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a b s t r a c t

Se80−xTe20Agx (x = 0, 3, 5, 7 and 9) glassy alloys have been prepared by the conventional melt quenching
technique. These samples were structurally characterized using X-ray diffraction. Kinetics of phase trans-
formations of Se80−xTe20Agx (x = 0, 3, 5, 7 and 9) glassy system has been studied by differential scanning
calorimetry (DSC) under non-isothermal conditions at five different heating rates. The DSC traces have
vailable online 22 July 2010
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been analyzed in terms of activation energy and stability by four models viz. Kissinger, Matusita, Gao-
Wang and Augis and Bennett models. Avrami exponent (n), dimensionality of growth (m) and frequency
factor have also been determined for a better understanding of growth mechanism. The obtained kinetic
parameters indicate that stability of the glassy samples increase with increasing Ag content.

© 2010 Elsevier B.V. All rights reserved.

hase transition
-ray diffraction

. Introduction

In the past decades, glasses and glass ceramics have attracted
uch attention because of their unique properties, such as

xcellent chemical durability, amazing optical transparency and
xcellent electrical properties. Recently, a great deal of work has
een done in the field of chalcogenide glasses due to their useful
pplications in solid-state electronics [1–3], infrared optical fibers
4], semiconducting properties [5,6] and in optical recording [7].

Chalcogenide glasses containing Se–Te belonging to VI B group
lements are efficient materials for thin film circuits, fabrication of
emiconductor devices, transistors and detectors. In Selenium (Se),
ach atom needs two neighbors to satisfy the valence requirements.
his can be achieved either by the formation of small molecules
Se8) or linear polymeric chains (Se) [8,9]. Selenium (Se) can melt
ithout an appreciable change within these structural units, the

equired random arrangement of atoms being obtained by breaking
f the weak bonding between units. A rearrangement into a crystal
tructure on cooling is a difficult step, and a glass is easily formed.
he properties of amorphous Se (a-Se) and the effect of alloying
e into a-Se have been studied by various workers [8–10]. These

tudies indicate that when Te is incorporated to amorphous Se, it is
issolved in the Se chains to satisfy its coordination requirements
nd to form a cross-linked structure, which retards the crystalliza-
ion probability and enhances thermal stability.

∗ Corresponding authors. Tel.: +91 141 2704056; fax: +91 141 2704056.
E-mail addresses: faheem.spsl@gmail.com (S.F. Naqvi),

s saxena@rediffmail.com (N.S. Saxena).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.07.128
The addition of third element in Se–Te glass converts it into an
interesting material and new promising properties of the material
are expected [11]. The addition of Silver (Ag) to Se–Te is expected to
create the compositional and configurational disorder in the mate-
rial as compared to binary alloy. Se–Te–Ag chalcogenide glasses
exhibit single glass transition temperature and single crystalliza-
tion temperature, which is the main requirement for good optical
recording medium [12]. Therefore, the crystallization kinetics of Ag
containing chalcogenide glasses is very important for the develop-
ment of new and better phase change recording materials.

The increasing use of thermoanalytical techniques such
as differential thermal analysis (DTA) or differential scanning
calorimetry (DSC) has offered the promise of obtaining useful data
on phase transformations with simple methods [13,14]. Accord-
ing to the kinetic view point, when the glass transform into the
crystalline state, the rearranged particles have to overcome some
potential barriers, such as the activation energy of the crystalliza-
tion. If the potential barrier is higher, i.e. the activation energy of
crystallization is larger, the nucleation and thus the crystallization
of the glass is more difficult and the atoms do not have enough time
to rearrange themselves, when the glass melt is rapidly quenched.
Consequently, a random disordered structure is obtained and this
is favorable for glass formation [15].

Many efforts have been made in the recent past to study the
kinetics of phase transformation of the chalcogenide glasses. Rocca

et al. [16] have investigated the crystallization process on amor-
phous GeTeSb samples near to eutectic point of Ge15Te85. They
found that the Ge15Te85 glass shows a primary crystallization of
Te superimposed with a secondary crystallization of GeTe and the
addition of Sb (5 at.%) to the eutectic point of Ge15Te85 modifies the

dx.doi.org/10.1016/j.jallcom.2010.07.128
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:faheem.spsl@gmail.com
mailto:n_s_saxena@rediffmail.com
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Fig. 1. XRD patterns of Se80−xTe20Agx (x = 0, 3, 5, 7 and 9) glassy system.

