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Abstract

The product range of bioactive glasses is restricted by their tendency to crystallize at working processes typically performed with high viscosity
melts. In this work high-temperature properties viscosity, devitrification temperature and liquidus temperature of seven bioactive glasses are
measured. Further, the parameters used to describe glass stability and crystallization tendency are discussed. The results indicate that bioactive
glasses can be divided into two groups: (1) glasses which nucleate and crystallize within the whole viscosity range of interest for forming processes,
such as sintering and fiber drawing, and (2) glasses with a viscosity range enabling high temperature processing without crystallization. The main
difference between these groups is the primary crystalline phase in crystallization. Glasses showing sodium-calcium-silicate crystallization are
sensitive to high temperature processing, while glasses showing wollastonite crystallization have better stability at working temperatures. Thus,

by adjusting the composition special products, such as fibers and porous implants can be manufactured.
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1. Introduction

Since the breakthrough of bioactive glasses as bone implant
materials in the 1970s, there has also been a growing interest to
apply these special glasses in other applications.! The first bioac-
tive glasses made of sodium oxide, calcium oxide, phosphorous
pentoxide and silicon dioxide were found to phase separate
and crystallize easily during working processes in the temper-
ature range between glass transformation and liquidus.” The
energy provided from heating during working processes assists
in breaking bondings in the glass network structure and thus
facilitates arranging the melt into crystal structures in this insta-
ble region. Compared to traditional glasses bioactive glasses
have a high amount of network modifiers and alow amount of sil-
ica network formers, thus giving smaller structural units. Phos-
phorous pentoxide affects the crystallization of silicate glasses
in two ways. Basically itis a glass network former, but the double
oxygen bond is assumed to favor phosphate phase formation and
thus increase the tendency towards crystallization.? High tem-
perature working range of bioactive glasses has been increased
by additions of potassium oxide, magnesium oxide or boron
oxide.* This wider composition range enabled the manufacture
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of porous implants made by sintering of glass microspheres.’
The bioactivity of these sintered bodies has been tested in vivo.®
The increased workability often means also changes in the bioac-
tivity of the glass leading to only medium or low bioactivity.”
Although the understanding of the influence of different com-
ponents on both the bioactivity and the working properties has
increased, still the most clinically used bioactive glasses are
plates, granules and powdered glass, i.e. products which do not
require any special heat treatment during manufacture.

Sintering of porous bodies from crushed glass or drawing of
fibers from preforms or glass melts requires closely controlled
isothermal conditions at typical viscosity levels. In sintering
the glass particles are passed directly from room temperature
to the pre-heated furnace at a temperature depending on the
glass composition.® Temperatures usually applied for sintering
of porous bodies through viscous flow corresponds to roughly
103 dPas.® However, several typical bioactive glasses devitrify
already at higher viscosities. '’

Fiber drawing is usually performed at viscosity values
between 10? and 10* dPas.”!! Downdrawing of fibers from melt
or solid preform is usually accomplished with strong melts show-
ing moderate change of viscosity with temperature.'> However,
bioactive glasses of low silica content form fragile melts, thus
showing a marked increase of viscosity with decreasing temper-
ature. Fiber manufacture from fragile melts requires updrawing
from a supercooled melt or a rapid quenching of fibers.!?
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Parameters typical for crystal nucleation and growth are
important for characterization of high-temperature properties.
Stability of glasses against crystallization upon reheating is often
described with relative values calculated from the temperatures
of glass transformation, liquidus and crystallization.'!'* The
shape and dimensionality of crystal growth are estimated from
activation energy and Avrami constant.!5~17

In this work different crystal forming characteristics mea-
sured with thermal analysis are compared with observations
from heat-treated samples. The influence of glass composition
on the primary phases formed at crystallization is discussed. The
goal is to gain information needed to choose bioactive glasses
suitable for fiber drawing and sintering processes.

2. Experimental

The experiments were performed with two reference and
five novel glasses (Table 1). The batches mixed from analyt-
ical grade raw materials of Na,COs3, K,CO3, MgO, CaCOs3,
H3BO3, CaHPO4-2(H;0) and Belgian quartz sand were melted
in a platinum crucible for 3 h at 1360 °C, cast, annealed, crushed
and remelted to ensure homogeneity. One half of the glass bars
were cut into plates and the rest was crushed and sieved into
powder with size less than 45 pm.

