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Differential scanning calorimetry (DSC) technique was used to investigate the kinetics of crystallization
in Se81.5Te16Sb2.5 chalcogenide glass. Non-isothermal measurements were performed at different heating
rates (5–60 K/min). A strong heating rate dependence of the activation energy was observed when the
data were analyzed using Matusita model. This variation of the activation energy was confirmed by the
application of the isoconversional methods of Friedman, Kissinger–Akahira–Sunose (KAS) and Vyazovkin.
These methods showed that the activation energy of crystallization is not constant but varies with the
degree of conversion and hence with temperature. However, the values of the activation energy obtained
from Friedman method are much lower compared with the values estimated from KAS and Vyazovkin
methods. It is suggested that this disagreement was due to possible errors involved in the Friedman
method.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Chalcogenide glasses have drawn great attention because of
heir interesting semiconducting properties [1,2] that can be used in
arious solid-state devices and also due to their more recent impor-
ance in optical recording [3]. It has recently been pointed out that
he addition of Se to Te improves its corrosion resistance [4]. There-
ore, Se–Te alloys are thought to be promising media, which can be
sed for phase change (PC) between amorphous to crystalline state.
hese alloys are found to have some significant problems when
sed as a recording layer material in optical PC technique [5,6].
he two serious problems are the limited reversibility [7] and low
lass transition and crystallization temperatures. These problems
an be removed by adding a third element as a chemical modifier in
e–Te alloys. A lot of work has been done on ternary chalcogenide

lasses having different compositions like Se–Te–Sb, Se–Te–Ge,
nd Se–Te–In [8–10]. Moreover, addition of a third element such
s Sb to binary chalcogenide glass produces a higher stability
11].
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The kinetics of crystallization is widely studied using differential
scanning calorimetry (DSC) where important information regard-
ing the transformation mechanisms can be obtained. For instance,
different kinetic parameters (such as activation energy and reac-
tion order) can be estimated using different methods. The methods
commonly used for analyzing non-isothermal kinetics data are
generally grouped into two categories: model-fitting and isoconver-
sional (model-free) methods. Model fitting methods were widely
used because of their ability to directly determine the kinetic triplet.
These methods involve fitting different reaction models to experi-
mental data leading to a simultaneous determination of the kinetic
parameters. In model fitting methods the kinetic parameters are
assumed constant. On the other hand, isoconversional (model-free)
methods are becoming more popular because of their ability to
determine the activation energy at progressive extent of conversion
(˛) without assuming any reaction model.

The variation of the activation energy with the degree of crys-
tallization is an important issue in the kinetics of amorphous to
crystalline transformation [12]. As pointed out by Vyazovkin [12],

this variation of the activation energy with the degree of crystalliza-
tion, and hence with temperature, can provide useful information
about the different mechanisms involved in the transformation
process. Liu et al. [13,14] have considered a generalization of the
Johnson–Mehl–Avrami (JMA) model to account for the variation of

http://www.sciencedirect.com/science/journal/00406031
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he activation energy. In contrast to the original formalism of the
MA theory, where only nucleation site saturation or continuous
ucleation was assumed, Liu et al. model predicts that the activa-
ion energy is not constant throughout the crystallization process
hen mixed nucleation (a combination of pre-existing nuclei and

ontinuous nucleation modes, with site saturation and continuous
ucleation as two extremes) is considered.

In order to reveal this variation of the activation energy of crys-
allization, two approaches are normally used [9]. The first approach
s to use Matusita et al. [15] method to determine the kinetic param-
ters such as the activation energy E and the Avrami exponent n of
he crystallization process. The variation of the activation energy
an be further analyzed using isoconversional methods which were
idely used by different authors to investigate different kinetic
rocesses associated with this transformation [9,16–25].