Table 1
Characteristic temperatures of all the samples at heating rate of 10 K/min.

Sample Tg (K) Tc (K) Tp (K)

Se80Te20 341.2 371.1 394.7
Se77Te20Ag3 340.4 370.5 392.9

introduction of Te decreases the Se8 ring concentration favoring
Se–Te mixed rings with simultaneous increase in Se and Te atoms
in chain structure. When Ag is incorporated, Ag makes bond with Se
and is probably dissolved in the Se chains. The number of Se8 rings
S.F. Naqvi et al. / Journal of Alloys

bove mentioned behavior. The crystallization kinetic parameters
f Ge22.5Te77.5 glass using model-free and model-fitting methods
ave been studied by Abu El-Oyoun [17]. From the various kinetic
arameters, the author reported that the activation energy of
rystallization is not constant but varies with the degree of crystal-
ization and temperature. Faisal et al. [18] have studied the kinetics
f non-isothermal crystallization of ternary Se80Te20−xZnx glasses
nd found that the glass with 2.5 at.% of Zn is the most stable glass
ithin the series. Bayri et al. [19] have studied the crystallization

inetics of Fe73.5−xMnxCu1Nb3Si13.5B9 (x = 0, 1, 3, 5, 7) amorphous
lloys and concluded that the activation energy increases upto x = 3,
nd then decreases with increasing Mn content.

The aim of the present paper is to study the kinetics of phase
ransformations of Se80−xTe20Agx (x = 0, 3, 5, 7 and 9) glassy sys-
em using differential scanning calorimetry (DSC). The study of
inetics is always connected with the concept of activation ener-
ies. The values of these energies are associated with nucleation
nd growth mechanisms that dominate the divitrification of most
f glassy solids [20]. The kinetic parameters such as activation
nergy of glass transition (Et), activation energy of crystalliza-
ion (Ec), Avrami exponent (n) and frequency factor (Ko) and m of
oth the phase transformations (glass transition and crystalliza-
ion) have been obtained using theoretical models [21] such as
issinger, Matusita–Sakka, Gao–Wang and Augis-Bennett model.
hese parameters have further been utilized to determine the ther-
al stability of these glasses.

. Experimental details

Se80−xTe20Agx (x = 0, 3, 5, 7 and 9) glassy alloys have been prepared by melt
uenching technique. The materials of high purity (99.999%) were weighed accord-

ng to their atomic weight percentages into a quartz ampoule. The content of the
mpoule was sealed in the vacuum of 10−6 Torr and heated in a furnace. The tem-
erature of the furnace was raised at a rate of 3–4 K min−1 up to 925 ◦C and kept
round that temperature for 12 h.

The ampoule was frequently rocked to ensure the homogeneity of the sample.
he molten sample was then rapidly quenched in the ice-cooled water to get glassy
tate. The amorphous nature of the alloy was ascertained through X-ray diffraction
attern of the samples using Bragg-Brentanno geometry on analytical X’pert Pro
iffractometer in 2� range of 15–60◦ with Cu K� radiation source (� = 1.5406 å). The
-ray tube was operated at 45 kV and 40 mA. The thermal behavior of the samples
as been investigated using Rigaku 8230 differential scanning calorimetry (DSC).
he accuracy of heat flow measurement is ±0.01 mW and the temperature preci-
ion as determined by the microprocessor of the thermal analyzer is ±0.1 K. DSC
uns have been taken at five different heating rates, i.e. 10, 20, 30, 40 and 50 K min−1

n accurately weighed (10–15 mg) samples taken in aluminum (Al) pans under
on-isothermal conditions. The temperature range covered in DSC was from room
emperature (300 K) to 450 K.

. Results and discussion

.1. Structural and thermal analysis

Fig. 1 shows the X-ray diffraction pattern of as-prepared
e80−xTe20Agx (x = 0, 3, 5, 7 and 9) glassy systems at room tem-
erature (293 K). The absence of any sharp peak confirms the
morphous nature of these alloys.

