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bstract

he sintering process of 45S5 Bioglass® powder (mean particle size < 5 �m) was investigated by using different thermal analysis methods. Heating
icroscopy and conventional dilatometry techniques showed that bioactive glass sinters in two major steps: a short stage in the temperature range

00–600 ◦C and a longer stage in the range 850–1100 ◦C. The optimal sintering temperature and time were found to be 1050 ◦C and 140 min,
espectively. Differential thermal analysis (DTA) showed that Bioglass® crystallises at temperatures between 600 and 750 ◦C. The characteristic
rystalline phases were identified by Fourier Transformed Infrared Spectroscopy (FTIR), Transmission Electron Microscopy (TEM) and X-Ray
iffraction (XRD). The crystallisation kinetics was studied by DTA, using a non-isothermal method. The Kissinger plot for Bioglass® powder
eated at different heating rates between 5 and 30 ◦C/min yielded an activation energy of 316 kJ/mol. The average value of Avrami parameter

etermined using the Augis–Bennett method was 0.95 ± 0.10, confirming a surface crystallisation mechanism. After sintering at 1050 ◦C for
40 min, the main crystalline phase was found to be Na2Ca2Si3O9. The results of this work are useful for the design of the sintering/crystallisation
eat treatment of Bioglass® powder which is used for fabricating tissue engineering scaffolds with varying degree of bioactivity.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

45S5 Bioglass® is a commercially available inorganic mate-
ial, which has been used as bone replacement for more than
0 years.1 This is the first bioactive glass developed by Hench
t al. in 1969 2 and has the following chemical composition:
5 wt.% SiO2, 24.5 wt.% Na2O, 24.5 wt.% CaO and 6 wt.%
2O5. This glass is highly bioactive and it is both osteoinduc-

ive and osteoconductive, enabling its application in bone tissue
ngineering.3,4 Moreover, it has been shown that the ionic dis-
olution products of 45S5 Bioglass® may enhance new bone

ormation (osteogenesis) through a direct control over genes
hat regulate cell induction and proliferation.5

∗ Corresponding author. Tel.: +44 2075946731; fax: +44 2075946757.
E-mail address: a.boccaccini@imperial.ac.uk (A.R. Boccaccini).

1 Current address: Materials Science and Chemical Engineering Department,
olitecnico di Torino, Italy.
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l applications; Bioglass®

45S5 Bioglass® has been used for fabrication of scaffolds
or bone tissue engineering by sintering powders of particle
ize < 5 �m and employing the foam replication technique.6

he success of the scaffold fabrication process depends on the
intering ability of the Bioglass® powder since this particular
ioactive glass composition is prone to crystallisation at the
igh temperature required for sintering, as also investigated by
everal authors.7–11 Therefore, the requisite for optimising the
abrication of Bioglass® scaffolds is to understand the sintering
onditions of Bioglass® particles and the interaction between
intering and crystallisation of the material. By knowing the
tructural transformations which occur during the heat treatment
f Bioglass®, the scaffold fabrication process can be tailored,
.g. in terms of achieving the highest possible density of the
oam struts and the required crystallinity which itself controls

he material bioactivity.12

Previous studies have shown that there are five structural
ransformations during the heating of Bioglass® up to 1000 ◦C:

first glass transition, a glass-in-glass phase separation, two

mailto:a.boccaccini@imperial.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2009.06.035
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to measure the shrinkage of the samples during heating up to
1150 ◦C with a heating rate of 10 ◦C/min. The relative variation
300 O. Bretcanu et al. / Journal of the Euro

rystallisation processes and a second glass transition.12–14

odelling of the sintering behaviour of bioactive glass scaf-
olds has been also considered recently15 but there is still a lack
f knowledge about the effect of different process variables on
he final microstructure of the partially crystallised Bioglass®.

The aim of this work was to study the sintering process
f 45S5 Bioglass® powder by using different thermal analy-
is methods; including dilatometry, differential thermal analysis
DTA) and, for the first time, heating microscopy to investigate
intering anisotropy effects. The crystalline phase characterisa-
ion after the crystallisation and sintering process was carried out
y Fourier Transformed Infrared Spectroscopy (FTIR), Trans-
ission Electron Microscopy (TEM) and X-Ray Diffraction

XRD) techniques.

