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Abstract

The applicability of the kinetic analysis of data obtained by non-isothermal differential scanning cal-
orimetry (DSC) is discussed. The Johnson-Mehl-Avrami (JMA) model was used for the computer
simulation of DSC traces subsequently analysed by common methods of kinetic analysis of non-iso-
thermal data. For the temperature-independent kinetic exponent n of the JMA equation, the kinetic
analysis was shown to provide correct results, e.g. a correct kinetic model and apparent activation
energy. On the other hand, for the temperature-dependent kinetic exponent, there is a great possibil-
ity of erroncous determination of the correct kinetic model and apparent activation energy, espe-
cially at higher heating rates. Since the temperature dependence of n cannot be determined on the ba-
sis of non-isothermal DSC experiments, conclusions must be drawn with appropriate caution.
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Introduction

Various techniques have been applied to determine the kinetics of first-order phase
transformations, e.g. the crystallization of amorphous materials. Calorimetric meth-
ods, and in particular differential scanning calorimetry (DSC), are widely used for
study of the kinetics of such processes. These methods offer advantages, e.g. they are
quite sensitive, not demanding with regard to sample preparation, and relatively inde-
pendent of the sample geometry. DSC measures a volume fraction transformed as a
function of time (isothermal DSC) or temperature (non-isothermal) by measuring the
heat released or absorbed during a phase change. In recent years, especially non-iso-
thermal DSC measurements have become very attractive for the study of phase trans-
formations. Non-isothermal experiments can be performed more rapidly than isother-
mal ones, and they can also be used to extend the temperature range of measurements
beyond that accessible in isothermal experiments.
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The general theory of transformation kinetics was derived for isothermal transfor-
mation conditions [1]. Numerous methods have been developed for the treatment of
non-isothermal DSC data in order to obtain kinetic parameters that reproduce the experi-
mental data and predict the behaviour of the system under different conditions [2—4].

As concerns the study of phase transformations involving nucleation and growth
under isothermal conditions, analysis of the data obtained has mostly been carried out
by using the Johnson—-Mehl-Avrami (JMA) formalism [5—7]. This method is based
on an integral expression for the fraction transformed:

o (£)=1-exp((—kr)") (1

where a(z) is the fraction of the transformation completed at time ¢, and 7 is a parame-
ter reflecting the nucleation rate and growth morphology. Rate constant £ has an
Arrhenius temperature dependence:

k=k, expE—kET E 2)

where F is the activation energy, and k; is the Boltzmann constant.

The validity of application of this model to non-isothermal transformation kinet-
ics has been examined by Henderson [2]. He has shown that JMA formalism can be
used under specific restrictions that limit the applicability of this formalism to ‘site
saturation’ transformation only. In this case, nucleation takes place at the very start of
the transformation, and the nucleation rate is then zero. However, it seems that there
are still some problems associated with the correct use of this model for the analysis
of non-isothermal data: many papers reveal a great dependence of the activation en-
ergy value and variation of the JMA exponent 7.

In many cases, the JMA model is unsatisfactory and the non-isothermal transfor-
mation kinetics must be described by the Sestak—Berggren (SB) model [8]:

W mia)y )
dr

This model is an empirically found accommodation function. The SB model is a
very flexible function with regard to DSC data-fitting, but lacks physical meaning
(especially the exponents m and n have no clear physical consequence).

The above-mentioned problems in the analysis of non-isothermal data very proba-
bly originate from the fact that the models used for the analysis of non-isothermal DSC
data were originally derived for isothermal conditions, and simplifications were intro-
duced to allow these models to be used with non-isothermal data. In the case of the IMA
model, the assumption of a constant temperature-independent kinetic exponent # is one
of the most problematic simplifications. In our previous study of the isothermal crystalli-
zation of As,Se, glass [9], we found a temperature dependence of kinetic exponent #; its
value decreased from 3.7 to 1.9 with increasing temperature. The value of 7 reflects the
crystal growth morphology (n~3 in the case of three-dimensional growth, and n~2 for
predominantly two-dimensional growth) and was confirmed by optical microscopy.

J. Therm. Anal. Cal., 62, 2000



HOLUBOVA et al.: NON-ISOTHERMAL CRYSTALLIZATION KINETICS 717

From this point of view, it can be assumed that, if the kinetic exponent n varies
with temperature during non-isothermal crystallization, the frequently used kinetic
analysis of non-isothermal data does not take this fact into account and erroneous
conclusions may be drawn concerning the kinetic model and activation energy.

