
A

I
c
p
a
f
m
s
h
©

K

1

t
w
c
t
F
t
r
f
w

p
s
t
v
i
o
l
v
f
p
c

0
d

Available  online  at  www.sciencedirect.com

Journal of the European Ceramic Society 32 (2012) 2731–2738

T–T–T behaviour of bioactive glasses 1–98 and 13–93

Susanne Fagerlund, Jonathan Massera, Mikko Hupa, Leena Hupa ∗
Process Chemistry Centre, Åbo Akademi University, Turku, Finland

Available online 18 November 2011

bstract

n this work crystallization kinetics of bioactive glasses 1–98 and 13–93 are discussed. Within a certain temperature–time window these glasses
an be hot worked into various products without interfering with crystallization. The crystallization was studied isothermally by heating glass
lates at different temperatures for different times. Phases in the samples were studied through XRD and SEM analyses. The nucleation-like curves
nd crystallization characteristics were measured with DTA. The temperature of maximum nucleation was measured for glass 1–98 at 725 ◦C and
or 13–93 at 700 ◦C. The activation energy of crystallization of both glasses was 280 kJ/mol. The Johnson–Mehl–Avrami exponent and the SEM

icrographs of the samples suggested surface crystallization. The primary crystalline phase was wollastonite. The growth rate of the crystallized

urface layer was 1 order of magnitude higher in the plates of 1–98 than in 13–93. The results can be utilized to optimize the parameters in
ot-working of the glasses.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Bioactive glasses with their composition in the wollas-
onite primary field can be hot worked into various products
ithout crystallization at carefully controlled time–temperature

onditions.1 These glass compositions can for example be sin-
ered to porous implants or drawn into continuous fibres.1–5

urther, tissue engineering scaffolds with strut structure sin-
ered of powdered fractions of bioactive glasses have been
eported.6,7 The bioactive glass fibres have been tested as rein-
orcing components in different composite structures together
ith biodegradable polymers.8

Depending on the product, the glass forming operations take
lace within certain viscosity ranges. However, due to their low
ilica content and thus highly depolymerized structure compared
o traditional glasses, bioactive glass melts crystallize easily at
iscosity ranges typically applied in glass forming. For example,
n the manufacture of porous bodies by viscous flow sintering
f powdered glass above the glass transition temperature, too
ong residence times in the temperature range giving optimal
iscosity might lead to extensive crystallization. The upper limit

or the crystallization range is characterized by the liquidus tem-
erature. In rotational viscometer the typical bioactive glasses
rystallized at much lower viscosity values than utilized in
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rawing of continuous fibres from glass melts.9,10 This implies
hat the viscosity at the liquidus temperature of bioactive glasses
s much lower than the liquidus of conventional soda-lime
lasses or fibreglasses. In practice, the crystal growth rate below
he liquidus temperature is a limiting factor in glass forming.
hus, the strong tendency of bioactive glass melts to crystallize
alls for a better understanding of their crystallization kinetics.
or practical purposes the crystallization can be described with

ime–temperature–transformation (T–T–T) curves.
The aim of this work was to give detailed information on

he T–T–T behaviour in heating of two bioactive glasses 1–98
nd 13–93. The bioactivity of both glasses has been verified
y in vivo studies. Amorphous porous implants sintered of the
lasses have been shown to bond to rabbit femur.11 Originally,
heir oxide compositions were developed in order to allow versa-
ile hot working properties.11,12 However, in the working range
oth glasses are close to or partly within the temperature region
n which they show high tendency to crystallize. The informa-
ion obtained can be employed to adjust hot working parameters
o that crystallization is avoided.

. Experimental
.1.  Sample  preparation

Bioactive glasses 1–98 and 13–93 were prepared from analyt-
cal grade reagents of Na2CO3, K2CO3, MgO, CaCO3, H3BO3,

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.040
mailto:leena.hupa@abo.fi
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Table 1
Nominal glass composition (wt%).

Glass wt%

Na2O K2O MgO CaO B2O3 P2O5 SiO2
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–98 6 11 5 

3–93 6 12 5

aHPO4·2(H2O) and Belgian quartz sand. The batches were
elted in a platinum crucible for 3 h at 1360 ◦C, cast, annealed,

rushed and remelted to ensure homogeneity. The nominal
xide compositions of the glasses are given in Table 1. The
lasses were crushed and sieved to give the size range frac-
ion 300–500 �m for the thermal analysis and cut to monolithic
amples (20 mm ×  10 mm ×  5 mm) for the isothermal heat treat-
ent.