The phase transformations of the samples have been observed
hrough DSC at five different heating rates, i.e. 10, 20, 30, 40 and
0 K/min under non-isothermal conditions. Fig. 2 shows the DSC
hermograms of Se80−xTe20Agx (x = 0, 3, 5, 7 and 9) glassy samples
t a heating rate of 10 K/min as a representative case.

When the sample is heated at a constant heating rate in a dif-
erential scanning calorimetry experiment, the glass undergoes
tructural changes and eventually crystallizes. In addition to the

arge exothermal crystallization peak, the DSC trace shows an
ndothermic region before crystallization occurs and is denoted as
lass transition region. This calorimetric glass transition is gener-
lly considered to occur due to changes in the amorphous structure,
hich approaches a thermodynamic equilibrium state as the tem-
Se75Te20Ag5 338.0 368.9 390.0
Se73Te20Ag7 342 374.5 395.0
Se71Te20Ag9 343.8 377.5 401.0

perature of the system is increased. The DSC traces of all the
samples show single glass transition and crystallization, which,
confirms the homogeneity of the samples. Table 1 lists the char-
acteristic temperatures of all the samples at a heating rate of
10 K/min.

From Table 1 and Fig. 2, it is observed that the glass transition
temperatures of these samples are found to decrease monotonously
up to 5 at. wt% of Ag and then increases on further addition of Ag.
A similar trend has also been observed for these samples at other
heating rates. The variation of the glass transition temperature of
these glasses can be explained on the basis of structural changes due
to the introduction of Ag atoms. The generally accepted structural
model for a-Se includes [8] two molecular species; meandering
chains, which contain helical chains of trigonal Se and Se8, ring
molecules of monoclinic Se. The structure of the Se–Te system pre-
pared by quenching the melt is regarded [22,23] as a mixture of
Se8 rings, Se6Te2 rings, and Se–Te copolymer chains. Therefore, an
Fig. 2. DSC thermograms of Se80−xTe20Agx (x = 0, 3, 5, 7 and 9) glassy system at a
heating rate of 10 K/min.
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This is due to the fact that Se and Te both are twofold coordinated
where as Ag is fivefold coordinated. When Ag is introduced into
Se–Te system, it tries to satisfy its coordination requirements and
bond energy. This gives rise to bond disorder with some degrees
of topological disorder which increases the entropy of the system

Table 2
The values of A, B and Activation energy of glass transition (Et) for Se80−xTe20Agx

(x = 0, 3, 5, 7 and 9) glassy alloys.

Composition A (K) B (min) Activation energy
of glass transition
(Et) (kJ/mol)

Kissinger Model
ig. 3. Variation of Tg with ln(˛) of Se80−xTe20Agx (x = 0,3,5,7 and 9) glassy system.

ncreases while the number of long Se–Te polymeric chains and
e–Te mixed rings decreases. Tg decreases [24] with increasing ring
oncentration. This in turn explains the decrease in Tg values with
he increase of Ag concentration up to 5 at. wt%. Further, when Ag
s added beyond 5 at. wt%, Ag–Se bond formation take place along

ith Ag–Ag bonds, which results in a decrease of Se8 rings. The sin-
le bond energy values [25,26] of Se–Se and Ag–Ag bonds are 225
nd 160 kJ/mol, respectively, while the single covalent bond ener-
ies of Se–Te, Ag–Te and Se–Ag are 205.8, 195 and 202.5 kJ/mol,
espectively. Since the bonds are formed in sequence of decreasing
ond energy until the available valence of the atoms are satisfied,
herefore the bond energies are assumed to be additive. Then, the
ohesive energies are calculated by summing the bond energies
f the bonds present in the material [27]. Hence the formation of
g–Se and Ag–Ag bond increases the overall cohesive energy of

he system which in turns increases the glass transition tempera-
ure (Tg). Moreover, the decrease in Se bonds (Se8 rings) makes the
tructure more ordered and rigid. This ordered and rigid structure
equires higher energy for softening and therefore Tg and Tc are
bserved at higher temperatures.

.2. Kinetics of phase transformations

.2.1. Glass transition region
The glass transition region of a system has been studied in terms

f the variation of glass transition temperature with heating rate
˛). In addition to this, the activation energy of the glass transition
Et) has also been evaluated. The glass transition temperature, Tg,
epresents the strength or rigidity of the glassy alloy [28,29].