. Experimental procedures

.1. Materials

Bioglass® (type 45S5) powder (NovaMin USA) of mean par-
icle size <5 �m was used in this investigation. The chemical
omposition was given in Section 1. This glass is being used for
abrication of tissue engineering scaffolds by the foam replica
ethod,6 as mentioned above.

.2. Heating microscopy

The sintering process of Bioglass® powder compacts was
irectly observed by heating microscopy. This technique allows
he quantification of sintering variables by measuring the vari-
tion of the sample dimensions during the heating process.16

Leitz-Wetzlar heating stage optical microscope was used and
intering was investigated in air atmosphere, using a heating rate
f 20 ◦C/min. The samples were obtained by pressing manually
he Bioglass® powder using a rectangular die. The nominal rel-
tive density of the fabricated samples (“green” density) was
0.50. The specimens were observed by a video camera and

mages of the specimen silhouettes during sintering were reg-
stered up to 1150 ◦C. The shrinkage–temperature curves were
nalysed by using three different samples and the results were
veraged. The samples’ shrinkage was calculated at specific
emperatures from the variation of the samples’ area, using the
ollowing equation, which assumes isotropic shrinkage:

hrinkage(%) = A0 − AT

A0
100 (1)

here A0 = the initial area of the specimen at room temperature;
T = the area of the specimen at temperature T.

The variation of sample shrinkage with time and temperature
as registered by heating the samples up to 1050 ◦C using a
eating rate of 20 ◦C/min. In addition, isothermal sintering was
nvestigated by holding the green body samples at 1050 ◦C for

00 min in the heating microscope. Images of the sample sil-
ouettes were taken every 5 min. The experiment was repeated
hree times, using three different samples and the results were
veraged. The samples’ shrinkage was calculated at each time

o
d
c
a
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oint from the variation of the samples’ area, using the following
quation:

hrinkage(%) = At0 − At

At0
100 (2)

here At0 = the area of the specimen at time 0 at 1050 ◦C; At = the
rea of the specimen at time t at 1050 ◦C.

In a separate set of experiments to assess possible shrinkage
nisotropy, heating microscopy was carried out on cylindrical
pecimens monitoring the axial (height) and radial shrinkage
t temperatures of up to 1150 ◦C using three different heating
ates: 3, 10 and 20 ◦C/min. The starting samples were of 2 mm
iameter and 2 mm height and were obtained by pressing the
ioglass® powder in a cylindrical die. Three different specimens
ere used for each heating rate. During the sintering process, the

pecimens’ silhouettes were recorded by a video camera. The
eight and diameter of the silhouettes were measured at different
ime points and the results were averaged. The axial and radial
hrinkage were calculated using the following equations:

H = �H

H0
= H0 − Hi

H0
(3)

D = �D

D0
= D0 − Di

D0
(4)

here SH = axial shrinkage; H0 = initial height of the samples
t room temperature; Hi = height of the samples at time i;
D = radial shrinkage; D0 = initial diameter of the samples at
oom temperature; Di = diameter of the samples at time i.

If the samples sinter isotropically, the axial and radial shrink-
ge are equal (SH = SD). On the contrary, for anisotropic sintering
ehaviour, SH /= SD. By plotting the axial versus radial shrink-
ge, the isotropic/anisotropic characteristics of the specimens
an be determined.17 A more convenient way to quantify the
hrinkage anisotropy of sintering materials is the calculation
f the shrinkage anisotropy factor k. This parameter can be
alculated with the following equation17:

= SD

SH

(5)

f k = 1, the sintering is isotropic; if k /= 1, the sintering is
nisotropic. In the present study the evolution of k with sintering
ime was investigated.

