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Thermal stability of glass evaluated by the induction
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Abstract

To evaluate the thermal stability of oxide glasses against crystallization, a new criterion based on the length of induction period of
crystallization is suggested. It is discussed that the end of the induction period of crystallization corresponds to the moment where the
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rystallization nuclei have already been formed and the intense growth of crystals starts. Three glasses with the composition of L2O·2SiO2

a), Li2O·2SiO2·0.03TiO2 (b) and Li2O·2SiO2·0.1TiO2 (c) were prepared and the validity of the criterion was tested by applying it to
lasses. The results indicate that the new criterion enables to discriminate among the thermal stabilities of the silicate glass sam
e expected that it can be employed generally for the assessment of the thermal stability of any glass against crystallization, incl
nd organic glasses.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Features of the nucleation and crystallization processes
re of basic importance in the control of glass formability in

echnological applications where the formation of nuclei and
he subsequent crystal growth must be avoided [1–3]. On the
ther hand, the formation of nuclei and crystal growth by con-

rolled crystallization can give rise to polycrystalline solids
ontaining residual glass phase called the glass ceramics [4].
herefore, it is very important to evaluate the thermal sta-
ility of glasses against crystallization [5,6]. Many authors
ased the evaluation of glass stability employing the char-
cteristic temperatures of DTA or DSC curves [7–10], crys-

allization activation energy [11–13] or crystallization rate
onstants [14,15]. Unfortunately, these stability criteria are
ot fixed physical parameters, since they mostly depend on

he heating rate and temperature [16].
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In our previous paper, several criteria of glass stab
have been reviewed and tested [17]. The results indicate
in some cases, the criteria do not correspond fully to th
der of thermal stability of glass systems under study. In
paper, a new criterion for evaluating the thermal stabilit
glasses based on the induction period of crystallization is
gested and its validity is verified by applying it to Li2O·2SiO2
and Li2O·2SiO2·nTiO2 systems. Comparisons are also m
between the new criterion and some existing criteria.

2. Theoretical analysis

For any mechanism, the rate of a process can be des
by the general rate equation [18]

dα

dt
= kf (α) (1)

whereα is the conversion of the process andf(α) is the con
version function. The temperature dependence of the
040-6031/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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constantk is usually expressed by the Arrhenius equation

k = Ak exp

[
− Ea

RT

]
(2)

whereAk is the pre-exponential factor;Ea, the activation en-
ergy;T, absolute temperature andR stands for the gas con-
stant.

Since Eq. (1) is general, we assume that it describes also
the kinetics of the processes occurring during the induction
period. Existence of these processes is not detected by the ex-
perimental technique used; however, they have to take place
as a preparatory stage preceding the main crystallization pro-
cess. Combination of Eqs. (1) and (2), after the separation of
variables, gives the result:
∫ αi

0

dα

f (α)
=

∫ ti

0
Ak exp

[
− Ea

RT

]
dt (3)

The conversionαi in Eq. (3) is the conversion of the pro-
cesses occurring during the induction period and correspond-
ing to the end of the induction period, i.e., to the start of the
main process detected by the apparatus, andti is the length of
the induction period. Further, it is assumed that the conversion
αi is the same for any temperature. Then, after integration of
the left side of Eq. (3), one can get:
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the furnace, combination of Eqs. (5) and (8) gives the result
[19]

β =
∫ TX

0

dT

A exp[B/T]
(9)

whereTX is the temperature of the end of induction period,
i.e., the onset temperature of the crystallization peak. The
starting temperature in Eq. (9) is set asT= 0 K since the rate
of the process at the starting temperature is negligible. When
deriving Eqs. (3) and (4), the assumption is implied that the
conversion functionf(α) holds during the induction period
which means that no change of the mechanism occurs. As
Eq. (9) indicates, when increasing the rate of heating, the
onset temperature also increases.