The dependence of Tg on heating rate (˛) can be discussed on the
asis of two approaches. The first approach is the empirical relation
uggested by Lasocka [30], which has the form

g = A + B ln ˛ (1)

here A and B are constants for a given glass composition. The
alue of A depicts the value of the glass transition temperature (Tg)
t heating rate of 1 K/min, while B is proportional to the time taken
y the system to reduce its glass transition temperature (Tg), when

ts heating rate is lowered from 10 to 1 K/min. Fig. 3 depicts the

ariation of Tg with ln(˛) for the investigated Se80−xTe20Agx (x = 0,
, 5, 7 and 9) glassy system.

From Fig. 3 it is found that this equation holds good for inves-
igated samples. The values of A and B for all samples are listed in
able 2. The value of A for Se71Te20Ag9 glass has also been con-
Fig. 4. DSC thermogram of Se71Te20Ag9 glass at 1 K/min.

firmed from the DSC thermogram taken at 1 K/min and has been
shown in Fig. 4 as a representative case.

The second approach that shows the dependence of Tg on heat-
ing rate is known as the Kissinger formulation [31]. This equation is
used for the evaluation of the activation energy for the amorphous
glass-transition (Et), inspite of the fact that this equation is used
for the evaluation of the activation energy of the crystallization, it
has been frequently used for the determination of the activation
energy of glass transition using the peak glass transition tempera-
tures. The Kissinger model is based on peak shift method and if the
shift in the glass transition peak with heating rate is similar to peak
shifts in the crystallization region, then this equation can be used
for the determination of the activation energy of glass transition
[32]. This condition is satisfied in the measurements mentioned in
this study.

The Kissinger equation relating the peak temperature with heat-
ing rate (˛) is written as:

ln ˛

T2
gp

= −
(

Et

RTgp

)
+ constant (2)

where Et is the activation energy of the glass transition, Tgp is the
peak glass transition temperature, ˛ is the heating rate and R is
the universal gas constant. Fig. 5 shows the plot of ln(˛/T2

gp) versus
1000/Tgp for Se80−xTe20Agx (x = 0, 3, 5, 7 and 9) glassy alloys.

The values of activation energies of glass transition (Et) for all
compositions are also listed in Table 2. From Table 2, it is observed
that the value of Et decreases with increase of Ag concentration.
Se80Te20 327.5 7.02 ± 0.41 148.73 ± 1.01
Se77Te20Ag3 326.2 6.63 ± 1.41 147.97 ± 0.45
Se75Te20Ag5 325.4 6.72 ± 0.31 141.32 ± 0.52
Se73Te20Ag7 328.2 7.04 ± 0.35 137.51 ± 0.87
Se71Te20Ag9 330.6 6.51 ± 1.28 134.68 ± 0.90
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the other samples of the series also show the same behavior.
At high temperatures or in regions characterized by large crys-

tallization fractions, a nonlinear behavior was seen for all heating
rates. A similar behavior has also been reported for other chalco-
genide glasses [39,40]. This nonlinear character can be attributed
ig. 5. Plots of ln(˛/T2
gp) against 1000/Tgp of Se80−xTe20Agx (x = 0, 3, 5, 7 and 9) glassy

ystem.

33]. Therefore, the internal energy, which arises from the motion
f atoms, increases, i.e. the barrier height between two metastable
tates decreases. The decrease in the barrier height between the
djacent metastable states in the glassy region means that activa-
ion energy decreases and a jump to more stable metastable state
n this region is preferable. Hence, the decrease in activation energy
t is due to the increase in the internal energy.

The Se71Te20Ag9 glass is found to possess lowest Et. It is reported
34,35] that the glass with lower Et is more stable; therefore, it

ay be concluded that the stability of the glass increases with the
ncrease in Ag concentration.

.2.2. Crystallization
The Kinetic analysis of crystallization reaction is related to

he knowledge of the reaction rate constant as a function of
emperature. The activation energies to be considered in an
morphous–crystalline transformation process are the activation
nergy for nucleation (En) and activation energy for growth (Eg).
he activation energy for the whole process is called the activa-
ion energy of crystallization and is denoted by (Ec). The thermal
nalysis methods enable the determination of Ec [36,37].

