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Abstract
Bioglass 45S5 has been shown inter alia to enhance bone growth, making it an interesting material for implants and scaffolds.
Scaffolds are sintered from powdered glasses, and are partially crystalline. Crystallization of powdered 45S5 is well reported in the
literature. 45S5 easily crystallizes also during hot-working to various implants. Crystallization of 45S5 plates at isothermal treatments
was studied systematically for up to six hours at ten different temperatures (600-1000°C). The samples were inserted into a preheated
furnace, and after the treatment the samples were rapidly cooled in the nitrogen ow. XRD, SEM, and optical microscope were used to
identify the phase changes. According to the optical microscope images, the phase separation commenced around 600°C. The phase
separated regions became more apparent at 700°C, and above 800°C a uniform crystal structure was observed. According to SEM, the
crystal aggregates in the bulk showed truncated cube-like morphology (10-40 m). At higher temperatures two different crystal structures
could be identied on the surface. The X-ray diffraction pattern evolution was followed as the functions of time and temperature. The rst
peaks were observed at 650°C and the best match was obtained with Na2CaSi2O6. An evident broadening of the main peak (at 2  34°),
leading to a separation into two peaks, was observed around 700°C; the separation of the peaks increased linearly as the function of
temperature. On plate surfaces the crystallization was similar to the reported results with powdered samples, while in the cross-sectional
surface only one crystalline phase was observed.
Keywords: 45S5, Crystallization, XRD

KRYSTALIZACJA BIOSZKA 45S5 W TRAKCIE IZOTERMICZNEGO WYGRZEWANIA
W przypadku bioszka 45S5 inter alia pokazano, e sprzyja wzrostowi koci, co czyni go interesuj cym materiaem na wszczepy i rusztowania. Rusztowania spieka si ze sproszkowanego szka i s one cz ciowo krystaliczne. Krystalizacja sproszkowanego szka 45S5
jest dobrze opisana w literaturze. Szko 45S5 atwo krystalizuje równie podczas obróbki na gor co prowadz cej do wykonania rónych
wszczepów. Krystalizacj pytek ze szka 45S5 podczas izotermicznej obróbki badano systematycznie a do szeciu godzin w dziesi ciu rónych temperaturach (600-1000°C). Próbki umieszczano we wczeniej nagrzanym piecu, a po obróbce, próbki szybko schadzano
w strumieniu azotu. Metody XRD, SEM i mikroskopii optycznej wykorzystano do zidentykowania zmian fazowych. Zgodnie z obrazami
mikroskopii optycznej, rozdzielenie fazowe rozpocz o si w okoo 600°C. Obszary rozdzielenia faz stay si bardziej widoczne w 700°C,
za powyej 800°C zaobserwowano jednorodn struktur krystaliczn . Zgodnie z obserwacjami SEM, agregaty krystaliczne w obj toci
materiau pokazay morfologi podobn do ci tego szecianu (10-40 m). W wyszych temperaturach dwie róni ce si struktury krystaliczne mona byo zidentykowa na powierzchni. Ewolucja dyfraktogramów rentgenowskich ledzona bya w funkcji czasu i temperatury. Pierwsze piki zaobserwowano w 650°C i najlepsze dopasowanie uzyskano dla Na2CaSi2O6. Widoczne poszerzenie gównego piku
(przy 2  34°), prowadz ce do rozdzielenia na dwa piki, zaobserwowano w 700°C; rozdzielenie pików zwi kszao si liniowo w funkcji
temperatury. Na powierzchniach pytkowych krystalizacja przebiegaa podobnie do opisanej w próbkach proszkowych, podczas gdy na
powierzchni przekroju zaobserwowano tylko jedn faz krystaliczn .
Sowa kluczowe: 45S5, krystalizacja, XRD