Differential thermal analysis (TGA/SDTA851¢ from Met-
tler Toledo) was used to measure the temperatures for glass
transformation, onset of crystallization and liquidus. Parameters
describing the crystal nucleation, shape and dimensionality were
determined from the information from DTA. The samples were
heated in alumina crucibles in flowing (50 cm?/min) dry nitro-
gen using 15 mg of glass powder (<45 wm) which was heated
up to 1400 °C with heating rates of 15, 20, 30 and 40 °C/min.

The crystallization tendency at temperature ranges suggested
by DTA were studied by heat-treating the glass plates in a
tube furnace in nitrogen atmosphere. The plates were pushed
into the preheated furnace at the specified temperature for 1h,
then rapidly removed and freely cooled to room temperature.
The crystalline phases in the plates were studied with X-ray
diffraction analysis (X’Pert by Philips) and scanning electron
microscopy, SEM/EDX (LEO Vantage).

Low temperature viscosities of the glasses were measured
with hot stage microscopy, HSM (Misura 3.0 by Expert).
The sample was pressed into a cylinder with dimensions
3mm x 3 mm from the powdered glass. Profile of the sample

Table 1
Glass compositions (wt.%)

Glass Na20 KQO MgO CaO B203 P205 SiOz

4585 24.5 0 0 24.5 0 6 45
07-04 15 0 6 25 2 1 51
22-04 25 0 0 15 2 2 56
10-04 10 3.75 45 225 3 4 52.25
23-04 5 11.25 45 20 2 1 56.25
29-04 10 0 45 20 3 0 62.5
1-98° 6 11 5 22 1 2 53

a Reference glass from Hench.!
b Reference glass from Ylinen et al.’

heated with 5 °C/min to 1200 °C was imaged at every 5 °C. The
obtained shrinkage curve calibrated with a standard glass of
known viscosity (Standardglas I, HVG Germany) was used to
measure the low temperature viscosities. High temperature vis-
cosities were measured with a rotation viscometer at the Glass
Research Institute Glafo, Sweden.

3. Results and discussion

The temperatures of glass transformation (7y), onset of
crystallization (Tx), crystallization peak (7}) and liquidus (77)
obtained from the DTA graphs as well as the calculated glass
stability values, Ky and T, are given in Table 2. Kg and T,
were calculated using the equations: Ko = (Tx — T)/(Ty — Tp)
and Ty = Tg/Tl.M’15 According to the transformation and crys-
tallization temperatures the experimental glasses can be divided
into two groups: (1) glasses with transformation temperature
around 500 °C and onset of crystallization below 750 °C, and
(2) glasses with transformation temperature between 550 and
600 °C and onset of crystallization around 900 °C. The liquidus
temperatures given by DTA indicate that at high temperatures all
the experimental glasses crystallize between 1100 and 1200 °C.
Glasses belonging to the second group have higher T and show
high K values, thus having higher stability against crystal-
lization than the glasses with the lower Tx values. The glasses
belonging to the second group are more stable against crystal-
lization also according to the Ty, values. Glasses 45S5, 7-04
and 22-04 show Ty, values lower than 0.58. This would mean
that these glasses show internal nucleation.'* Although both
stability parameters give similar trends, the K, proposed by
Hruby is likely to describe the stability of bioactive glasses bet-
ter as it takes into account crystallization temperature. The Kg
parameter has also been reported to correlate with the glass-
forming tendency, as estimated by critical cooling rates.'® Thus
K, parameter can be used to compare different glass composi-
tions suitable for fiber drawing directly from melt.

Activation energy, Avrami constant and the primary crystal
type formed at crystallization temperature are given in Table 3.
Fig. 1 shows the lines used for the determination of the activa-
tion energy for crystallization, AE, according to the modified
Kissinger equation.'®> The y-axis In(B/T, — To) gives the ratio
between the heating rate () and observed peak temperatures
from DTA and the x-axis 1000/T}, is the inversed peak tempera-
ture. The activation energy was used to calculate the Avrami

Table 2

Temperatures (°C) of glass transformation (7), onset of crystallization (7),
crystallization peak (7},) and liquidus (7}) obtained from DTA (heating rate
15 °C/min) as well as the calculated glass stability values, Ky 13 and Tng

Glass Ty Tx T, T K1 Ty

4585 532 655 708 1180 0.26 0.55
7-04 512 747 768 1130 0.65 0.56
22-04 469 676 728 1130 0.51 0.53
10-04 570 910 943 1160 1.57 0.59
23-04 590 916 953 1120 1.95 0.62
29-04 580 892 940 1160 1.42 0.60
1-98 590 910 954 1100 2.19 0.63
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Table 3