The activation energies of crystallization (Ec) for Se80−xTe20Agx

x = 0, 3, 5, 7 and 9) glassy system have been estimated using the
ollowing methods.

.2.2.1. Kissinger model. The activation energies of crystallization
Ec) for Se80−xTe20Agx (x = 0, 3, 5, 7 and 9) glassy system have been
etermined using the following equation proposed by Kissinger
31].

n

(
˛

T2
p

)
= −

(
Ec

RTp

)
+ constant (3)

here Tp is the peak crystallization temperature. Fig. 6 shows the
ariation of ln(˛/T2

p ) with 1000/Tp for Se80−xTe20Agx (x = 0, 3, 5,
and 9) glasses. The data were well-fitted by straight lines. The

lope of these straight lines gives the activation energy of crystal-
ization.
.2.2.2. Matusita and Sakka model. Crystallization kinetics has
lso been studied using a method suggested specially for non-
sothermal experiments by Matusita et al. [38]. The value of fraction
rystallized (x), in glass, heated at constant heating rate (˛) is
Fig. 6. Variation of ln(˛/T2
p ) with 1000/Tg of Se80−xTe20Agx (x = 0, 3, 5, 7 and 9)

glasses.

related to the effective activation energy of amorphous–crystalline
transformation (Ec), through the following expression:

ln [−ln(1 − x)] = −n ln ˛ − 1.502
mEc

RT
+ constant (4)

where x is the fraction of crystals precipitated in a glass heated
at uniform rate and n is a numerical factor depending on the
nucleation process. The fraction of volume x crystallized at any
temperature T is given as x = AT/A, where A is the total area of the
exotherm between temperature T1 where crystallization just begin
and the temperature T2 where the crystallization is completed. AT

is the area between T1 and T2 as shown by the hatched portion
in Fig. 7. Here n = m + 1 is taken for a quenched glass containing
no nuclei and n = m for a preheated glass containing sufficiently
large number of nuclei, where m is an integer which represents the
dimensionality of growth. Fig. 8 shows the plot of ln[−ln(1 − x)]
against 1000/T at five different heating rates 10, 20, 30, 40 and
50 K/min for Se71Te20Ag9 glassy alloy as a representative case. All
Fig. 7. Typical DSC curve indicating the estimation of volume fraction crystallized.
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Table 3
Values of Avrami exponent and Frequency factor for Se80−xTe20Agx (x = 0, 3, 5, 7 and
9) glassy alloys.

Sample Avrami exponent (n) Frequency factor (Ko)

Matusita model Gao Wang model

Se80Te20 1.14 1.14 5.43 × 1020

20

per second. The excess heat absorbed over the heat due to smaller
ig. 8. Variation of ln[−ln(1 − x)] with 1000/T at different heating rates for
e71Te20Ag9 glassy alloy.

o the saturation of nucleation sites in the final stages of crystal-
ization [41] or to the restriction of crystal growth by small size
f the particle [42]. From Fig. 8, the value of mEc was calculated
rom the slope of the ln[−ln(1 − x)] versus 1000/T for all heating
ates.

At constant temperature, Eq. (4) can be written as:

n [−ln(1 − x)] = −n ln ˛ + constant (5)

Fig. 9 shows linear plots of ln[−ln(1 − x)] versus ln(˛) at three
xed temperatures for Se71Te20Ag9 glass. Using Eq. (5), the values
f n have been determined from the slopes of these linear plots at
ach temperature and are given in Table 3 for Se80−xTe20Agx (x = 0,
, 5, 7 and 9) glassy system.

As no heat treatment was given to nucleate the sample prior
o DSC scans, therefore, n is considered to be equal to (m + 1). The
alues of n are given in Table 3. It is to be noted [43,44] here that

f the value of n is less than 2 then the value of m will be 1. Hence
he value of the corresponding m is equal to 1. The result indicates
hat the crystallization process is carried out by surface nucleation
ith one dimensional growth.