In the present work, the kinetics of crystallization of amorphous
e81.5Te16Sb2.5 alloy is studied using the DSC technique at different
onstant heating rates. The DSC data are analyzed using different
inetics models to investigate the growth processes involved in
he transformation. The heating rate dependence of the activation
nergy of crystallization is discussed.

. Theoretical background

The kinetics of isothermal crystallization involving nucle-
tion and growth is usually analyzed using Kolmogorov–Johnson–
ehl–Avrami (KJMA) model [26,27]. According to the KJMA model,

he volume fraction of crystallites (˛) is given by [28–30]:

= 1 − exp(−ktn) (1)

here n is the Avrami exponent that is associated with the nucle-
tion and growth mechanisms and k is the reaction rate constant.
n this thermally activated process the rate constant is related to
emperature T via the Arrhenius equation:

= A exp
(−E

RT

)
(2)

here E is the activation energy of crystallization, A is the pre-
xponential factor and R is the gas constant. In the framework of
JMA model, the kinetic parameters n, A and E are assumed to be
onstant during the crystallization process.

.1. Kissinger method

This method [31] is most commonly used in analyzing crystal-
ization data in DSC. According to this method the activation energy
an be evaluated using the following equation:

n

(
ˇ

T2
p

)
= Const. − E

RTp
(3)

here Tp is the crystallization peak temperature and ˇ is the heating
ate.

.2. Matusita method

The crystallization kinetics can be obtained using a method sug-
ested specifically for non-isothermal experiments by Matusita et
l. [15]. The volume fraction of crystallites (˛), precipitated in a glass
eated at constant rate (ˇ), is related to the activation energy for
rystallization through the following expression [15]:
n[−ln(1 − ˛)] = −n ln ˇ − 1.052
mE

RT
+ Const. (4)

here m is an integer which depends on the dimensionality of the
rystal, and n being a numerical factor depending on the nucleation
rocess. When the nuclei formed during the heating at a constant
a Acta 485 (2009) 14–19 15

rate are dominant, n is equal to (m + 1) and when nuclei formed
during any previous heat treatment prior to thermal analysis are
dominant, n is equal to m [32,33].

2.3. Isoconversional methods

The kinetics of crystallization in amorphous materials can be
described by the following rate equation:

d˛

dt
= A exp

(
− E

RT

)
f (˛) (5)

where f(˛) is the reaction model. Under non-isothermal conditions
with a constant heating rate ˇ = dT/dt, Eq. (5) may be rewritten as

d˛

dT
= d˛

dt

(
1
ˇ

)
= A

ˇ
exp

(
− E

RT

)
f (˛) (6)

The integral form of the reaction model can be obtained by inte-
grating Eq. (6) as follows:

g(˛) =
∫ ˛

0

d˛

f (˛)
= A

ˇ

∫ T

0

exp
(

− E

RT

)
dT = A

ˇ
I(E, T) (7)

Using an advanced isoconversional method developed by Vya-
zovkin [22], for a series of n experiments carried out at different
heating rates the effective activation energy can be determined at
any particular value of ˛ by finding the value of E˛ for which the
objective function ˝ is minimized, where:

˝ =
n∑

i=1

n∑
j /= i

I(E˛, T˛i)ˇj

I(E˛, T˛j)ˇi
(8)

where the integral I(E,T) is given by

I(E, T) =
∫ T˛

T˛−�˛

exp
(−E

RT

)
dT (9)

The integral I(E,T) was numerically evaluated using the trapezoidal
method. The activation energy E˛ is the value that minimizes ˝ in
Eq. (8) for a particular ˛.