Activation energy for crystal growth (AE) and Avrami constant (1) measured
by DTA and crystal types identified with XRD (NCS = sodium-calcium-silicate,
CS = wollastonite)

Glass AE [kJmol~!] n Crystal type
4585 293 1.06 NCS

7-04 310 2.13 NCS

22-04 197 1.54 NCS

10-04 122 2.58 CS

23-04 311 241 CS

29-04 277 1.75 CS

1-98 281 1.38 CS

constant, n, describing the dimensionality of crystal growth

according to equation'’
2.5RT;
n=-———
Atpwam AE

where At is the full width of the DTA exothermic peak at its
half maximum, AE is the activation energy and R is the gas
constant. The calculated Avrami constants indicate that surface
crystallization is dominant in all the experimental glasses. Bulk
crystallization is reported to occur when the Avrami constant
is higher than three.!” Glasses 45S5, 7-04 and 22-04 show sur-
face crystallization according to Avrami constant values but bulk
crystallization according to T;.

X-ray analysis of the heat-treated samples gives sodium-
calcium-silicate crystals (NCS) in the glasses crystallizing at
the lower temperatures (Tables 2 and 3). Due to the similar pat-
terns of the different sodium-calcium-silicates, the exact crystal
type could not be identified with certainty. However, the best
match was accomplished with the standard PDF 79.1087 repre-
senting NayO-2Ca0-3Si0; crystals. The SEM image in Fig. 2
of the cross-section of Glass 45S5 heat-treated at 900 °C for
1 h shows very small crystals in the glass surface, and a larger
crystalline network pattern in the bulk. The boundaries and the
interior of the network were found to have different chemical
compositions according to the EDX analysis. The SEM image
suggests that the glass has first undergone a liquid—liquid phase
separation after which both the interface and the interior have
crystallized. This crystallization process could be interpreted as
internal nucleation, thus giving bulk crystallization. This is in
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Fig. 1. Determination of AE/R using the modified Kissinger method."
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Fig. 2. SEM image of cross-section of heat-treated (1 h at 900 °C) Glass 45S5.

accordance with the T, value for the glass. The suggested sur-
face crystallization by the Avrami constant is assumed to depend
on the small particle size used to measure the different peak char-
acteristics. In systems with bulk crystallization small particles
can give surface crystallization.'

Crystals formed in Glasses 10-04, 23-04, 29-04 and 1-98
were identified as wollastonite (CaCO3) according to XRD anal-
ysis. A cross-section of the heat-treated (1 h at 900 °C) plate of
Glass 1-98 is given in Fig. 3. Big needles of wollastonite have
grown from the surface into the glass, thus verifying the sur-
face crystallization suggested by the Avrami constant and the
Ty, value.

Viscosity—temperature curves for the glasses are given in
Fig. 4. The sintering and fiber drawing ranges outlined coincide
with the crystallization and liquidus temperatures for the glasses
showing NCS formation. However, for the glasses showing wol-
lastonite formation, crystallization commences at temperatures
high enough to allow viscous flow sintering. The figure also
indicates that a fiber drawing from melt could be accomplished
for wollastonite type glasses.

WD = 11 mm EHT = 15.00 kV QBSD

Fig. 3. SEM image of cross-section of heat-treated (1 h at 900 °C) Glass 1-98.
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Fig. 4. Viscosity curves obtained by HSM and rotation viscometer. The viscosi-
ties corresponding sintering (upper) and fiber drawing (lower) are marked with
grey areas.

4. Conclusions

All the experimental glasses were found to phase separate
during heat-treatments, but clearly within two distinct temper-
ature ranges typical for the primary crystalline phase formed
in crystallization, i.e. sodium-calcium-silicate or wollastonite.
The sodium-calcium-silicate forming glasses had onset of crys-
tallization below 750 °C while wollastonite type glasses crys-
tallized around 900 °C. The glass stability values indicated that
wollastonite type glasses should be more stable against crystal-
lization. Crystallization characteristics, expressed as the reduced
glass transformation value and the Avrami constant, suggest
that surface crystallization is the main mode of phase sepa-
ration in wollastonite type glasses. In sodium-calcium-silicate
type glasses glass-to-glass phase separation and internal nucle-
ation were observed. Viscosity values associated with viscous
flow sintering or fiber drawing coincided with crystallization
for the sodium-calcium-silicate type glasses. Thus, when tailor-
ing compositions for demanding glass-forming processes, such
as sintering or fiber drawing, preferably compositions showing
wollastonite type crystallization should be considered.
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