Fig. 9. Variation of ln[−ln(1 − x)] with ln ˛ of Se71Te20Ag9 glassy alloy.
Se77Te20Ag3 1.21 0.94 1.71 × 10
Se75Te20Ag5 1.55 1.08 5.70 × 1019

Se73Te20Ag7 1.38 1.03 1.86 × 1018

Se71Te20Ag9 1.31 1.34 1.28 × 1017

From the value of n and the average mEc, the activation energy
of crystallization of the Se80−xTe20Agx (x = 0, 3, 5, 7 and 9) glassy
alloys can be calculated.

3.2.2.3. Gao and Wang model. Gao and Wang [45] proposed a
slightly different method to analyze DSC thermograms in terms
of the activation energy Ec, the dimensionality m, the frequency
factor Ko, etc., during the crystallization process. This theory is
based on the same fundamental assumption imposed on the
Johnson–Mehl–Avrami (JMA) transformation equation. It assumes
that the nucleation is randomly distributed and that the growth rate
of the new phase depends on the temperature and not on time. The
theory provides the relationship between the maximum crystal-
lization rate and peak crystallization temperature, which is given
by:

ln
(

dx

dt

)
p

= − Ec

RTp
+ constant (6)

where (dx/dt)p is the rate of volume fraction crystallized at the
temperature corresponding to peak of crystallization Tp, which is
proportional to the exothermic peak height. Fig. 10 shows the plot
of (dx/dt)p against temperature (T) at different heating rates for
Se71Te20Ag9 glass.

It is clear from Fig. 10 that the peak height increases and shifts
towards higher temperature values with the increase in the heating
rate. Shifting of the crystallization peak towards the higher tem-
peratures is an outcome of the fact that when the heating rate
is increased, the larger amount of heat is absorbed by the system
heating rate causes the transformation at a higher temperature and
hence there is a shift in transition temperatures towards the higher
temperatures at higher heating rates. Also the height of the crystal-
lization rate curve with heating rate is explained on the basis of the

Fig. 10. Variation of (dx/dt)p with temperature (T) at different heating rates for
Se71Te20Ag9 glassy alloy.
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Fig. 11. Variation of ln(dx/dt)p with 1000/T for Se71Te20Ag9 glassy alloy.

act that at higher heating rate the volume of fraction crystallized
n a given time is more as compared to fraction crystallized in the
ame time with low heating rate.

Gao and Wang plot (ln(dx/dt)p versus 1000/Tp) for Se71Te20Ag9
lass is shown in Fig. 11 as a representative case. This plot is fitted
o straight line and the slope of this straight line gives the activation
nergy of crystallization (Ec).

The Gao and Wang method is also used to evaluate the Avrami
xponent using the following relations:

˛Ec

RT2

)
Kp = 1 (7)

p = Ko exp

(
−Ec

RTp

)
(8)

dx

dt

)
p

= 0.37 n Kp (9)

The values of Avrami exponent (n) obtained using above rela-
ion are shown in Table 3. The value of the corresponding m is
qual to 1 for all the samples, suggesting surface nucleation with
ne-dimensional growth. The values of Avrami exponent (n) and
imensionality of growth (m) obtained from the Gao–Wang and
atusita models are in good agreement with each other.

.2.2.4. Augis and Bennet model. The activation energy (Ec) of crys-
allization as well as frequency factor can also be determined by an
pproximation method developed by Augis and Bennet [46], which
s given as follows:

n
(

˛

Tc

)
= −Ec

RTc
+ ln Ko (10)

here Tc is the temperature at which the crystallization just begins
nd Ko is the frequency factor (in s−1). The plots between ln(˛/Tc)
nd 1000/Tc for Se80−xTe20Agx (x = 0, 3, 5, 7 and 9) glassy system
re shown in Fig. 12.

The value of Ko, which is defined as the number of attempts made
y the nuclei per second to overcome the energy barrier, can be cal-
ulated from the knowledge of ln Ko from Eq. (10). The values of Ko

or all the samples are given in Table 3. These values are indicative of

he fact that the barrier to crystallization increases with increase in
ilver (Ag) content, which in turn decreases the attempts made by
he nuclei’s to overcome the crystallization barrier. The decrease in
umber of attempts to cross-crystallization barrier also decreases
he tendency of crystallization and hence makes the sample more
Fig. 12. Variation of ln(˛/Tc) with 1000/Tc for Se80−xTe20Agx (x = 0, 3, 5, 7 and 9)
glassy system.

stable against crystallization. The number of attempts made by the
nuclei to cross the barrier and the tendency to crystallization is
lowest for Se71Te20Ag9 glass, which indicates the higher stability
of this glassy composition. The values of activation energy of crys-
tallization obtained from above discussed theoretical model have
been listed in Table 4.