.2. Thermal  analysis

The glass transition temperature Tg and the crystallization
emperature Tp were determined by Differential Thermal Anal-
sis (Mettler Toledo TGA/SDTA851e) at various heating rates
10, 15, 20, and 30 ◦C/min). The measurements were performed
n 50 mg samples with the particle size 300–500 �m in platinum
ans in an N2 atmosphere. Tg was taken at the inflection point
f the endotherm, obtained by taking the first derivative of the
TA curve; Tp was taken at the maximum of the exothermic
eak.

The activation energy Ec associated with the crystallization
emperature was determined using the Kissinger equation (1) for
p values measured at the different heating rates13:

n

(
q

T 2
p

)
=  − Ec

RTp

+  constant, (1)

here q is the heating rate; Tp is the crystallization temperature
easured at the different heating rates, and R  is the gas constant.
The Johnson–Mehl–Avrami (JMA) exponent was determined

sing Eq. (2) proposed by Augis and Bennett14:

 = 2.5

�TFWHM

T 2
p

Ec/R
,  (2)

here n is the JMA exponent and �TFWHM is the full width
t half maximum of the DTA peak. The JMA exponent gives
nformation about the dimensionality of the crystal growth. The
emi-quantitative, nucleation-like curve was determined using
he method proposed by Marotta et al.15 The curve is based on
eating samples up to several potential nucleation temperatures.
he maximum of the exothermic peak in DTA curve was mea-

0
ured with (Tp) and without (Tp ) an isothermal hold for 30 min
t T, the potential nucleation temperature. A 20 ◦C/min heat-
ng rate was chosen to suppress the formation of nuclei during
he heating of the glass. The nucleation-like curve (I0) is then

3

a

22 1 2 53
20 – 4 53

btained by plotting ((1/Tp) −  (1/T 0
p )) as a function of T, as

hown by Eq. (3):

n(I0) = Ec

R

(
1

Tp

− 1

T 0
p

)
+ constant (3)

here I0 is the steady state nucleation rate and Ec is the activation
nergy for crystallization which represents the minimum amount
f energy to initiate a reaction.

.3. Isothermal  heat  treatment

Monolithic samples (20 mm × 10 mm × 5 mm) of the glasses
ere heat treated isothermally in the 600–1000 ◦C temperature

ange for 10 min to 8 h. The samples were inserted into an electric
urnace on a graphite holder at a preset temperature. Experi-
ents were conducted in N2 atmosphere. The temperature in

he furnace was controlled with a separate thermocouple within
5 ◦C of the preset value. The heat treatment time was calculated

rom the moment the sample reached the preset temperature, i.e.,
oughly 15 min after inserting the sample into the furnace. After
he treatment the samples were cooled in air. Two parallel sam-
les were measured for each time point and for some selected
oints six parallel measurements were performed.

The cross-section of the plate was imaged with optical
icroscope (LEICA) equipped with a digital camera. Scanning

lectron microscope equipped with electron dispersive X-ray
nalyser (FEG-SEM, LEO 1530 Gemini from Leo/EDXA from
hermo Electron Corporation) was used to measure the aver-
ge thickness of the crystallized layer and the composition of
he phases in the samples. As the layers formed at the lower
eat treatment temperatures and/or shorter times were not even,
he thicknesses were measured in several locations for several
lates. The values are given as arithmetical means with error
ars indicating the minimum and maximum thicknesses.

Finally, the heat treated plates were ground to powder and
he phase composition was analyzed using X-ray diffraction
X’pert by Philips, Cu � radiation, 40 kV, 30 mA, 5–60◦ 2θ,
.8◦/min). The diffractograms were analyzed using X’pert High
core, Powder Diffraction File database Data Sets 1–49 plus
0–86 (ICDD 1999). Powdered glasses of 1–98 and 13–93 prior
o the heat treatment showed no signs of crystallization.

