
Thermochimica Acta 436 (2005) 78–82

Limitation of the Johnson–Mehl–Avrami (JMA) formula for kinetic
analysis of the crystallization of a chalcogenide glass
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Abstract

The crystallization kinetics of Sb9.1Te20.1Se70.8 chalcogenide glass have been studied by differential scanning calorimetry (DSC). The
effective activation energy of crystallization has been evaluated on the basis of the Kissinger equation and the method of Matusita et al. The
Sestak–Berggren model has been used for the description of DSC crystallization data as it provides the best fit to the experimental results. It
has been found that the Johnson–Mehl–Avrami model could be applied at very high rates of heating.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Chalcogenide glasses have been investigated extensively
ecause these materials have important technological appli-
ations, such as switching, memory, and electrophotography
1]. Differential scanning calorimetry (DSC) and differen-
ial thermal analysis (DTA) are the thermal methods most
ommonly applied to studying the behavior of glass crystal-
ization [2–4].

The heat flow,φ, evolved during crystal growth, can be
xpressed by the following kinetic equation[5,6]:

= �H
dχ

dt
, (1)

here�H is the heat of crystallization. The crystallization
ractionχ can be expressed as a function of time according to
he Johnson–Mehl–Avrami (JMA) transformation equation
7,8]:

(t) = 1 − exp[−(Kt)n], (2)

is defined here as the effective overall reaction rate constant,

crystal growth rate,n, the Avrami exponent, is a numeric
factor depending on the nucleation and growth processes
constantK usually has an Arrhenian temperature depende

K = K0 exp

(
− Ec

RT

)
, (3)

whereK0 is the frequency factor andEc is the effective acti
vation energy.

Eqs.(2) and (3)provide the basis for nearly all the exp
imental treatments in DSC. The isothermal transforma
rate d�(t)/dt can be given from Eq.(2) as

dχ

dt
= nK(1 − χ)[− ln(1 − χ)]1−1/n. (4)

So, the heat flow can be given as

φ = �HnK(1 − χ)[−ln(1 − χ)]1−1/n. (5)

In cases when JMA equation(5) is not valid, the empiri
cal Sestak–Berggren (SB) model[9,10] should be used fo
the description of the crystallization kinetics of some cha
hich reflects both the rate of nucleation frequency and the
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genide glasses:

φ = �HKχm(1 − χ)n, (6)
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wherem is an integer that depends on the dimensionality of
the crystal.

It is possible to compute the activation energy using
some known methods. Matusita et al.[11] have suggested
a method specifically for non-isothermal experiments. The
volume fraction of crystallitesχ precipitated in a glass heated
at constant heat rateα is related to the activation energy for
crystallizationEc as

ln[−ln(1 − χ)] = −n ln α − 1.052
mEc

RT
+ constant. (7)

If the crystallization fractionχ is determined at a fixed tem-
perature but at different heating rates, the Avrami exponent
n can be obtained from the slope of the following equation:

d{ln[−ln(1 − χ)]}
d(lnα)

∣∣∣∣
T

= −n. (8)

In fact, it is known that the double-logarithmic function in
Eq. (7) may be linear even when the JMA model is not ade-
quate. The limits of applicability of the JMA equation are well
known, but Malek[12–15]has proposed a simpler method to
test the applicability of the JMA model. The test is based on
Eqs.(5) and (6)and on they(χ) andz(χ) functions. Under
non-isothermal conditions these functions are given by
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(Tm = 1.56.6◦C, �Hm = 28.55 J g−1) as standard material
supplied by Shimadzu.

The Sb9.1Te20.1Se70.8 chalcogenide glass was prepared
using the melt–quench technique from pure elements
(99.999%) in an evacuated quartz glass ampoule by melt-
ing and homogenization at 950 K for a period of 24 h. The
amorphous nature and purity of the prepared material was
checked by scanning electron microscope (SEM)-EDX using
a Shimadzu Superscan SSX-550 apparatus.