The purpose of this paper is to contribute to the discussion on the applicability of the
commonly used thermal analysis method to non-isothermal crystallization kinetics.

Experimental

Using computer simulation, we have tested the influence of the thermal dependence
of kinetic exponent n on the shapes of non-isothermal DSC curves.

Three series of DSC curves were computer-simulated, solely on the basis of the
JMA model, with heating rates of from 1 to 20 K min'. The rates used for simulation
are commonly used for this type of experiment. A constant apparent activation en-
ergy (E=130 kJ mol ") was used for all DSC curves computed. The first set of curves
was simulated by using a constant value of the JMA exponent n (n=2). Further simu-
lations were made with n=f(T); we used a linear thermal relation of n and a stepwise
relation between temperature and n, similarly to what was found by means of isother-
mal experiments [9].

Results and discussion

The curves obtained by computer simulation were successively analyzed in the usual
way. This means that the activation energy and subsequently the kinetic model were
determined by means of commonly used kinetic analysis.

The following findings emerged:

a) When the value of the kinetic exponent used for computer simulation was
constant (n=2), the kinetic model obtained by analysis was of IMA type. The appar-
ent activation energy was independent of  (Fig. 1) and its value could be determined
reliably (E=130+1 kJ mol™). When the analysis was based on the JMA model, the
correct value of the kinetic exponent n (n=2) was found.

b) When the value of n used for the computer simulation was not constant, the
kinetic model obtained by analysis of the simulated curves was not found unambigu-
ously to be of JMA type, but was mostly of SB type (Fig. 2). The apparent energy
value depended significantly on o (Fig. 3), and hence it was impossible to determine
the apparent activation energy correctly (the value found was £=118.9+0.9 kJ mol ™).
However, for low value of heating rate, it is also possible in some cases to interpret
the DSC curves by the JIMA model with a temperature-dependent kinetic exponent.
The reason for this is the relatively narrow width of the DSC peak at low heating rates
when a relatively small change in n occurs in this narrow temperature interval of the
phase transformation (Fig. 2).

J. Therm. Anal. Cal., 62, 2000



718 HOLUBOVA et al.: NON-ISOTHERMAL CRYSTALLIZATION KINETICS

145

140

135

- T
130 I _J—l: _E__E-_: _______ Ly ___‘T:__I_____i_ .

E/kJ mol™!

125
_ []

120 4

115

110 : T . . ; . : T :
0.0 0.2 0.4 0.6 0.8 1.0
o

Fig. 1 Values of the activation energy as a function of the degree of conversion Q, cal-
culated by the isoconversional method using computer-simulated DSC traces
with temperature-independent JMA exponent n (n=2). The dashed curve denotes
the mean value of the apparent activation energy (E=130%1 kJ mol ™)
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Fig. 2 DSC traces computer simulated with temperature-dependent JMA exponent.
The kinetic model found (JMA or SB) is indicated beside each curve

By means of computer simulation of the DSC curves, we have shown that there
is still a basic problem involving the extension of originally isothermal transforma-
tion kinetic equations to non-isothermal conditions.

It may be concluded that, if the kinetic analysis of non-isothermal DSC curves of
crystallization proceeding in fact by the JMA mechanism results in the JMA model,
then the model found is most probably a realistic one. In such cases, the value of the
activation energy is basically not dependent on 0, while its value and that of kinetic
parameter 7 reflect the described action.

However, if the kinetic analysis of non-isothermal DSC curves of crystallization
results in the SB model, then it is not possible to distinguish whether or not it really
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Fig. 3 Values of the activation energy as a function of the degree of conversion d, ob-
tained for DSC traces computer simulated by using a linear temperature depen-
dence of JMA exponent 7 (Fig. 2). The dashed curve denotes the obtained mean
value of the apparent activation energy (E=118.9£0.9 kJ mol™")

involves the kinetics of a process that can be described by the SB model or the IMA
mechanism with a non-constant value of the kinetic parameter n. Our analysis of the
simulated DSC curves indicates that a seemingly satisfactory use of the SB model to
describe crystallization kinetics proceeding by the JMA mechanism is accompanied
by a non-negligible dependence of the apparent activation energy £ on d.
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