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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
crystallization nuclei have already been formed and the intense growth of crystals starts. Three glasses with the compogDi@SiahLi
(a), Li,O-2SiG,-0.03TiG; (b) and LLO-2SiG,-0.1TiO, (c) were prepared and the validity of the criterion was tested by applying it to these
glasses. The results indicate that the new criterion enables to discriminate among the thermal stabilities of the silicate glass samples. It can
be expected that it can be employed generally for the assessment of the thermal stability of any glass against crystallization, including metal
and organic glasses.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In our previous paper, several criteria of glass stability
have been reviewed and tested [17]. The results indicate that,

Features of the nucleation and crystallization processesin some cases, the criteria do not correspond fully to the or-

are of basic importance in the control of glass formability in der of thermal stability of glass systems under study. In this

technological applications where the formation of nuclei and paper, a new criterion for evaluating the thermal stability of

the subsequent crystal growth must be avoided [1-3]. On theglasses based on the induction period of crystallization is sug-

other hand, the formation of nuclei and crystal growth by con- gested and its validity is verified by applying it top0-2SiG

trolled crystallization can give rise to polycrystalline solids and LO-2SiG-nTiO; systems. Comparisons are also made

containing residual glass phase called the glass ceramics [4]between the new criterion and some existing criteria.

Therefore, it is very important to evaluate the thermal sta-

bility of glasses against crystallization [5,6]. Many authors

based the evaluation of glass stability employing the char- 2. Theoretical analysis

acteristic temperatures of DTA or DSC curves [7-10], crys-

tallization activation energy [11-13] or crystallization rate For any mechanism, the rate of a process can be described

constants [14,15]. Unfortunately, these stability criteria are by the general rate equation [18]

not fixed physical parameters, since they mostly depend on dor

the heating rate and temperature [16]. P kf () Q)
* Corresponding author. whereq is the conversion of the process &) is the con-
E-mail addresspeter.simon@stuba.sk &imon). version function. The temperature dependence of the rate
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constank is usually expressed by the Arrhenius equation  the furnace, combination of Egs. (5) and (8) gives the result
[19]

Tx dr
A :/0 A exp[B/T] ®)

whereTy is the temperature of the end of induction period,
i.e., the onset temperature of the crystallization peak. The

Since Eq. (1) is general, we assume that it describes also>tarting temperature in Eq. (9) is setbss 0K since the rate
the kinetics of the processes occurring during the induction Of the process at the starting temperature is negligible. When

period. Existence of these processes is not detected by the exd€"ving Egs. (3) and (4), the assumption is implied that the

perimental technique used; however, they have to take maceconversion functiorf(e) holds during the induction period

as a preparatory stage preceding the main crystallization pro-Vhich means that no change of the mechanism occurs. As
Eqg. (9) indicates, when increasing the rate of heating, the

cess. Combination of Egs. (1) and (2), after the separation of =4- i
variables, gives the result: onset temperature also increases.

Eq
k= Ar exp| ——— 2
cop| -2 ] @
whereAy is the pre-exponential factoE,, the activation en-
ergy; T, absolute temperature aRdstands for the gas con-
stant.

“ do [0 E,
A ) :/o A eXp[_ﬁ} s ) 3. Experimental

The conversiony; in Eg. (3) is the conversion of the pro- 3.1, Preparation of glasses
cesses occurring during the induction period and correspond-
ing to the end of the induction period, i.e., to the start of the  Anpalytical grade reagents €03, SiO, and TiQ» were
main process detected by the apparatusfidathe lengthof  mixed by ball-milling and then melted in a platinum crucible
the induction period. Further, itis assumed thatthe conversionat 1400°C for 2 h. The liquid glasses were quenched by pour-
aj is the same for any temperature. Then, after integration of jng them onto a cold steel mold. The amorphous nature of the

the left side of Eq. (3), one can get: as-quenched glasses was confirmed by X-ray diffraction.
t E
F(a;) — F(0) = / Ay exp[——a} dr 4) 3.2. Instruments
0 RT
Since the conversiag corresponding to the end of the in- The thermal stabilities were studied by a TA INSTRU-
duction period is assumed to be independent of temperature MENT 2960 SDT. The measurements of DTA curves were
also the value of the integrated functiB(w) at the poiniy;, carried out in air using platinum crucible. Sample masses of

F(ai), is constant. Therefore, Eq. (4) can be rewritten as: about 20-22 mg and rates of temperature increase of 5, 10,
15, 20 and 25 K min! were used. Calibration of the temper-

. fi dr 5 ature change of the enthalpy axes was made with purg SiO
o A exp[B/T] ) (Ta— p=848.15K,AH =20.19 I mot! [18]).
where the constantsandB are given as:
A E 4. Results and discussion
= B=o (6)
F(ei) — F(0) R

Typical curves of L3O-2SiG (a), Lio0-2Sik;-0.03Ti,

The physical meaning of the denominator in Eqg. (5) can (b) and LpO-2Si%-0.1TiO,; (c) at the heating rate
be simply demonstrated for a special case of isothermal pro-10 K min~! are shown in Fig. 1. The onset temperatdig,
cesses where the denominator is a constant equal to the inducand the maximum peak temperaturg, were directly deter-
tion period at the given temperature. Thus, the temperaturemined from DTA curves. The inflection point temperature,
dependence of the induction period can be expressed as T, was determined from the maximum peak temperature on

DDTA curves [16,17]. All these characteristics are summa-
fi=A exp[ﬁ} @) rized in Table 1.

