger particles presents a considerably smaller surface

area than an ensemble of smaller particles and thus,

with the increase of particle size the number of surface

nuclei is decreased. Therefore, the heat due to the sur-

face crystallization is decreased with the increase of

particle size, leading to the observed dependence. Con-

sequently, the first crystallization peak is associated to

surface nucleation and crystallization mechanisms

while the second peak is associated to bulk nucleation

and crystallization mechanisms.

The dependence of Tc on particle size

As observed in Fig. 6, both crystallization peaks (Tc)

shift to lower temperatures. The maximum tempera-

ture Tc1 (peak 1, low temperature) increases from 700

to 750°C, while the maximum temperature Tc2

(peak 2, high temperature) increases from 795 to

840°C with increasing particle size. The behavior,

shown in Fig. 6, is related to the particle size effects in

heat transfer. At a given heating rate, it is reasonable

to suppose that larger particles present [17] higher

heat transfer resistance, in comparison to small parti-

cles, so it takes longer for the center of the particle to

reach the furnace temperature and therefore it is fol-

lowed higher crystallization temperature.

The dependence of Tc on particle size, cannot

readily provide information on the nature of the crystal-

lization mechanism, i.e., whether it is a surface or an in-

ternal one. The shift in peak temperature as a function of

particle size might present a simultaneous surface and

volume crystallization. For small particles of powdered

glasses, surface crystallization is the dominant mecha-

nism, quickly transforming the particles. With the in-

crease in the particle size the crystallization time – at a

given temperature – increases due to the increasing im-

portance of volume crystallization [18]. Also, it should

be mentioned that even in the case that the particle size

is less than 20 μm, this particle size is large enough to

induce significant volume crystallization.

Finally, the peak half width, ΔTc, can also be

used to predict whether a glass is transformed pre-

dominantly by surface or internal crystallization. Val-

ues of the ratio T
c

2
/ΔTc can be calculated from the

measured values Tc and ΔTc. The observed functional

dependence of T
c

2
/ΔTc on particle size, resembles

closely that of δTc.

Bioactive behavior vs. particle size

The differences in bioactive behavior of powdered

samples as function of particle size, were followed

through the process of immersion in SBF, of powder

samples with different particle sizes and the same

mass (m=40 mg), for one and two days. After the fil-

tration, the characteristic transmittance spectra were

received for each sample, in order to be examined the

development of hydroxylcarbonate-apatite (HCAp)

layer on the surface of the particles.

From the observed differences in the transmit-

tance spectra of samples (Fig. 7, bold curves) can be

followed a functional dependence of bioactive behav-

ior on particle size.

Analytically, as presented in Fig. 7, the spectral re-

gions where the most characteristic bands arise are

1200–850 and 650–400 cm
–1

[19]. The main character-

istics of the transmittance spectrum of the bioactive

glass powder, before SBF, are attributed to the amor-

phous silica glass, e.g. the two bands at 1040 and

920 cm
–1

assigned to Si–O–Si stretching vibration and a

band at 480 cm
–1

assigned to Si–O–Si bending one [20].

The formation of HCAp layer on the surface of the parti-

cles is recognized from the reduction and finally the dis-

appearance of the silica glass bands and from evolution

of the HCAp bands (1100–940, 600, 570 cm
–1

) [21].
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Fig. 6 DSC crystallization peak temperature of

SiO2–Na2O–CaO–P2O5 bioactive glass system as a

function of particle size (heating rate 10°C min
–1

)



The spectra of the reacted powders, after 1 day in

SBF, reveal new bands that can be assigned to a de-

veloped biological hydroxylapatite layer (HCAp) on

particles’ surface. Particularly, the strong band at

~1050 cm
–1

is assigned to P–O stretching vibration

and the two bands at 610–600 and 560–550 cm
–1

to

P–O bending vibration of the developed HCAp

layer [22–23]. Additional characteristic bands of

HCAp layer are the weak at 1530–1400 cm
–1

assigned

to C–O stretching vibration and one at 878 cm
–1

as-

signed to C–O out of plane bending vibration of car-

bonate group [24]. In Fig. 7 is observed that these

characteristic bands become sharper and more defi-

nite, as the particle size of powders is increased until a

specific size. From this observation is concluded that,

increasing the particle size of powders up to 80 μm,

the bioactive response becomes better, while further

increase in particle size does not lead in any further

substantial improvement.

This behavior could be attributed to the depend-

ence of total surface area, of each powdered sample,

on the particle size which is illustrated in Fig. 8. The

total surface area – for the same total mass of sam-

ple – decreases with increasing particle size, causing

the decrease of the specific ratio of total surface area

to volume of immersion liquid, since the volume of

SBF is the same for all powdered samples. It is re-

ported, that the decrease of the value of this specific

ratio, induce a better bioactive response [25–27],

however the value of this ratio does not present an im-

portant decrease for powders with particle size bigger

than 80 μm and consequently there is no further im-

provement of bioactive response of powders with par-

ticle size >80 μm and the reason is that the total sur-

face area seem to decrease asymptotically with the in-

crease of the particle size.

In the total surface calculation of each powdered

sample it was considered that the geometry of each

particle is spherical with a radius equal to the mean

value of the particle range of each powdered sample.

For longer immersion time, all the samples – inde-

pendently of their particle size – developed very good

layer of hydroxylcarbonate-apatite. As it is presented in

Fig. 7 (thin curves), the FTIR spectra of all samples after

two days of immersion in SBF, confirm the formation of

this HCAp layer on the surface of particles. Conse-
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Fig. 7 FTIR transmittance spectra of bioactive glass powder

system SiO2–Na2O– CaO–P2O5 with different particle

sizes, after 1 day (bold curves) and two days (thin

curves) in SBF

Fig. 8 Total surface area dependence on particle size of pow-

dered samples



quently, with further than one day immersion, it is not

observed any discrimination in the bioactive behavior.

Conclusions

Thermal analysis measurements performed at specific

heating rate on SiO2–Na2O–CaO–P2O5 bioactive glass

system in bulk and powder with different particle size

forms were reported and discussed. Bulk glass gave

one crystallization peak that was developed to two dis-

tinct exothermic crystallization peaks in powdered

samples. These different peaks could not be attributed

to the development of different phases. It was con-

firmed that the two crystallization peaks occurred due

to different crystallization mechanisms. The height of

the first DSC peak (at low temperature) was decreased

with increasing particle size, thus indicating that the

mechanism of surface crystallization could be associ-

ated with this peak. The height of the second DSC

crystallization peak (at high temperature) remained un-

changed with increasing particle size indicating a vol-

ume crystallization mechanism. The shift of the Tc to

lower temperatures, with the decrease of particle size,

is related to the particle size effects on heat transfer.

Additionally, a functional dependence of bioactive be-

havior on particle size was observed through the FTIR

spectra of the immersed in SBF powdered samples.

The bioactive response is improved with the increase

of the particle size of powders up to 80 μm and then,

remains almost unchanged with any further increase.
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