The Kissinger–Akahira–Sunose method [34,31,35] (or the gener-
alized Kissinger method as it is sometimes called) may be obtained
through derivation of Eq. (7). Subsequent logarithm application and
rearrangement yield:

ln

(
ˇi

T2
˛i

)
= Const. − E˛

RT˛i
(10)

The subscript i denotes different heating rates. For each degree of
the conversion, ˛, a corresponding T˛i and heating rate are used to
plot ln(ˇi/T2

˛i
) against 1/T˛i. The plot should be a straight line whose

slope can be used to calculate the activation energy E˛.
The differential isoconversional method suggested by Friedman

[36] is based on Eq. (7). For various heating rates, ˇi, this method
can be used directly from Eq. (7) at a specific crystallization fraction,
˛, as:

ln
(

d˛

dt

)
˛i

= Const. − E˛

RT˛i
(11)

The parameter E˛ at this specific value of ˛, is then estimated from
a plot of ln(d˛/dt)˛i versus 1/T˛i across different heating rates. The
procedure is repeated for many values of ˛, yielding continuous
functions of ˛ for E˛.
3. Experimental

The Se81.5Te16Sb2.5 chalcogenide glass was prepared using the
standard melt-quench technique. High purity (99.999%) Se, Te and
Sb in appropriate atomic weight percentage were weighed and



1 himica Acta 485 (2009) 14–19

s
1
t
e
o
i
r
S
c
t
o
l

c
i
i
2
r
w
t
a
r
m

4

l
c
w
e
s
f
f

c
i
a
c
i
l
t
T
T
T
a
n
h
i
t

u
t
s
o
t
e

l

F
c

p
(
t
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ealed in a quartz ampoule (12 mm diameter) under a vacuum of
0−4 Torr. The contents were heated at around 950 K for 24 h. During
he melting process, the tube was frequently shaken to homog-
nize the resulting alloy. The melt was quenched in ice water to
btain the glassy state. The structure of the sample was exam-
ned using Shimadzu XRD-6000 X-ray diffractometer using Cu K�

adiation (� = 1.5418 Å). The surface microstructure was revealed by
EM (Shimadzu Superscan SSX-550). The content of the alloy was
hecked by Energy Dispersive X-ray (EDX) using the scanning elec-
ron microscope (Shimadzu Superscan SSX-550). The composition
f the elements (Se, Te and Sb) was determined by EDX at different
ocations of the sample and average values were used.

Thermal behavior was investigated using Shimadzu DSC-60. The
alorimetric sensitivity is ±10 �W and the temperature accuracy
s ±0.1 K. Typically, 3 mg of sample in powder form was sealed
n standard pans and heated at different rates 5, 8, 12, 15, 17, 20,
5, 30, 40, 50 and 60 K/min under dry nitrogen supplied at the
ate 35 ml/min. To minimize the temperature gradient the samples
ere well granulated to form uniform fine powder and spread as

hinly as possible on the bottom of the sample pan. Temperature
nd enthalpy calibration was carried out with indium at heating
ate 10 K/min (Tm = 156.6 ◦C and �Hm = 28.55 J/g) as the standard
aterial supplied by Shimadzu.

. Results and discussion

The composition of as-prepared Se81.5Te16Sb2.5 bulk was ana-
yzed using EDX. Fig. 1(a) shows the spectral distribution of the
onstituent elements. The atomic percentage ratios of Se, Te and Sb
ere found to be 81.5, 16 and 2.5, respectively. The X-ray diffraction

xamination indicates the amorphous structure of the as-prepared
pecimen as shown in Fig. 1(b). Fig. 1(c) shows the SEM of a
ractured as-prepared bulk specimen. Conchoidal contours of the
ractured specimen indicate the glass structure.

DSC curves of the crystallization process of the Se81.5Te16Sb2.5
halcogenide glass obtained at different heating rates are shown
n Fig. 2. The DSC thermograms are characterized by two temper-
tures. The glass temperature Tg as defined by the endothermic
hange in the DSC trace indicates a large change of viscosity, mark-
ng a transformation from amorphous solid phase to supercooled
iquid state. The exothermic peak temperature Tp is used to identify
he crystallization process. It is evident from this figure that both
p and Tg shift to higher temperatures with increasing heating rate.
he variation of the Tp at various heating rates is shown in Fig. 3.
he shift of Tp arises from the dependence of the induction time, tin
ssociated with nucleation process. Crystallization is controlled by
ucleation and there exist an induction time for nucleation. As the
eating rate increases, the temperature at which tin becomes zero

ncreases leading to the observed shift of crystallization to higher
emperatures.