.3. Dilatometry

The sintering temperature of Bioglass® powder compacts
as also determined using dilatometry measurements. Cylindri-

al pellets having 5 mm diameter and 8 mm length were obtained
y uniaxial pressing. A Netzsch dilatometer 402 E was used
f the sample’s length (�L/L0) during heating was measured
irectly by the instrument where L0 is the initial length of the
ylindrical sample and �L is the variation of the sample’s length
t a given temperature.
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.4. Differential thermal analysis (DTA)

DTA of Bioglass® powder was performed on a PL Ther-
al Sciences STA 1500 DCI instrument. The measurements
ere carried out in air, up to 1250 ◦C, using a range of heat-

ng rates between 5 and 30 ◦C/min. Pure alumina powder was
sed both as reference material and for base line determination.
he Bioglass® characteristic temperatures (glass transition tem-
erature, crystallisation temperature and melting temperature)
ere determined directly from the DTA plots. The crystallisation
inetics was studied by DTA using a non-isothermal method.
he activation energy for crystallisation (E) was calculated from

he Kissinger equation18:

n

(
α

T 2
p

)
= − E

RTp
+ constant (6)

here E = activation energy (kJ/mol); α = heating rate (K/min);
p = peak crystallisation temperature; R = gas constant
8.32 J K−1 mol−1).

By plotting [− ln(α/T 2
p )] versus 1/Tp the activation energy

f crystallisation can be calculated from the slope of the curve.
The mechanism of nucleation and growth of crystals can be

efined by the Avrami parameter, n, which can be determined
y the Augis–Bennet equation.18

= 2.5

�T

RT 2
p

E
(7)
here �T (K) is the width of the crystallisation peak at the half
aximum. If n ≈ 1, crystallisation occurs from the surface (sur-

ace crystallisation). If n ≈ 3, crystallisation takes place from the
olume (volumetric crystallisation).19 When surface crystallisa-

t
w
m

ig. 1. Heating microscope silhouettes of a cubic Bioglass® sample at different charac
Ceramic Society 29 (2009) 3299–3306 3301

ion is dominant (n = 1), the nuclei are formed prior to or during
he thermal treatment.20

Another parameter used for evaluation of the glass crystalli-
ation ability is the Hruby coefficient (Hr) given by Eq. (8):

r = Tp − Tg

Tm − Tp
(8)

here Hr = Hruby coefficient; Tp = peak crystallisation tem-
erature; Tg = glass transition temperature; Tm = onset melting
emperature (beginning of the melting process).

The higher the value of Hr, the lower is the crystallisation
endency of the material.21

.5. FTIR

FTIR measurements were carried out by using a Bruker spec-
rometer IFS 113 V, the spectra were collected in the reflectance

ode, in MIR region (5000–400 cm−1) and for each spec-
rum 128 consecutive scans were recorded with a resolution of
cm−1. Samples of Bioglass® powder were characterised before

he heat treatment and at characteristic temperatures (570, 700
nd 800 ◦C). The sample preparation was performed by obtain-
ng a quantity of Bioglass® in powder form and pressing it in a
acuum press at 7 t, in order to produce pellets with diameter of
3 mm and thickness of 0.8 mm.

.6. TEM
The TEM study was performed on samples of Bioglass® heat
reated up to 800 ◦C, using a conventional TEM (JEM 100C)
orking at 100 kV. Appropriate specimens were prepared by
echanical polishing and ion beam thinning.

teristic temperatures during sintering up to 1100 ◦C with heating rate 20 ◦C/min.
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ig. 2. Variation of shrinkage of Bioglass® powder compacts as function of
emperature for a heating rate of 20 ◦C/min (cubic samples).

.7. XRD

XRD measurements on Bioglass® powders before heat treat-
ent, after crystallisation at 800 ◦C and after sintering at

050 ◦C for 140 min were carried out using a Philips X’Pert
iffractometer with Cu K� radiation, using a step of 0.04◦ (2θ)
nd a time per step of 2 s. The diffraction lines were identified
sing “X’Pert HighScore” program, with PCPDFWIN database
2002 JCPDS-International Centre for Diffraction Data).