. Results
.1.  The  crystallization  parameters  with  DTA

The DTA traces of 1–98 and 13–93 in Fig. 1, recorded
t 20 ◦C/min heating rate, show an endothermic effect
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Fig. 1. DTA of 13–93 and 1–98 recorded at 20◦/min.

orresponding to the glass transition temperature at 608 ±  5 ◦C
1–98) and 612 ±  5 ◦C (13–93), followed by an exothermic
eak starting around 800 ◦C corresponding to the crystallization
egion. The maximum of the peak for 1–98 and 13–93 can
e found at 958 ±  6 ◦C and 1038 ±  6 ◦C, respectively. The
ndothermic peaks within 1150–1250 ◦C give the melting of the
rystals. Thus, these peaks can be used to estimate the liquidus
emperature.

It is well known that Tp depends on the heating rate employed
uring the DTA measurement.16 For samples of similar size,
p shifts toward higher temperatures, when the heating rate is

ncreased. Plotting ln(q/T 2
p )) as a function of 1000/T  gives a

traight line which yields the slope −Ec/R in Eq. (2).13 For
oth glasses the activation energy for crystallization, Ec, was
80 ±  40 kJ/mol. The JMA parameter n, which is related with
he growth dimensionality in crystallization, was close to 1 for
oth glasses.

The nucleation-like curves for the glasses are presented in

ig. 2. The nucleation domain for 1–98 was 700–760 ◦C and
or 13–93, 680–730 ◦C. The error bars describe the accuracy
f the DTA and the reproducibility of the measurements. Both

Fig. 2. Nucleation-like curves of 1–98 and 13–93.
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urves exhibit a maximum, usually noted as the temperature of
aximum nucleation (Tn max). The Tn max for 1–98 and 13–93
as found at 725 ◦C and 700 ◦C, respectively. Even though the
ucleation-like curves do not give the actual nucleation rates,
hese can be used as a good estimate of the actual ones. The
ifferences in the Tn max suggest that the nucleation rate for
–98 is 10 times higher than for 13–93.

.2. Crystallization  characteristics  for  the  monolithic
amples

When heat treated at and above 800 ◦C all plates deformed
o semi-spherical shape. The optical microscope images of the
ross-sections of the samples show that the crystal growth started
n the surfaces (Fig. 3). After longer heat treatments and higher
emperatures, crystals were observed throughout the samples.

The first crystals in the surface of the glasses were detected
fter 1 h at 800 ◦C. Fig. 4 shows SEM micrographs of the surface
f 1–98 and 13–93 after 1 h at 800, 900 and 1000 ◦C. The number
f crystals in the surface of 1–98 at 800 and 900 ◦C is larger but
heir size is smaller than in 13–93. At 1000 ◦C only few and
mall crystals are seen in 1–98. In both glasses the crystals have

 needle-like shape. The needles formed dendrites in both parent
lasses.

The crystal composition of the needles was analyzed using
RD and SEM/EDX. Diffractograms of 1–98 and 13–93 heat

reated at different conditions are given in Fig. 5. The peaks are
ypical for wollastonite (CaSiO3). The two different polymeric
ample holders used in the XRD experiment series caused rel-
tively large variations in the amorphous region between 5 and
5 ◦ 2θ. Because the heat treated plates were pulverized prior the
nalysis no clear peaks were obtained with the samples having
ow fraction of crystalline phase. At 800 ◦C the crystal size was
0–40 �m in both glasses. The amount of crystals in 13–93 was
till low at 900 ◦C, corresponding to a layer thickness around
00 �m. Clear wollastonite peaks recorded in the surface of
–98 plates after heat-treatment at 800 ◦C have been reported
arlier.1 The insert in the figure shows a phase map (EDXA)
f glass 1–98 heat treated at 920 ◦C for 1 h. The sample con-
ists of glassy phase and crystals. According to the elemental
hart calcium and silicon are the main elements in the crystalline
hase.

The cross-sections of 1–98 and 13–93 after one hour at 900
nd 1000 ◦C are shown in Fig. 6. The crystals showed branching
exture in both glasses. The heat treatment temperature affected
he branching; the lower the temperature the more the branching.
hus, the crystals formed at low temperatures assumed a sheaf-

ike shape. The crystal form did not change with prolonged heat
reatment.