From Table 4, it is clear that the barrier to crystallization
increases with the increase in Ag concentration in the samples.
This indicates that the atoms require large energy to jump from
the glassy state to crystalline state hence the stability increases
with increase in Ag concentration in the samples. The difference in
the activation energy as calculated with the different models, even
for the same sample, may be attributed to the different approxi-
mations used in the models. Besides, one of the factors influencing
the activation energy may be the temperature gradient, which may
not be the same for all heating rates, when the sample is placed
in the DSC furnace. This arises due to the error in placing the pan
in the DSC furnace with respect to the position of thermocouple.
Another factor influencing the activation energy is that the models
like Kissinger equation were developed for clays but have been fre-
quently used in literatures [47,48] for determining the activation
energy of the glasses.

The Kissinger equation was basically developed for studying
the variation of the peak crystallization temperature with heating
rate. According to Kissinger’s method, the transformation under
non-isothermal condition is represented by a first-order (i.e. n = 1)
reaction. Moreover, the concept of nucleation and growth has not
been included in Kissinger equation. Matusita et al. have devel-
oped a method on the basis of the fact that crystallization does
not advance by an nth-order reaction but by a nucleation and
growth process. They emphasized that crystallization mechanisms
such as bulk crystallization (bulk nucleation followed by two- or
three-dimensional growth) or surface crystallization (bulk nucle-
ation followed by linear growth) should be taken into account for
obtaining Ec. In addition to activation energy, Matusita’s method
provides information about the Avrami exponent and dimension-
ality of growth. Gao-Wang and Augis-Bennett methods are helpful
in obtaining kinetic parameters such as frequency factor (Ko), rate
constant (K) along with activation energy of crystallization and

therefore preferred for the calculation of the kinetics over the other
models.

Thermal stability of Se80−xTe20Agx (x = 0, 3, 5, 7 and 9) glasses
has been ascertained through the Tc − Tg difference. Fig. 13 shows



962 S.F. Naqvi et al. / Journal of Alloys and Compounds 506 (2010) 956–962

Table 4
Activation energy of crystallization (Ec) of Se80−xTe20Agx (x = 0, 3, 5, 7 and 9) glassy systems using different theoretical models.

Composition Activation energy of crystallization (Ec)

Kissinger model Matusita model Augis and Bennet model Gao and Wang model

Se80Te20 116.97 ± 2.96 108.891 ± 1.40 144.49 ± 4.50 90.54 ± 1.20
Se77Te20Ag3 133.8 ± 0.45 114.621 ± 1.63
Se75Te20Ag5 143.83 ± 1.40 115.24 ± 1.75
Se73Te20Ag7 146.57 ± 0.20 117.98 ± 1.79
Se71Te20Ag9 158.78 ± 0.90 120.98 ± 1.90
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Fig. 13. Plot of Tc − Tg against Ag composition a heating rate of 50 K/min.

plot of Tc − Tg against the Ag content of the samples at a heating
ate of 50 K/min as a representative case. It is clear from Fig. 13 that
he value of Tc − Tg increases with the increase in Ag concentration.
herefore, it is again confirmed that the stability increases with the
ncreasing Ag content in the samples.

. Conclusions

The kinetics of phase transformation of Se80−xTe20Agx (x = 0, 3, 5,
and 9) glassy system has been carried out using several theoretical
odels and following conclusions could be made:

. The glassy alloys under investigation shows single glass transi-
tion and crystallization region, confirming the homogeneity of
the samples.

. The lowest value of Et and the highest value of Ec for Se71Te20Ag9
glassy sample indicate that this glass is more stable as compared
to other samples of the series. The values Tc − Tg also confirm the
same fact.

. Besides activation energy, frequency factors (Ko) have also been
determined. A decrease in the values of frequency factor (Ko)
with increasing concentration of Ag also suggest that stability
increases with increasing Ag content in the samples.
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