. Results and discussion

.1. Heating microscopy

Typical heating microscope silhouettes of cubic Bioglass®

amples during sintering at a heating rate of 20 ◦C/min and at
ifferent characteristic temperatures are shown in Fig. 1. The
eduction of the sample dimensions during the sintering pro-
ess can be noticed. The dimensional changes of the sample
an be clearly appreciated by comparing the two images at 50
nd 1100 ◦C. The sample seems to keep the cubic shape up
o 1100 ◦C (Fig. 1a–e). At 1100 ◦C the sample started to melt
nd the shape of the silhouette changes (Fig. 1f). Increasing
he temperature further, the glass becomes softer and viscosity
ignificantly decreases. Melting starts from the surface and the
lass specimen deforms under its own weight, thus, the bottom
art of the sample expands becoming more rounded, while the

op of the sample starts to distort.

The variation of shrinkage as function of sintering temper-
ture (Eq. (1)) is illustrated in Fig. 2. Two distinct sintering
teps can be distinguished: a first stage (step 1) and a longer and

r
c
d
s

able 1
intering characteristic temperatures determined from the shrinkage–temperature cur

ype analysis T1 (◦C) T2 (◦

eating microscopy (rate 20 ◦C/min) 500 600
ilatometry (rate 10 ◦C/min) 530 620
ig. 3. Variation of shrinkage versus time during isothermal sintering of
ioglass® powder compacts at 1050 ◦C (cubic samples).

ore marked stage (step 2). The first densification step starts at
00 ◦C (T1) and ends at 600 ◦C (T2). The second densification
tep starts at 950 ◦C (T3). The shrinkage associated to the first
tep is around 12%. While samples were found to shrink more
uring the second densification step (around 36%). Between T2
nd T3, the samples shrink about 5% and the plotted shrink-
ge curve indicates a horizontal plateau. All samples start to
elt at around 1100 ◦C (T4). The four characteristic tempera-

ures are indicated in Table 1. The sintering temperatures for the
ioglass® samples are included in the interval 1000–1100 ◦C
hen the higher densification is obtained. As can be seen in
ig. 1e, the sample still keeps its shape at 1050 ◦C, however pos-
ible anisotropic shrinkage effects are considered further below.
he study of shrinkage versus time (Eq. (2)) was therefore car-

ied out at 1050 ◦C. The obtained graphic is presented in Fig. 3.
he optimum sintering time at 1050 ◦C can be considered to be
40 min, where the curve of shrinkage (%) versus time reaches a
lateau. The isothermal sintering study confirms that additional
hrinkage occurs (about 15%), resulting in a total shrinkage of
bout of 55%. Therefore under isothermal conditions Bioglass®

owder compacts should be sintered at 1050 ◦C for 140 min to
chieve maximal densification. This finding is very important
n terms of understanding the structural transformations during
intering of Bioglass® powder leading to dense materials. The
urther fine tuning of these parameters will be required to develop
he optimised fabrication process for porous scaffolds from the
ame Bioglass® powder. Indeed sintering at temperatures in the
ange 1000–1100 ◦C was used in previous studies to fabricate
oam-like scaffolds with open porosity and highly dense struts.6

The variation of sample dimensions (height H and diameter
) of cylindrical samples during sintering at different heating
ates is shown in Fig. 4. To put in evidence the rate of densifi-
ation, shrinkage is plotted against sintering time for the three
ifferent sintering rates investigated (3, 10 and 20 ◦C/min). The
hape of the curves is similar for both height and diameter and

ves by heating microscopy and dilatometry techniques.

C) T3 (◦C) T4 (◦C) T5 (◦C)

950 1100 –
850 1130 1050
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ig. 4. Variations of the dimensional characteristics (height H and diameter D)
f the cylindrical Bioglass® samples versus time at different heating rates: 3, 10
nd 20 ◦C/min up to 1150 ◦C.

he two steps of sintering discussed above can be identified in
ll curves. It can be noticed that with increasing heating rate
from 3 to 20 ◦C/min), the shrinkage rates (given by the slopes
f the curves in Fig. 4) decrease for both sintering stages. More-
ver the length of the plateau (between T2 and T3) increases
ith decreasing heating rate. At a low heating rate, the parti-

les are exposed longer time to high temperature, which tends
o favour crystallisation over viscous flow densification, as dis-
ussed elsewhere.17 It was also observed that the duration of
he first step of shrinkage increases significantly with increasing
eating rate. This result indicates that at higher heating rates a
igher densification can be achieved during the first step, which
s also ascribed to the competition between the viscous flow
intering and crystallisation phenomena.