Fig. 7 shows the thickness of the crystallized layer in the
lasses as a function of time at 900 ◦C. The layer thickness grew
inearly with time in the glasses. Similar behaviour was observed
t all temperatures. The R2 for the measurements was between 85

nd 99. The temperature dependency of the crystal layer growth
as found to obey exponential behaviour in the studied temper-

ture interval. The average crystal growth rate (Uaverage) as a
unction of temperature is shown in Fig. 8. The crystallization
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Fig. 3. Cross-sectional images of 1–98 (1 h, l

ate of 13–93 was roughly 1 order of magnitude slower than that
f 1–98 within the temperature range studied.

.3. Empirical  models  for  the  crystal  growth

Eq. (4) for glass 1–98 and Eq. (5) for the glass 13–93 were
ormulated based on the experimental results:( t ) −11 0.0257·T  (◦C)
(�m) =

s
·  (3 ×  10 ·  e ) (4)

(�m) =
( t

s

)
·  (2 ×  10−11 · e0.0241·T  (◦C)) (5) a

u

Fig. 4. SEM micrographs of surfaces of 1–98 (left) 
d 13–93 (4 h) after heat treatment at 900 ◦C.

here X  is the crystal layer thickness, t time, and T  temperature.
he equations can be used to estimate the crystal layer thickness
s a function of the heat treatment time and temperature. It should
e observed that they are valid only in the studied temperature
nterval; at higher temperatures a decrease in the crystal growth
s expected.

. Discussion
The crystallization of both glasses was found to commence
round 800 ◦C. This was detected both with samples studied
sing DTA and samples heat treated in the electrical laboratory

and 13–93 after 1 h at different temperatures.
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ig. 5. Diffractograms of 1–98 and 13–93 heat treated at different conditions.
hases in 1–98 after 1 h at 920 ◦C. The elemental analysis shows the compositio

urnace. At this temperature the thermal properties clearly
hanged and the samples shape deformed. The deformation was
ikely due to minimization of the surface area of the bulk glass

elt via viscous flow. Crystallization started from all surfaces,
s confirmed by the optical microscope images. JMA value
round 1 indicates a predominant surface crystallization.17

inear growth as a function of the heat treatment time indicates
hat the crystal tips grew toward fresh glass of constant
omposition. This implies interface controlled crystallization

echanism.18 The activation energy for the crystallization was

f the same order for the glasses. This suggests that the primary
rystalline phase is identical for both compositions, as was also

t
T
d

Fig. 6. SEM images of cross-sections of 1–98 and 13–93 after 1
peaks are typical for wollastonite (CaSiO3). The EDX phase map shows two
the phases (black = glass, white = crystal).

erified by the XRD and SEM analyses. The activation energy
uggests further that as soon as the temperature reaches the
nset for crystallization of the respective glasses, the initial
rystal growth should occur at roughly same rate.

The similar JMA and activation energy values for crystalliza-
ion suggest that same crystal type with the same dimensionality
ormed in both glasses. This result was also verified by the SEM
nd XRD analyses. Thus, the differences observed in the size and
umber of the crystals is assumed to depend on differences in

he crystal nucleation and growth parameters in the two glasses.
he number and size of the crystals in isothermal heat treatment
epend on the degree of the overlapping of the nucleation and

 h at 900 and 1000 ◦C (same magnification in all images).
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Fig. 7. Crystal layer thickness (x, �m) as a function of time at 900 ◦C for 1–98
and 13–93.

Fig. 8. Average crystal growth rate (Uaverage, �m/s) as a function of temperature
for 1–98 and 13–93. The lines are drawn to guide the eye.
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Fig. 9. Crystal growth as a function of time and te
Ceramic Society 32 (2012) 2731–2738

rystal growth domains but also on the number of quenched in
uclei. On another hand the size of the crystals depends mainly
n the crystal growth rate.

In this study the nucleation-like curve was determined using
he method proposed by Marotta et al.15 Fig. 2 suggests that the
emperature of maximum nucleation rate is at higher tempera-
ure for 1–98 than for 13–93. Further, the nucleation domain of
–98 was broader and possessed higher amplitude than 13–93.
lthough Marotta’s technique does not provide a real nucle-

tion rate, the higher amplitude of the nucleation-like curve
f 1–98 is often taken as an indication of a higher nucleation
ate.