T As shown in Fig. 1, as the crystallization proceeds, an
exothermic peak is observed since the crystallization is ac-
companied by a rapid heat evolution. The crystallization oc-
curs in several stages. The point of the steep increase of the

For the linear increase of temperature in DSC measure-
ments, the furnace temperature can be expressed as

Te = To + ft 8) DTA record due to crystallization is taken as the onset tem-
perature.
whereTg is the furnace temperaturg is the starting temper- The parameteré andB in Eq. (9) have been obtained

ature of the measurement afdtands for the heating rate. If by minimizing the sum of squares between experimental and
one assumes that the temperature of the sample equals that dheoretical values of the onset temperattigefor various
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crystallization for various heating rates.
Fig. 1. DTA curves of L40-2Si%; (a), Li0-2Si%-0.03TiO, (b) and
Li20-2Si0-0.1TiO; (c) glass samples at the heating rate 10 Knhin served. Hence, it can be expected that the values of calculated
induction periods are quite realistic since no extrapolation

heating rates by the simplex method [20]. The theoretical outside the temperature region of the measurement has been
values of onset temperature are given by Eq. (9). The inte- carried out. The temperature dependence of the lengths of
gration indicated in Eq. (9) has been carried out by the Simp- isothermal induction period for individual glasses is shown
son method. The standard deviationAa&ndB were calcu- in Fig. 3. It can be seen that the stability of the glass samples
lated assuming a quadratic surface near the minimum [20]. against crystallization in the temperature region 750-850 K
The agreement between experimental and calculated valuess in the order a<kk c, i.e., the glasses containing Ti@re
of onset temperatures for various heating rates is shown inmore stable against crystallization than the one withoupTiO
Fig. 2. The resulting values & andB are listed in Table 2.  EQ. (5) enables to calculate the length of induction period for
It can be seen from Table 2 that the adjustable paranBeter any temperature regime and, thus, to evaluate the order of
is approximately constant for the glass samples under studythermal stabilities for that regime.
The difference in the stabilities can be accounted for by the  The order of stabilities evaluated by the new criterion is
difference in the values of the paramefer in agreement with the order based on the characteristic tem-

Since the onset temperature is determined as a point ofperatures and on the values of activation energy (Table 1).
the steep increase of the DTA record due to crystallization, However, on the basis of combined criteria, suchE&RT
the end of the induction period of crystallization corresponds and k(T) [17], an opposite order of thermal stabilities has
to the moment where the crystallization nuclei have already been found. Branda et al. [13] also observed a difference be-
been formed and the intense growth of crystals starts. Usingtween the sequence of thermal stabilities of studied glass sys-
the new criterion, the stability of glasses is evaluated as thetems determined by usirig, or Eo/RTy, values. According to
length of isothermal induction period for a given temperature. [13], when glass is heated in a DTA apparatus, devitrification
The length of induction period is calculated by Eq. (7). The occurs in the range of temperatures where the number of nu-
range of temperatures for the calculation of the lengths of in- clei formed and the crystal growth frequency factor are high
duction period of crystallization was chosen from the interval enough that the crystal growth kinetic barrier can be over-
where the onset temperatures of crystallization have been obcome. Therefore, greater activation energies obtained from

Table 1
Characteristic parameters for the evaluation of thermal stability of oxide glasg@®BiG, (a), LioO-2Si%-0.03TiG, (b) and LpO-2Si%-0.1TiO; (c)

Parameter heating rate (K mih) Glass

(@) (b) (©

5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
Tx (K) 805 814 821 828 835 810 821 828 834 841 832 846 850 859 860
Tp (K) 81 875 882 892 901 870 884 893 898 905 887 898 905 904 920
Tt (K) 850 860 868 879 886 855 869 879 886 890 874 885 889 901 907
E(Tp) (kI moi?) 251 289 317
E(Ty) (kI mot1) 257 268 298
E(B) (kJmol 1) 266 304 332

E(Tp), E(Ty): activation energy determined from the Kissinger plot [8): activation energy determined from the Ozawa plot [17].
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Table 2
Parameters andB describing the length of induction period using Eq. (7)
for the glass samples under study

Sample A x 10 (min) B x 103 (K)
a 0.90+ 0.13 30.7+ 0.3
b 2.88+ 0.21 30.0+ 0.2
c 7.784 2.04 30.0+ 0.3
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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.
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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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