3. Results and discussion

According to Eq.(7), the plot of ln[−ln(1− χ)] against
1/T should give a straight line, andmEc should be obtain-
able from the slope of the lines for all heating rates. For
Sb9.1Te20.1Se70.8, the plot of ln[−ln(1− χ)] against 103/T is
shown inFig. 1. The resulted straight lines have slopes that
decrease gradually from a low heating rate toward a high heat-
ing rate. Some deviation from linearity at high temperatures
or in the region of large crystallized fractions was attributed
to the saturation of nucleation sites in the final stages of crys-
tallization.

Eq. (8) indicates that at any fixed temperature the values
of the crystallization mechanism or Avrami exponentn can
b

ed
a a-

Fig. 1. The plot of ln[−ln(1− χ)] against 103/T for all heating rates.
(χ) = φ exp
Ec

RT
, (9)

(χ) = φT 2. (10)

hese functions exhibit their maxima atχM andχ∞
P , respec

ively, which allows one to determine the kinetics from
iagram obtained.

The kinetic exponent,m, was calculated by the relati
10,13]:

= nχM

1 − χM
. (11)

he aim of this study was to calculate the kinetic parame
rom DSC data by a non-isothermal method and to d
ine the best kinetic model that describes the crystalliza
rocess of Sb9.1Te20.1Se70.8 chalcogenide glass.

. Experimental

The DSC experiments presented in this paper were
ormed by using a Shimadzu DSC-60 instrument on s
les encapsulated in standard aluminum sample pans
tmosphere of dry nitrogen. To minimize the tempera
radients, the samples were will granulated to form

orm fine powder and spread as thinly as possible on
ottom of the sample pan, and the weight of sample
ept very low 2.4–3 mg. Non-isothermal DSC curves w
btained with selected heating rates 2–80 K min−1. Temper
ture and enthalpy calibration were checked with ind
e obtained from the slope of the resulting lines.
The calculated values ofn were not integers and show
variation of 2.4≤ n ≤ 4: this means that the crystalliz
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Fig. 2. The activation energy for crystallizationEc obtained by two methods.
The first two experimental points atα = 2, 2.5 K min−1 were excluded from
curve fitting due to their anomalous values.

tion occurs by more than one mechanism[16]. These values
of n may be accounted for by the possibility of a combi-
nation of two- and three-dimensional crystal growth with
heterogeneous nucleation atn − 2.4, the possibility of three-
dimensional crystal growth with heterogeneous and homo-
geneous nucleation at aboutn ∼ 2.4, and the possibility of
two-dimensional crystal growth with homogeneous nucle-
ation at a high heating rate withn ∼ 2.4[16].

The activation energy for crystallization obtained for
Sb9.1Te20.1Se70.8 from these measurements was calculated
and its variation with heating rate is shown inFig. 2. The
dotted line inFig. 2corresponds to the value determined by
the Kissinger method:

d[ln(α/T 2
P)]

d(1/TP)
= −Ec

R
.

Figs. 3 and 4show the functionsy(χ) and z(χ) for
Sb9.1Te20.1Se70.8 chalcogenide glass at different heating
rates. From the analysis of these curves the maxima ofy(χ)
andz(χ) can be found.

The maximum of the functionz(χ), χ∞
P , is a constant and

its value ofχ∞
P = 0.632 is a characteristic ‘fingerprint’ of

the JMA model[13]. The maximum of thez(χ) function as
obtained fromFig. 3 is χ∞

P
∼= 0.442, which is evidence that

the mechanism of crystallization of Sb9.1Te20.1Se70.8 glass
d

the
c be
a per-
f mple
a -
i n
t
a tic
e

Fig. 3. Normalizedz(χ) function obtained from DSC data from the non-
isothermal method at different heating rates.

Fig. 4. Normalizedy(χ) function obtained from DSC data from the non-
isothermal method at different heating rates.