Fig. 5 shows a plot of radial (diametral) shrinkage (Eq. (4))

ersus axial shrinkage (Eq. (3)) during sintering of cylindrical
amples at different heating rates in the heating microscope.
s can be seen in this figure, most data are located close to

he isotropic line, indicating that sintering of Bioglass® powder

ig. 5. Diametral shrinkage versus axial shrinkage during sintering of cylindrical
amples in heating microscope.
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ig. 6. Dilatometric curve of Bioglass® powder compacts obtained at a heating
ate of 10 ◦C/min.

nder the conditions investigated has only a slightly anisotropic
haracter. However, in all cases the axial shrinkage is seen to
e slightly higher than the diametral shrinkage indicating that
he shrinkage anisotropy factor will be <1. The shrinkage is

ore anisotropic in the early stages of sintering and reaches
alues close to 1 (at T > 850 ◦C) with the progress of densifica-
ion. For the heating rate of 3 ◦C/min the shrinkage anisotropy
actor reaches a value k = 0.87 at 600 ◦C, remaining constant at
igher temperatures. This result can be related to the increased
rystallisation of this sample. For the heating rate of 20 ◦C/min
he k factor increases to k = 0.95 at temperatures > 750 ◦C. These
esults indicate a complex shrinkage anisotropy dependence on
eating rate, probably affected by crystallisation of the sample.
n addition, the possible different coordination number of parti-
les in different directions may have an effect, since the number
f contacts between particles is expected to be higher along the
pecimen length in uniaxially pressed samples. Overall, how-
ver the anisotropy is negligible and it should not cause major
istortion of the shape of structures made by sintering, including
caffolds.6

.2. Dilatometry

The relative variation of the sample length (�L/L0) versus
emperature during heating up to 1150 ◦C is plotted in Fig. 6
or a heating rate of 10 ◦C/min. The two major sintering steps
re clearly visible. The first densification step is seen to start at
30 ◦C (T1) and to end at 620 ◦C (T2), while the second densi-
cation step starts at 850 ◦C (T3) and melting occurs at 1130 ◦C
T4). The first step shrinkage is around 5% and the second step
hrinkage is around 16%. The plateau between T2 and T3 is
uite horizontal (Fig. 6). The second sintering step presents a
mall inflexion at 1050 ◦C (T5), probably corresponding to a
oftening point when viscous flow starts. The characteristic sin-
ering temperatures are summarised in Table 1. The results are
imilar to those obtained by heating microscopy (Fig. 2). The
ifferences depend only on the instruments’ different sensibil-
ty and on the heating rates used. By using a slower heating

ate, the shape of the shrinkage–temperature curve becomes bet-
er defined. Also from dilatometry results, it is confirmed that
he sintering temperature for Bioglass® powder compacts lies
n the interval 1000–1100 ◦C. The optimal sintering tempera-
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ig. 7. DTA curves obtained for Bioglass® powder at different heating rates.

ure can be chosen in the centre of this interval, i.e. at 1050 ◦C,
hen viscous flow sintering dominates, as also indicated by the

sothermal sintering study (Fig. 3).