1. Introduction
Bioglass 45S5 has been shown to enhance bone growth
making it an interesting material for implants and scaffolds.
Interconnected porosity of the scaffold allows good diffusion
of nutrients throughout the entire structure, and thus the cell
attachment, proliferation, and migration are enhanced. In the
recent years partially crystalline scaffolds sintered of powdered 45S5 have been developed [1-3]. In order to control
the physical properties and the crystallization mechanism

of the scaffolds the time and temperature windows for the
crystallization need to be mastered.
45S5 crystallizes easily during hot-working, and is not
of suitable composition, e.g. for the continuous ber drawing [4]. However, as crystallization is reported to only retard
the hydroxyapatite layer formation, 45S5 has been used
as a scaffold material [5]. Furthermore, the crystallization
degree allows the way to tailor the bioactivity of the scaffold.
The structural transformations of 45S5 are well reported
in the literature [6]. Most of the studies concentrate on pow-
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dered samples. The crystallization of 45S5 is reported to
commence around 600°C, and as a primary crystal phase
most often the so called 1N2C3S, i.e. Na2O·2CaO·3SiO2, is
suggested [1, 7, 8]. Another type of sodium calcium silicate
considered in the literature is Na2CaSi2O6 [6, 9, 10]. Also
silicorheanite (Na2Ca4(PO4)2SiO4) has been suggested to
form around 800-950°C [6]. As a secondary phase, apatitelike structures have also been suggested to crystallize at
higher temperatures [11]. Furthermore, Ca10(PO4)6 has been
identied in the partially crystallized glass-ceramics consisting of 48 SiO2, 9.5 P2O5, 20 Na2O and 22.5 CaO (wt%) [12].
In this work the crystallization of 45S5 plates at isothermal
treatments for up to six hours at ten different temperatures
(600-1000°C) was studied. The aim was to shed light on the
crystallization characteristics of glass 45S5. A more comprehensive understanding of the crystallization is essential, e.g.
in choosing sintering parameters in manufacturing of partially
crystallized scaffolds of parent glass 45S5.

ages. The surface appearance changed clearly at 800°C to
a uniform white structure indicating that the entire bulk had
undergone crystallization. With the optical microscope no
additional visual changes were found to occur after a heat
treatment at higher temperatures or longer times.

2. Experimental
Glass 45S5 (45 wt% SiO2, 6 wt% of P2O5, 24.5 wt% of
both Na2O and CaO) was prepared of analytical grade reagents by using the same melting procedure and reagents as
described by Arstila et al. [13]. The glass was cut to monolithic
samples (20×10×5 mm), and then subjected to isothermal
heat treatments (30 min, 20 h). The experiments were carried
out over the temperature range 600-1000°C. A preheated
electrical furnace equipped with a nitrogen atmosphere was
used in this study; the heat treatment procedure and the
sample preparation have been described before [4]. After
the heat treatment the samples were cooled in the nitrogen
ow to room temperature. The samples were cut with a low
speed diamond saw, and the cross-sectional surface of one
half was polished. The cross-section was rst imaged with
the optical microscope (LEICA), and then with the scanning
electron microscope, equipped with the electron dispersive
X-ray analysis (FEG-SEM/EDXA, LEO 1530 by Zeiss and
Vantage by Thermo Electron Corporation).
The other halves of the cut samples were ground to powder
with an agate mortar and a pestle, and the crystalline phases
were analyzed with X-ray diffraction (X’pert by Philips, CuK
radiation, 40 kV, 30 mA, 5-60° 2, 0.8°/min). Some samples
were also analyzed as plates on the top surfaces. To more
closely follow the peak separation taking place around 34° 2,
a slower scan rate was used (30-40° 2, 0.12°/min.) for some
of the samples. No signs of crystallization were observed in
the glass before the heat treaments. The powder of the size
fraction 25-45 m was also heat treated at 600, 700, 800, and
900°C for one hour in order to establish whether bulk and powdered samples have different crystallization characteristics.

3. Results and discussion
According to the optical microscope images the phase
separation commenced around 600°C. The phase separated
regions became more apparent at 700°C, and with the increasing duration of the heat treatment the phase separation
was clear. Fig. 1 shows the surface of a plate after one hour
at 750°C. A clear separation into two regions has occurred.
The same structure was also seen in the cross-sectional im-
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Fig. 1. Optical microscope image of the surface of 45S5 plate after
one hour at 750°C.