The activation energy of the crystallization process is obtained
sing Kissinger equation (Eq. (3)). A straight line is obtained by plot-
ing ln(ˇ/T2

p ) versus 1/Tp, as shown in Fig. 4. From the slope of the
traight line, it is possible to derive the value of the activation energy
f crystallization, yielding E = 82.5 ± 1.6 kJ/mol. Because of the fact
hat the variation in ln(1/T2

p ) is much slower than ln(ˇ), Kissinger
quation was approximated by Mahadevan et al. [33] as

n(ˇ) = Const. − E

RTp
(12)

rom the linear ln(ˇ) versus (1/Tp) plot, shown also in Fig. 4, the

alculated value of E is equal to 76.2 ± 1.5 kJ/mol.

In order to investigate the heating rate dependence of the kinetic
arameters, n and E, we analyzed the data using Matusita model (Eq.
4)). Fig. 5 shows the extent of crystallization (˛) as a function of
emperature at different heating rates. Using the data of Fig. 5, plots
Fig. 1. (a) EDX results of the Se81.5Te16Sb2.5 chalcogenide glass, (b) SEM micrograph
and (c) X-ray diffractometer of as-prepared bulk specimen.

of ln[−ln(1 − ˛)] against 1/T at different heating rates are obtained
as shown in Fig. 6. The straight lines in this graph are linear fittings
according to (Eq. (4)).

From the slope of each straight line shown in Fig. 6, mE value
was determined. It is evident from this figure that different values
of mE are obtained for different heating rates.

The Avrami exponent n can also be determined using Matusita
equation (Eq. (4)) by plotting ln[−ln(1 − ˛)] against ln(ˇ) at differ-
ent temperatures, as shown in Fig. 7. The slope of each line gives
the value of n. It is clear from the figure that n is temperature inde-
pendent and hence an average value can be calculated. The average

value of n obtained from these results is 2.11 ± 0.02.

Once the value of n is obtained, the effective activation energy E
can be evaluated at different heating rates. As the sample is pre-
annealed for a period of time before each experimental run at
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Fig. 2. DSC curves of the Se81.5Te16Sb2.5 chalcogenide glass at different heating rates.
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Fig. 5. Extent of crystallization, ˛, as a function of temperature at different heating
rates.

In order to investigate the variation of the activation energy with
Fig. 3. The heating rate dependence of the crystallization peak temperature.

emperature below the glass transition temperature (Tg), the con-
ition of site saturation could be fulfilled and hence we can assume
= m. Fig. 8 shows the variation of the effective activation energy
ith the heating rate showing a dramatic decrease in E as the heat-
ng rate increases from 5 to 40 K/min and then decreases slowly. A
imilar behavior was observed by [9]. The observed dependence of
he effective activation energy on the heating rate can be attributed
o the possible variation of E with temperature.

ig. 4. ln(ˇ/T2
p ) vs. (1/Tp) plot (©), and ln(ˇ) vs. (1/Tp) plot (�) for Se81.5Te16Sb2.5

halcogenide glass.
Fig. 6. ln[−ln(1 − ˛)] vs. 1/T plots at different heating rates for the Se81.5Te16Sb2.5

chalcogenide glass.
extent of conversion and hence with temperature, Vyazovkin, KAS,
and Friedman isoconversional methods were used. Using the exper-
imental data shown in Fig. 5, the three isoconversional methods are

Fig. 7. ln[−ln(1 − ˛)] vs. ln(ˇ) plots at different temperatures for the Se81.5Te16Sb2.5

chalcogenide glass.
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ig. 8. Effective activation energy (E) as a function of heating rate for the
e81.5Te16Sb2.5 chalcogenide glass.

