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Nucleation and crystal growth in inorganic glass-forming
systems. A DTA study
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Abstract

In this paper, a method for studying devitrification processes by means of DTA is
reported, together with the results obtained for a large number of glassy systems. When
literature isothermal data are available, a comparison is made. Good agreement is always
found among the results of the two methods. A method based on thermoanalytical data is
suggested for the rapid comparison of the stability of glasses of unlike compositions on
heating.

INTRODUCTION

The usual method of obtaining kinetic data involves a series of experi-
ments carried out under isothermal conditions at different temperatures,
which is a laborious process. There is considerable interest in the study of
devitrification kinetics by a dynamic method such as differential thermal
analysis (DTA).

The aim of this paper is to show how devitrification has been successfully
studied in a great number of glassy systems by means of DTA, with good
agreement between non-isothermal and isothermal results. In addition, it is
shown that a parameter can be defined which allows rapid comparision of
the kinetics in glasses of unlike composites.

THEORETICAL EQUATIONS AND RESULTS

The process of crystal growth can be described by the following equation
(1,2]
—In(1 —a)=A(N/B") exp(—nE_/RT) 1)

where a is the volume fraction crystallized at temperature T, E_ is the
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Fig. 1. Typical DTA curve.

activation energy for crystal growth, n is a parameter related to the
crystallization mechanism, B is the DTA heating rate and A is a constant.
Some relations can be derived [3] from eqn. (1), as reported below, which
allow the devitrification kinetic parameters to be evaluated. It should be
noted that the same relations can also be obtained [4,5] by using the
well-known Johnson-Mehl-Arrhenius equation —In(1 — «) = Kt", and tak-
ing into account that, on a DTA curve, the deflection from the baseline AT
is proportional to the instantaneous reaction rate [6,7], AT = C, da/dT,
and that at the DTA peak temperature, dAT/dT = 0.

Crystal-growth kinetic parameters

The deflection from the baseline AT taken as indicated in Fig. 1, is
proportional to the instantaneous reaction rate [6,7] and, in the initial part
of the DTA crystallization peak, the change in temperature has a much
greater effect than a on the deflection [8]; therefore, eqn. (1) leads to

In AT = (nE_/RT) + const. (2)

The condition that at the DTA crystallization peak temperature 7, the
crystal volume fraction a reaches the same specific value independent of 8
and n, leads to [9]

In N-In 8" =(nE.,/R)1/T,+ const. 3)

If DTA runs are carried out at different heating rates, provided the
number of nuclei can be considered constant, the following equation is
obtained

In B = —(E./RT,) + const. 4)

Equations (2) and (4) can be used to determine the values of £, and n
from plots of In B versus 1/7, and In AT versus 1/T.
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Nucleation-like curves

A nucleation-like curve can be obtained from thermoanalytical data and
the temperature of maximum nucleation rate can be evaluated [3,5]. The
non-isothermal devitrification of a glass is the result of two individual
processes: nucleation and crystal growth. The number of nuclei per unit
volume is the sum of the surface nuclei N, the bulk nuclei formed during
the DTA run N,, and the bulk nuclei formed during a previous heat
treatment of nucleation N,

N=N,+N,+N, (5)

If the DTA runs are carried out on samples of the same specific surface
at the same heating rate B, the sum N, of the surface nuclei N,, and the
bulk nuclei formed during the DTA run N,, is constant, and eqn. (3)
becomes, for a previously nucleated sample

In(N, + N,) = (nE_/R)(1/T,) + const. (6)

and for an as-quenched sample (N, = 0)

In N, = (nE./R)(1/T,) + const. (7
From eqns. (4) and (5), the following equation can be derived

In(N, +N,)/N, = (nE./R)(1/T, - 1/Ty) (8)

If bulk samples (low specific surface) are used, the DTA runs carried out at
a high heating rate (20°C min~!) and the samples nucleated for a long time
(t,=2h)

N,> N, (9)

Because the number of nuclei N, is related to the time ¢, of nucleation
heat-treatment by

N, =1 (10)

where I is the kinetic rate constant of nucleation and b is a parameter
related to the nucleation mechanism, then if the samples are held for the
same time ¢, at each temperature 7, of the heat treatment, the following
approximated equation can be derived from eqn. (6)

In I'=(nE./R)(1/T,—1/Tg) + const. (11)

By plotting (1/T,) —(1/T;) against the T, of the nucleation heat-treat-
ment, a nucleation rate—-temperature-like curve is obtained (Fig. 2) and the
temperature of maximum nucleation rate can be determined [3].



376 F. Branda / Thermochim. Acta 203 (1992) 373-378

Evaluation of glass stability

Equation (1) can be written

E./RT,=((1/n) In(AN /")) — (In(~In(1 - a,)) /n) (12)

where A depends on the pre-exponential factor U° of the growth rate (U)
equation [1,2]:

U=U°exp(—E./RT) (13)

using eqn. (12), a rapid comparison of the glass stability of unlike glass
compositions can be made [10]. It is worth noting that for @, variations in
the range 0.2-0.8, the corresponding variations of In(—In(1 — a,))/n, usu-
ally affect the (E_/RT,) value by less than 2%. Therefore when T, is taken
from DTA curves (recorded at the same heating rate) relative to samples of
unlike compositions in which bulk crystallization is dominant (m = 3),
greater values of E_/RT, are indicative of greater values of N formed on
heating and/or greater crystal growth rates, i.e. a greater tendency to
devitrify on heating.

If T, values are taken from DTA curves, recorded at the same heating
rates, relative to samples of unlike composition previously heat-treated for
the same time at the temperatures of the maximum nucleation rate, eqn.
(12) leads to

(E./RT,). - (E./RT,), = (1/n) In(L,4,/1,A;) (14)

where subscripts i and j refer to unlike glass compositions. Equation (14)
can be used to determine rapidly those compositions that are more likely,
from a kinetic point of view, to give glass ceramics [11].
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Fig. 2. Nucleation-like curve of Li,O-2SiO, glass.
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TABLE 1

Activation energies £, and E_ (kcal mol ~?!), Avrami parameters n and n’, and temperature
of maximum nucleation rates, Ty and T (°C) of reported glasses evaluated by means of
isothermal and non-isothermal methods; superscript refers to literature isothermal data

E, T n Ref. E! Ty n'  Ref.
Ca,Al,SiO, 135 1 12 148 1 12
GeO, 55 1 13 54 1 14
3Ba0-58i0, 92 2.7 13 100 3 15,16
Li,0-28i0, 65 45 1.0-39 5,17 65 455 18,19
Na,0-2Ca0-38i0, 8 580 1.0-3 20 78 580 21,22
2Na,0-Ca0-38i0, 107 500 18-28 23 102 500 24
Na,Q-28i0, 51 - 1 25 58 26
Na,0-SiO, ' 74 430 1 27 1 28
Na,O-P,0; 22 2 29 20 2 30,31
BaO-28iO, 9 700 ~ 32 - 700 -~ 33
0.9Li,0-0.1Ba0,Si0, 70 480 1.0-25 34 - 480 33

RESULTS

Equations (2), (4) and (11) have been applied to study nucleation and
crystal growth in many glassy systems. Table 1 reports the results relative to
systems whose isothermal data are available in the literature. As can be
seen, good agreement was always found.

CONCLUSIONS

The kinetic data obtained by means of the thermoanalytical methods are
in good agreement with those obtained under isothermal conditions. They
can be used to compare rapidly the glass stability of unlike compositions or
to assess the ability, from a kinetic point of view, of the glass to form
ceramic materials.
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