.3. DTA analysis and phase characterisation

DTA curves of the Bioglass® powder at different heating
ates in the range 5–30 ◦C/min are shown in Fig. 7. All curves
resent a large exothermic peak, between 600 and 750 ◦C, and
wo small endothermic peaks, in the range 1150–1250 ◦C. After
ooling to room temperature, all samples had a glassy aspect,
ndicating that at least partial melting has occurred during the
TA measurement. The large, broad exothermic peak mentioned

bove corresponds to Bioglass® crystallisation, while the two
ndothermic peaks represent melting processes, e.g. melting of
wo crystalline phases, as discussed in the literature.13

The characteristic temperatures (Tg, Tp and Tm) for the dif-
erent heating rates are shown in Table 2. By increasing the
eating rate, the glass transition temperature (Tg) and the peak
rystallisation temperature (Tp) increase, while the onset melt-
ng temperature (Tm) decreases. These results are in agreement
ith those presented by Clupper and Hench.20 For heating rates
etween 5 and 30 ◦C/min, the Tg varies in the range 500–550 ◦C.
ioglass® crystallises between 600 and 750 ◦C and starts to melt
t temperature between 1150 and 1180 ◦C. During the crys-

allisation process the development of two crystalline phases
s detected. The main crystalline phase is a sodium calcium sil-
cate phase and the secondary one is a phosphate phase, which
an be identified by FTIR. The FTIR spectra at the characteris-

able 2
TA parameters at different heating rates.

ate (◦C/min) Tg (◦C) Tp (◦C) Tm (◦C) Hr n

5 505 650 1174 0.28 1.170
0 536 664 1172 0.25 0.964
5 544 674 1168 0.26 0.909
0 549 676 1165 0.26 0.886
5 553 686 1160 0.28 0.891
0 551 690 1155 0.30 0.886
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ig. 8. FTIR spectra of Bioglass® before heat treatment, heat treated up to 570,
00 and 800 ◦C. Additionally, the characteristic spectra of the sodium calcium
ilicate (Na2Ca2Si3O9) phase is presented for comparison.

ic temperatures during and after heat treatment at temperatures
n the range 600–800 ◦C are shown in Fig. 8, confirming the
ormation of the specific crystalline phases in this temperature
ange under the particular heat treatment used. The FTIR spectra
f Bioglass® before heat treatment and of the sodium calcium
ilicate phase are also shown for comparison. The melting pro-
ess of the two crystalline phases results in the occurrence of
he two endothermic peaks at 1150–1180 ◦C. These findings
re confirmed by previous work in the literature.11,13,14 The
TIR spectra appear similar to those presented by Filho et al.21

ndicating a high degree of crystallinity under the specific heat
reatment. The observation of the Na2Ca2Si3O9 phase was also
onfirmed by TEM in samples heat treated under the same condi-
ions (Fig. 9), while the identification of the secondary phosphate
hase was not possible. The Na2Ca2Si3O9 phase crystallised

n hexagonal system and the characteristic lattice parameters
re presented in Table 3. However, the presence of both crys-
alline phases was also confirmed by XRD analysis in samples
eat treated up to 800 ◦C (Fig. 10). XRD analysis enabled the

able 3
haracteristic lattice parameters of Na2Ca2Si3O9 crystal, hexagonal system.

b c α β γ

0.561 10.561 13.199 90◦ 90◦ 120◦
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ig. 9. TEM dark field image and electron diffraction pattern of the
a2Ca2Si3O9 phase formed during heat treatment of Bioglass® at temperatures
igher than 600 ◦C.

recise identification of the secondary phosphate phase which
as identified as silicorhenanite phase (Na2Ca4(PO4)2SiO4), as

xpected also from the literature.14

The DTA characteristic temperatures are slightly different
rom data obtained by heating microscopy and dilatometry.
hese differences can be explained in terms of sample mor-
hology. In the case of DTA, the samples were powders, while
or the other techniques, the powder was compressed into pow-
er compacts. In the last case, the compaction force reduces
orosity between glass particles (green body density) and vis-
ous flow sintering is facilitated. Therefore, the characteristic
emperatures obtained using powder compacts are lower than
hose determined from DTA.