Fig. 2 shows the SEM images taken from the top
surface and the cross-section after one hour at 800°C.
Smaller crystals can be detected on the surface of the
plates (A) and a crystalline network (B) can be detected
on the cross-section. A similar crystal structure for heat
treated 45S5 has also been reported by Arstila et al.
[4, 13]. Crystal aggregates in the surface of a void seen in the
bulk sample showed a truncated cube-like morphology. The
aggregate size grew with the increasing temperature from
10 (700°C) to 40 m (900°C). A similar crystal shape and
size have been reported for isolated crystals in the surface of
a plate of 45S5 after the heat-treatment at 715°C for 15 min.
Only one crystalline phase was identied [9, 10]. In the same
study after the prolonged heat treatment time (60 min) the
crystals were found to be impinged with each other.
According to the results in this work, the heat treatment
temperature showed a greater effect than time on the crystallization. This implies that the growth of individual crystals
was prevented by the neighboring crystals already after
one hour of heat treatment. Thus, the crystal growth rate
decreased with a prolonged heat treatment. The SEM image
showing a higher magnication suggests that the aggregates
consisted of a network of smaller crystals (Fig. 2d). At higher
temperatures the small crystals seemed to become more arranged, and the interface between the crystals was not clear.
After six hours at 1000°C two different crystal structures
were identied on the surface of 45S5; one consisting of
sodium calcium silicate and the other containing also phosphorus [4]. The SEM image shows indications of separation
into two different phases on the plate surface already after 30
minutes at 900°C (Fig. 3). However, no reliable EDX analysis
was achieved because of the small size of the crystals. The
phase separation into two crystalline phases became clearer
after four hours at the same temperature.
The XRD diffractograms of plates heat treated for one
hour at different temperatures are shown in Fig. 4. The
plates were powdered prior the analysis. The two different
polymeric sample holders used in the XRD experiment series
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Fig. 2. SEM-image of the top surface (a) and cross-section of
45S5plate after one hour at 800°C : b) 250x, c) 200x, and d) 1.5kx.

Fig. 3. SEM-image of the top surface of 45S5 plate: a) 30 min and
b) 4 h at 900°C, c) 1 h [4] and d) 6 h at 1000°C [4].
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caused relatively large variations in the amorphous region
between 5 and 15° 2 . Thus, this region was cut off from the
diffractograms. At 600°C no sign of bulk crystallization was
detected with the plates even after longer heat treatment
times (6 hours). However, peaks indicating crystallization
were identied on the top surface of the glass plates already
after one hour of heat treatment. This indicates that only
small crystals or a small fraction of crystals at levels below
XRD’s detection limits formed in the bulk glass. First distinct
peaks from the analysis of the bulk sample were observed
after one hour at 650°C.
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Fig. 4. Diffractograms of 45S5 heat treated for one hour at different
temperatures (powdered plates).
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The peak heights were found to increase linearly as a function of temperature up to 700°C. This suggests that the fraction
and/or the size of the crystals increased linearly. In Fig. 5 the
peak intensity evolution as a function of temperature is presented for three peaks at different angular locations. All the
peaks follow the same trend. At 750°C an obvious decrease
in the peak intensities was observed. Whether this is a real
physical phenomenon or an experimental error was not properly veried, but a similar trend was measured for two parallel
samples. Furthermore, at this temperature region a separation
of the peak at the highest intensity (34° 2) started, indicating
a change either in the crystal phase or lattice parameters.
A similar peak separation was also reported by Lefebvre et al.
[6]. At the same temperature also a separation of the smaller
peak around 26° 2 was observed (Fig. 4).