sed to evaluate the activation energies at different values of ˛. As
hown in Fig. 9 a pronounced variation in the effective activation
nergy, E, as a function of the degree of conversion ˛ is observed
n the three methods. The temperature dependence of E can be
xtracted from Fig. 9 by replacing ˛ with an average T using ˛ versus
curve for the heating rate 20 K/min [19]. As indicated in Fig. 10,

he three methods show a gradual decrease in E as the tempera-
ure increases. Vyazovkin and KAS methods give similar behavior
f the dependence of E with temperature. However, a small differ-
nce in the values of the activation energies is observed (Fig. 10).
n contrast to the Vyazovkin and KAS methods, Friedman method
hows quite different behavior. A similar observation was reported
or Sb9.1Te20.1Se70.8 [16] glasses. It was also reported by Su et al. [37]
hat the activation energy calculated by KAS method at different ˛
re higher than those obtained by Friedman method. It is possible
hat this disagreement is due to the fact that the systematic errors
hich arise from the numerical differentiation of the experimental
ata involved in Friedman method can lead to smaller values of E
38].
It is evident from the observed temperature dependence of the
ctivation energy in the present system that the amorphous to
rystalline transformation cannot be described by a single-step
echanism. The transformation demonstrates complex multi-step

ig. 9. The effective activation energy as a function of ˛ as determined using different
soconversional methods.
Fig. 10. The temperature dependence of the effective activation energy.

reactions involving several processes of growth with different acti-
vation energies and mechanisms. The observed decrease of the
activation energy with temperature demonstrates that the rate con-
stant of crystallization is in fact determined by the rates of two
processes, nucleation and diffusion. Because these two mechanisms
are likely to have different activation energies, the effective activa-
tion energy of the transformation will vary with temperature [12].
This interpretation is based on the nucleation theory proposed by
Fisher and Turnbull [39]. According to this theory, the temperature
dependence of the crystallization rate r is given by

r = r0 exp
(−ED

kBT

)
exp

(−�F

kBT

)
(13)

where r0 is the pre-exponential factor, kB is the Boltzmann constant,
ED is the activation energy for diffusion and �F is the maximum free
energy necessary for nucleus formation.

The simplified kinetic analysis in which the activation energy is
assumed constant is not appropriate to describe the present data.
The present findings also indicate that since the effective energy
is not constant during the transformation, Matusita et al. model
cannot be used to extract accurate values of the kinetic parameters
E and n for the transformation.

5. Conclusions

The kinetics of transformation from amorphous to crystalline
phase in Se81.5Te16Sb2.5 is studied using DSC technique. The present
findings showed the limitation of Kissinger and Mahedvan et al.
methods in describing the kinetics of transformation as they both
lead to a single activation energy for the whole crystallization
process. The activation energy as determined from three isocon-
versional methods was found to vary with the extent of conversion
and hence with temperature. All the three isoconversional meth-
ods showed that the activation energy decreases with temperature.
The present work shows that the transformation from amorphous
to crystalline phase in Se81.5Te16Sb2.5 is a complex process involving
different mechanisms of nucleation and growth.

References
[1] K. Tanaka, Y. Osaka, M. Sugi, S. Iizima, M. Kikuchi, J. Non-Cryst. Sol. 12 (1973)
100.