Considering the results from DTA, heating stage microscopy
nd dilatometry measurements, we can conclude that the first

tep of densification occurs shortly after the glass transition
emperature is reached, when sintering takes place by viscous
ow and particles are connected through sintering necks.14 The
ioglass® particles crystallise in the range 600–750 ◦C, so the

ig. 10. XRD pattern of Bioglass® powder heat treated up to 800 ◦C, after the
ompletion of the crystallisation process.
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ig. 11. Calculation of the activation energy for crystallisation from DTA results.

aterial is highly crystalline prior to undergoing the second
tage of densification (above 850 ◦C). The shrinkage plateau
bserved between the two stages of sintering corresponds to
he crystallisation process. During crystallisation, the viscosity
ncreases and viscous flow sintering is inhibited.17,22,23 With
ncreasing temperature the viscosity decreases again, leading to
he second sintering stage. Bioglass® powder compacts start the
econd stage of sintering above 850 ◦C. According to Lefebre et
l.,12,13 the second stage of sintering occurs after crystallisation
f the secondary phosphate phase, in agreement with our results.

The plot of [− ln(α/T 2
p )] versus 1/Tp is presented in Fig. 11.

he correlation parameter (R2 = 0.9829) indicates a very good
tting. The value of the activation energy for crystallisation cal-
ulated from the slope is 316 kJ/mol (Eq. (6)). This value is in
greement with the results obtained by other authors.13,20 The
alues of the Avrami parameter n (Eq. (7)) for Bioglass® crys-
allisation at different heating rates are listed in Table 2. The
verage value is 0.95 ± 0.10 and thus a surface crystallisation
s predominant in this material, as it was expected due to the
ery small particle size of the studied powder, which enhances
he surface crystallisation mechanism.23 The calculated values

f the Hruby coefficient (Hr) (Eq. (8)) at different heating rates
re shown in Table 2. The low mean value 0.27 ± 0.02 confirms
high crystallisation ability of Bioglass®, which has also been

eported in the literature.20

ig. 12. XRD patterns of Bioglass® powder compacts before the heat
reatment and after sintering at 1050 ◦C for 140 min (�= Na2Ca2Si3O9,

= Na2Ca4(PO4)2SiO4).
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The XRD patterns of Bioglass® powder compacts before
eat treatment and after sintering at 1050 ◦C for 140 min are
hown in Fig. 12. Before sintering, the XRD pattern of Bioglass®

hows, as expected, that the material is completely amorphous
ut the sintered material exhibited a diffraction pattern charac-
eristic of a glass–ceramic structure. The identified crystalline
hases are the same to those observed on samples heat treated at
emperatures after the completion of the crystallisation process
e.g. 800 ◦C) (Fig. 10). It is thus confirmed that the crystalline
icrostructure develops before the completion of sintering. The
ain crystalline phase is identified as Na2Ca2Si3O9, in agree-
ent with our previous results on fabrication of scaffolds from

he same Bioglass®.6,14 The minor crystalline phase was also
dentified as Na2Ca4(PO4)2SiO4 by Lefebre at al.13

. Conclusions

The sintering process of 45S5 Bioglass® powder was studied
y using different thermal analysis and microscopic methods.
he Bioglass® powder sinters in two major steps: the first one in

he temperature range 500–600 ◦C and the second one between
50 and 1100 ◦C. After sintering at 1050 ◦C for 140 min, con-
idered to be the optimal isothermal sintering conditions, the
ain crystalline phase is Na2Ca2Si3O9 but other crystalline

hases are possible under different heat treatment conditions,
hich are discussed in the literature13. It was confirmed that
ioglass® crystallises in the temperature range 600–750 ◦C,

he exact crystallisation temperature depends on heating rate.
oreover, it was shown that Bioglass® powder has a high crys-

allisation ability and it crystallises by a surface crystallisation
echanism (Avrami parameter n = 0.95), so that the material is

ighly crystalline prior to undergoing the second step of densifi-
ation (above 850 ◦C). Under the conditions of the experiments,
hich were carried out with equiaxed glass particles, there is no

onsiderable shrinkage anisotropy during sintering. The results
f the present investigation describing the interaction between
rystallisation and viscous flow sintering in Bioglass® powder
nder different heat treatment conditions are relevant to sup-
ort the fabrication of bone tissue engineering scaffolds from
ioglass®, which should exhibit tailored porosity, controlled
rystallinity and enhanced bioactivity.
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