Theoretical DSC curves for the JMA and SB models can
be calculated using Eqs.(5) and (6). For each heating rate the
value of activation energyEc was calculated, and the value
of the heat of crystallization�H was obtained from the DSC
instrument. The results are shown inTable 1.

Comparisons of the experimental data and calculated
curves using the JMA and SB models are shown inFigs. 5–10
for different heating rates.

Table 1
Kinetic parameters from the JMA and SB theoretical models

α (K min−1) �H (J g−1) n χM χ∞
P Ec (kJ mol−1)

2 46.65 2.4 0.405 0.468 201.2± 1.3
5 55.3 2.5 0.397 0.443 120.2± 1.01

15 55.5 3.48 0.382 0.443 121.4± 1.24
30 64.9 3.87 0.339 0.413 110.2± 2.6
50 98.1 2.95 0.341 0.421 98.5± 2.7
70 63.8 2.53 0.346 0.469 88.2± 1.76
oes not follow the JMA.
There are small but noticeable differences among

urves for different heating rates, which can probably
ttributed to thermal inertia phenomena due to lower im

ect thermal contact between the coarse-powdered sa
nd the bottom of the aluminum capsule[6,13,15]. The max

mum value of they(χ) function,χM, is always lower tha
he value ofχ∞

P [13]. Fig. 4shows a maximum value ofy(χ)
tχM ∼= 0.393; from this maximum the values of the kine
xponentm can be estimated as described by Eq.(11).
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Fig. 5. Comparison of the experimental data (DSCexp) and calculated curves
(DSCcal) using the SB and JMA models at a heating rate of 2 K min−1.

Fig. 6. Comparison of the experimental data (DSCexp) and calculated curves
(DSCcal) using the SB and JMA models at a heating rate of 5 K min−1.

Fig. 7. Comparison of the experimental data (DSCexp) and calculated curves
(DSCcal) using the SB and JMA models at a heating rate of 15 K min−1.

Fig. 8. Comparison of the experimental data (DSCexp) and calculated curves
(DSCcal) using the SB and JMA models at a heating rate of 30 K min−1.

A complicated shape of DSC peaks were revealed for low
heating rate (2 and 3 K min−1) as shown inFig. 5. Two notice-
able crystallization peaks were clearly observed.

The experimental curves show relatively good agreement
with the SB model, in particular at lower heating rates. At
high heating rates,α > 60 K min−1, the experimental curves
are in fairly good agreement with the JMA model. Hender-
son[17,18]has shown that the validity of the JMA equation
can be extended in non-isothermal conditions if the entire
nucleation process takes place during the early stages of
the transformation, and it become negligible afterward. This
so-called site saturation is an important condition for the crys-
tallization process where the crystallization rate is defined
only by temperature and does not depend on the previous
thermal history. It seems from the results obtained at high
heating rates that the crystallization rate is too fast also, which

F s
(

ig. 9. Comparison of the experimental data (DSCexp) and calculated curve
DSCcal) using the SB and JMA models at a heating rate of 50 K min−1.
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Fig. 10. Comparison of the experimental data (DSCexp) and calculated
curves (DSCcal) using the SB and JMA models at a heating rate of
70 K min−1.

makes the entire nucleation to take place during early stages
of transformation. So, the situation of the validity of JMA
model in non-isothermal conditions is reasonably satisfied
for Sb9.1Te20.1Se70.8, but only at high heating rates.

4. Conclusion

The effective activation energy for crystallization of
Sb9.1Te20.1Se70.8 has been determined using the Kissinger
equation; a value of approximately 99± 4.3 kJ mol−1 was
found. The method of Matusita et al.[11] has been used to
find the kinetic parametern, which was found to be dependent
on heating rate. From non-isothermal data the maxima of the

y(χ) andz(χ) functions were calculated, which allowed us to
obtain the kinetic parameterm and to find an adequate model
to fit the experimental results. From the results presented, the
SB kinetic model was shown to be the best model to describe
the crystallization process for Sb9.1Te20.1Se70.8 glass. The
JMA model shows some agreement with the experimental
results at high heating rates.
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