In this study no clear overlapping of nucleation and growth
omains was observed for glass 13–93. However, in samples
f 1–98 heat treated above 800 ◦C the density of crystals was
ower than in samples heat treated at lower temperatures. This
an be explained by a lower amount of nuclei available in sam-
les rapidly heated to the higher temperatures. Thus, the relative
umber of crystals in the samples after the heat treatments can be
sed to estimate the overlap of the nucleation and crystal growth
omains. The small degree of overlap at 800 ◦C for 1–98 is fur-
her confirmed by the pronounced decrease in the nucleation-like
urve between 760 and 780 ◦C. Such decrease after the maxi-
um domain in the nucleation-like curve is characteristic for

 glass showing clearly separate domains for nucleation and
rystal growth. The more rapid crystal growth rate in 1–98 than
3–93 explains partly the reported differences in the fibre draw-
ng properties of the glasses.19 When fibres were drawn below
he liquidus, 1–98 crystallized faster than the 13–93. The slow
rowth rate in 13–93 allowed for the manufacture of continuous
bres, while crystallization faster prohibited the fibre drawing
rom glass melt 1–98.

The crystal layer thicknesses calculated with Eq. (4) and (5)

re drawn as functions of both heat treatment time and tem-
erature in a 3D plot in Fig. 9. The figure illustrates the large
ifference in the crystal growth rate for the two glasses. Eqs.

mperature calculated with Eqs. (4) and (5).
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ig. 10. T–T–T graph calculated using Eqs. (4) and (5). Threshold between
lass and crystal layer assumed 100 �m.

4) and (5) were utilized to draw T–T–T curves for the glasses.
ccording to the SEM images it appears that the crystal layer

hould be around 100 �m to cover the entire sample surface.
his value was used as a boundary between conditions for crys-

alline and amorphous phases when drawing the approximate
–T–T curves in Fig. 10. Thus, at the conditions below the lines

he glasses do not crystallize, while at the conditions above the
ines crystallization is expected to take place. In the same figure
he experimental values from Arstila et al.1 for the crystalliza-
ion of particles (500–800 �m) of glass 1–98 are given. A good
orrelation can be found between the values reported for the
rystallization of the particles and the obtained T–T–T curve for
–98.1 The T–T–T curve suggests that monolithic sampler of
arge particles of 1–98 can be heat treated below 800 ◦C for sev-
ral hours and below 850 ◦C for at least 20 min before it starts
o crystallize. Within 800–850 ◦C the viscosity of the melt is
ow enough to allow viscous flow sintering into porous bodies.9

owever, at the temperature range from 850 to 1000 ◦C the
elt crystallizes easily. Glass 13–93 allows clearly longer hot-
orking times than 1–98 as suggested by Fig. 10. The T–T–T

urves suggested can be used to estimate the parameters for glass
rocessing within the temperature range from glass transition up
o liquidus.

. Conclusions

The crystallization characteristics essential for estimating
he hot-working parameters of bioactive glasses 1–98 and
3–93 were studied. For both glasses the activation energy
or crystallization was 280 kJ/mol. The temperature of maxi-
um nucleation was measured at 725 ◦C for 1–98 and 700 ◦C

or 13–93. The nucleation domain for 1–98 was found to
e wider than 13–93 and the nucleation rate approximately
0 times higher. Thermal analysis suggested liquidus within
150–1250 ◦C for both glasses. Johnson–Mehl–Avrami expo-
ent SEM and XRD analyses of the isothermally treated samples

uggested surface crystallization of wollastonite in both com-
ositions. However, clear differences in their crystallization
inetics were observed. Although both glasses can be hot worked
o amorphous products at carefully controlled conditions, 1–98
Ceramic Society 32 (2012) 2731–2738 2737

howed 1 magnitude greater crystal growth rate than 13–93.
hus, 13–93 is suited better than 1–98 for working processes
hich require long residence times at high temperatures. For

nstance, manufacturing of scaffolds by using organic sacrifi-
ial templates requires extended heat treatment to burn-out the
rganic matrix. The lower nucleation temperature and rate as
ell as lower crystal growth rate of glass 13–93 also suggest

hat this composition can be drawn into continuous fibres below
iquidus.
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