Above 750°C the peak intensities increased again linearly
until they started to decrease after one hour heat treatment
at 1000°C. This implies that melting of the samples started.
Partially crystallized 45S5 has been reported to start to melt
within the temperature range around 1050-1200°C [6, 14].
When the full width at half maximum (FWHM) values of the
different peaks were compared, no clear trends could be
veried. Thus, no crystal size calculation was performed.
An unambiguous identication of the sodium calcium
silicate crystal type was difcult, as expected also from the
various data reported earlier. The overall best match was
obtained with combeite Na2CaSi2O6 (PDF 77-2189). The
same pattern was suggested by Lefebvre et al., Lin et al.,
and Huang et al. [6, 9, 10]. A good t was also gained with
the Na2CaSiO4 type of crystal pattern if considering the main
intensity peak at 34° 2 to be a singlet. It is possible that
a phase change caused the observed non-linearity in the
peak intensity (Fig. 5).
The most often suggested so called 1N2C3S phase has
a highly similar diffraction pattern to the combeite type, and
was also found to t well. The two crystal types may have
interconnected structures making the identication difcult
[10]. When the tape cast 45S5 glass was heat treated at
temperatures between 800 and 1000°C, only 1N2C3S type
was observed, and a densication of the structure was found
to occur as a function of temperature [15]. Also for the tape
cast 45S5 the main peak separated into a double peak.
When comparing the diffractograms of the plate samples
(Fig. 4) with the heat treated 25-45 m powder samples
(Fig. 6), no big differences can be observed. However, the
crystallization is clearly noticed after one hour at 600°C for
the glass powder. Again, the separation of the main intensity
peak occurred in the same temperature region.
The separation of the main intensity peak (34° 2)
as a function of the heat treatment temperature followed a linear dependence (Fig. 7). Highly similar values were obtained for both the heat treated plates and the
25-45 m powder samples. A similar trend of the peak
separation has been reported also for a fine powder
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Fig. 5. Peak intensity (counts) evolution as a function of heat treatment temperature for three peaks at different angular locations.
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Fig. 6. Diffractograms of 45S5 (25-45m powder) heat treated for
one hour at different temperatures.
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(1 m) of 45S5 heat treated at different temperatures for
5 min [6]. The separation was assumed to be due to the lattice parameter change rather than to a phase change.
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Fig. 9. Diffractograms of 45S5 (plates) heat treated for different
times at 700ºC.
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Fig. 7. Separation of the two peaks around 34° as a function of heat
treatment temperature for crystallized plates and 25-45 m powder
samples of 45S5.

The phosphate rich crystalline phase suggested by the
SEM-EDX analysis could not be identied with certainty
neither in the heat treated plates nor powder samples with
XRD. A beginning of a new peak formation was observed
near the main intensity peak in same temperature range as
reported for the silicorheanite (Na2Ca4(PO4)2SiO4) [6].
The silicorheanite pattern (PDF 32-1053) suggested by
Lefebvre et al. [6] was tted to diffractograms of the powdered plates, and a relatively good match was obtained. The
diffractogram of the top surface of after four hours at 900°C
(cf. Fig. 3) shows a clear new peak around 32 ° 2 (Fig. 8).
In this gure the tting of PDF 77-2189 (light) and PDF 321053 (black) is shown.
The effect of the heat treatment time on the XRD diffractograms is shown in Figs. 9 and 10. The heat treatment time
did not have a great inuence on the crystallization at 700°C.
The results indicate that the main intensity peak separation
does not depend on the kinetics, but on the thermodynamics
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Fig. 10. Diffractograms of 45S5 (plates) heat treated at 900°C for
different times.

because even after 20 h no big changes in the structure occurred. Thus, a certain activation energy barrier needs to be
exceeded in order to initiate a lattice parameter or a phase
change causing the peak splitting.
At 900°C the intensity of the peaks was again observed
to decrease, but the peak width increased after a 20 h heat
treatment (Fig. 10). No secondary phases were identied for
the sample heat treated for 20 h.
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Fig. 8. Diffractogram of the top surface of a after 4 h at 900°C (PDF
77-2189 as light and PDF 32-1053 as black).

Crystallization of plates of 45S5 at isothermal treatments
for up to six hours at ten different temperatures (600-1000°C)
was studied by using XRD, SEM, and optical microscope.
Also some powdered samples were heat treated.
A phase separation was observed to start around 600°C.
The rst signs of crystallization of the powdered samples
were observed at this temperature while for the plates the
rst peaks indicating crystallization were noticed at 650°C.
Crystal aggregates found in the bulk showed a truncated
cube-like morphology. In this study only sodium calcium
silicate crystals were identied with certainty. However, the
exact empirical formula is still unclear. Nevertheless, the
formation of phosphorus -rich secondary crystals at higher
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temperatures (800°C) was considered to be highly probable.
The sodium calcium silicate peaks were assumed to mask
at least partially the phosphorus containing crystals signals.
An evident broadening of the main peak (at 2  34°)
leading to separation into two peaks was observed around
700°C; the separation of the peaks increased linearly as
a function of temperature. The separation was considered to
be a thermodynamically rather than kinetically limited process
because even after prolonged heat treatments at 700°C no
clear changes were observed for the main peak.
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