3. Experimental

3.1. Preparation of glasses

Analytical grade reagents Li2CO3, SiO2 and TiO2 were
mixed by ball-milling and then melted in a platinum crucible
at 1400◦C for 2 h. The liquid glasses were quenched by pour-
ing them onto a cold steel mold. The amorphous nature of the
as-quenched glasses was confirmed by X-ray diffraction.
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(αi) − F (0) =
∫ ti

0
Ak exp

[
− Ea

RT

]
dt (4)

Since the conversionαi corresponding to the end of the
uction period is assumed to be independent of temper
lso the value of the integrated functionF(α) at the pointαi ,
(αi), is constant. Therefore, Eq. (4) can be rewritten as

=
∫ ti

0

dt

A exp[B/T]
(5)

here the constantsA andB are given as:

= A

F (αi) − F (0)
, B = E

R
(6)

The physical meaning of the denominator in Eq. (5)
e simply demonstrated for a special case of isotherma
esses where the denominator is a constant equal to the
ion period at the given temperature. Thus, the temper
ependence of the induction period can be expressed a

i = A exp

[
B

T

]
(7)

For the linear increase of temperature in DSC mea
ents, the furnace temperature can be expressed as

F = T0 + βt (8)

hereTF is the furnace temperature,T0 is the starting tempe
ture of the measurement andβ stands for the heating rate
ne assumes that the temperature of the sample equals
-

f

.2. Instruments

The thermal stabilities were studied by a TA INSTR
ENT 2960 SDT. The measurements of DTA curves w

arried out in air using platinum crucible. Sample masse
bout 20–22 mg and rates of temperature increase of
5, 20 and 25 K min−1 were used. Calibration of the temp
ture change of the enthalpy axes was made with pure2
T� → � = 848.15 K,�H= 20.19 J mol−1 [18]).

. Results and discussion

Typical curves of Li2O·2SiO2 (a), Li2O·2SiO2·0.03TiO2
b) and Li2O·2SiO2·0.1TiO2 (c) at the heating ra
0 K min−1 are shown in Fig. 1. The onset temperature,TX,
nd the maximum peak temperature,Tp, were directly deter
ined from DTA curves. The inflection point temperatu

f, was determined from the maximum peak temperatu
DTA curves [16,17]. All these characteristics are sum

ized in Table 1.
As shown in Fig. 1, as the crystallization proceeds

xothermic peak is observed since the crystallization i
ompanied by a rapid heat evolution. The crystallization
urs in several stages. The point of the steep increase
TA record due to crystallization is taken as the onset
erature.

The parametersA andB in Eq. (9) have been obtain
y minimizing the sum of squares between experimenta

heoretical values of the onset temperatureTX for various
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Fig. 1. DTA curves of Li2O·2SiO2 (a), Li2O·2SiO2·0.03TiO2 (b) and
Li2O·2SiO2·0.1TiO2 (c) glass samples at the heating rate 10 K min−1.

heating rates by the simplex method [20]. The theoretical
values of onset temperature are given by Eq. (9). The inte-
gration indicated in Eq. (9) has been carried out by the Simp-
son method. The standard deviations ofA andBwere calcu-
lated assuming a quadratic surface near the minimum [20].
The agreement between experimental and calculated values
of onset temperatures for various heating rates is shown in
Fig. 2. The resulting values ofA andB are listed in Table 2.
It can be seen from Table 2 that the adjustable parameterB
is approximately constant for the glass samples under study.
The difference in the stabilities can be accounted for by the
difference in the values of the parameterA.