[2] E.R. Shaabam, Physica B 373 (2006) 211.
[3] Y. Sugiyama, R. Chiba, S. Fugimori, N. Funakoski, J. Non-Cryst. Sol. 122 (1990)

83.
[4] R. Chiba, N. Funakoshi, J. Non-Cryst. Sol. 105 (1988) 149.



himic

[
[
[
[
[
[
[
[
[
[
[
[
[

[
[
[
[
[
[
[
[
[
[
[
[34] H.E. Kissinger, J. Res. Nat. Bureau Stand. 57 (1956) 217.
A.A. Abu-Sehly / Thermoc

[5] K. Weiser, R.J. Gambino, J.A. Reinhold, Appl. Phys. Lett. 22 (1973) 48.
[6] B.R. Brown, Appl. Opt. 13 (1974) 761.
[7] A.W. Smith, Appl. Opt. 13 (1974) 795.
[8] P. Agarwal, S. Goel, J.S.P. Rai, A. Kumar, Phys. Stat. Sol. (A) 127 (1991) 363.
[9] A.A. Abu-Sehly, A.A. Elabbar, Physica B 390 (2007) 196.
10] N. Mehta, A. Kumar, J. Therm. Anal. Calorim. 83 (2006) 669.
11] M. Mehdi, G. Brun, J.C. Tedenac, J. Mater. Sci. 30 (1995) 5259.
12] S. Vyazovkin, New J. Chem. 24 (2000) 913.
13] F. Liu, F. Sommer, C. Bos, E.J. Mittemeijer, Int. Mater. Rev. 53 (2007) 192.
14] F. Liu, C. Yang, G. Yang, Y. Zhou, Acta Mater. 55 (2007) 5255.
15] K. Matusita, T. Konatsu, R. Yokota, J. Mater. Sci. 19 (1984) 291.
16] A.A. Joraid, Thermochim. Acta 436 (2005) 78.

17] A.A. Joraid, Physica B 390 (2007) 263.
18] M.J. Starink, Thermochim. Acta 404 (2003) 163.
19] S. Vyazovkin, I. Dranca, Macromol. Chem. Phys. 207 (2006) 20.
20] S. Vyazovkin, Int. Rev. Phys. Chem. 19 (2000) 45.
21] S. Vyazovkin, Thermochim. Acta 397 (2003) 269.
22] S. Vyazovkin, J. Comput. Chem. 22 (2001) 178.

[
[
[
[
[

a Acta 485 (2009) 14–19 19

23] B. Jankovic, B. Adnadevic, J. Jovanovic, Thermochim. Acta 452 (2007) 106.
24] B. Saha, A.K. Maiti, A.K. Ghoshal, Thermochim. Acta 444 (2006) 50.
25] A. Khawam, D.R. Flanagan, Thermochim. Acta 436 (2005) 101.
26] A.N. Kolmogorov, Bull. Acad. Sci. USSR. Phys. Ser. 3 (1937) 555.
27] W.A. Johnson, P.A. Mehl, Trans. Am. Inst. Min. Metall. Eng. 135 (1939) 416.
28] M. Avrami, J. Chem. Phys. 7 (1939) 1103.
29] M. Avrami, J. Chem. Phys. 8 (1940) 212.
30] M. Avrami, J. Chem. Phys. 9 (1941) 177.
31] H.E. Kissinger, Anal. Chem. 29 (1957) 1702.
32] A.A. Abu-Sehly, Physica B 325 (2003) 372–379.
33] S. Mahadevan, A. Giridhar, A.K. Singh, J. Non-Cryst. Sol. 81 (1986) 11.
35] T. Akahira, T. Sunose, Res. Rep. Chiba Inst. Technol. 16 (1971) 22.
36] H.L. Friedman, J. Polym. Sci. C 6 (1963) 183.
37] T. Su, H. Jiange, H.T. Sunose, Res. Rep. Chiba Inst. Technol. 16 (1971) 22.
38] N. Sbirrazzuoli, Macromol. Chem. Phys. 208 (2007) 1592.
39] J.C. Fisher, D. Turnbull, J. Chem. Phys. 17 (1949) 71.


	Variation of the activation energy of crystallization in Se81.5Te16Sb2.5 chalcogenide glass: Isoconversional analysis
	Introduction
	Theoretical background
	Kissinger method
	Matusita method
	Isoconversional methods

	Experimental
	Results and discussion
	Conclusions
	References