Since the onset temperature is determined as a point of
the steep increase of the DTA record due to crystallization,
the end of the induction period of crystallization corresponds
to the moment where the crystallization nuclei have already
been formed and the intense growth of crystals starts. Using
the new criterion, the stability of glasses is evaluated as the
length of isothermal induction period for a given temperature.
The length of induction period is calculated by Eq. (7). The
range of temperatures for the calculation of the lengths of in-
duction period of crystallization was chosen from the interval
where the onset temperatures of crystallization have been ob-

Table 1
C de glas

P

(b)

5 5

T 5 8 860
T 1 8 920
T 6 8 907
E
E
E

E ;β): activ

Fig. 2. Experimental and calculated values of onset temperatures of glass
crystallization for various heating rates.

served. Hence, it can be expected that the values of calculated
induction periods are quite realistic since no extrapolation
outside the temperature region of the measurement has been
carried out. The temperature dependence of the lengths of
isothermal induction period for individual glasses is shown
in Fig. 3. It can be seen that the stability of the glass samples
against crystallization in the temperature region 750–850 K
is in the order a < b� c, i.e., the glasses containing TiO2 are
more stable against crystallization than the one without TiO2.
Eq. (5) enables to calculate the length of induction period for
any temperature regime and, thus, to evaluate the order of
thermal stabilities for that regime.

The order of stabilities evaluated by the new criterion is
in agreement with the order based on the characteristic tem-
peratures and on the values of activation energy (Table 1).
However, on the basis of combined criteria, such asE/RT
and k(T) [17], an opposite order of thermal stabilities has
been found. Branda et al. [13] also observed a difference be-
tween the sequence of thermal stabilities of studied glass sys-
tems determined by usingEa orEa/RTp values. According to
[13], when glass is heated in a DTA apparatus, devitrification
occurs in the range of temperatures where the number of nu-
clei formed and the crystal growth frequency factor are high
enough that the crystal growth kinetic barrier can be over-
come. Therefore, greater activation energies obtained from
haracteristic parameters for the evaluation of thermal stability of oxi

arameter heating rate (K min−1) Glass

(a)

5 10 15 20 25

X (K) 805 814 821 828 83

p (K) 861 875 882 892 90

f (K) 850 860 868 879 88
(Tp) (kJ mol−1) 251
(Tf ) (kJ mol−1) 257
(β) (kJ mol−1) 266

(Tp), E(Tf ): activation energy determined from the Kissinger plot [17]E(
ses Li2O·2SiO2 (a), Li2O·2SiO2·0.03TiO2 (b) and Li2O·2SiO2·0.1TiO2 (c)

(c)

10 15 20 25 5 10 15 20 2

10 821 828 834 841 832 846 850 859
70 884 893 898 905 887 898 905 904
55 869 879 886 890 874 885 889 901

289 317
268 298
304 332

ation energy determined from the Ozawa plot [17].
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Table 2
ParametersA andB describing the length of induction period using Eq. (7)
for the glass samples under study

Sample A× 1016 (min) B× 10−3 (K)

a 0.90± 0.13 30.7± 0.3
b 2.88± 0.21 30.0± 0.2
c 7.78± 2.04 30.0± 0.3

Fig. 3. Induction periods of crystallization for individual glass samples cal-
culated by Eq. (7).

DTA should not necessarily be indicative of greater thermal
stability.

We believe that the new criterion presented here can be
employed generally for the assessment of the stability of
any glass against crystallization, including metal and organic
glasses. A DOS version of the program KINPAR for the cal-
culation of the parametersA andB in Eq. (9) is available on
request.

5. Conclusions

The length of isothermal induction period of crystalliza-
tion is suggested as a new criterion to evaluate the thermal
stability of glass. The lengths of induction periods are calcu-
lated using Eq. (7), where the parametersAandBare obtained

from the treatment of the dependence of onset temperature
of the crystallization peak on the heating rate in the non-
isothermal DTA measurements. It is discussed that the end
of the induction period of crystallization corresponds to the
moment where the crystallization nuclei have already been
formed and the intense growth of crystals starts. For a set
of three glasses, the order of stabilities obtained by the new
method coincides with the order determined by stability crite-
ria based on the characteristic temperatures and on the values
of activation energy.
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