
Introduction

There are numerous potential applications of chalco-
genide glasses proposed in the civil, medical and mili-
tary areas [1–6]. It is possible to produce industrially
electrical switches, xerographic and thermoplastic me-
dia, photo-resistant and holographic media, optical fil-
ters, optical sensors, thin films waveguides, non-linear
elements, etc. [1–6].

In chalcogenide glasses, Se based glassy alloys
belong to an interesting and unique class of amorphous
semiconductors and have wide technical applications
in electronics and optoelectronics. However, the short-
comings of pure glassy Se for its practical applications
include its short lifetime, low sensitivity and thermal
instability. To overcome these difficulties, certain ad-
ditives are used and especially the use of Se–Te, Se–In
and Se–Sb binary alloys is of interest owing to their
various properties like greater hardness, higher sensi-
tivity, higher conductivity and smaller ageing effects
as compared to pure amorphous Se (a-Se).

In case of chalcogenide glasses, the variation in
kinetic parameters of glass transition and crystalliza-
tion on changing the composition in a specific glassy
system is studied by various workers. It is interesting
to study the kinetics of glass transition and crystalli-
zation in a particular ternary glassy system by chang-
ing the third element [7, 8]. These days, our lab is en-
gaged in this direction. Recently, the calorimetric
studies in glassy Se70Te20M10 (M=Ag, Cd, Sb) and
Se68Ge22M10 (M=Cd, In, Pb) has been reported by our
group [9–12]. In the present paper such systematic ca-
lorimetric studies on glassy Se90M10 (M=In, Te, Sb)
alloys has been reported.

Experimental

Materials

Glassy alloys of Se90M10 (M=In, Te, Sb) were pre-
pared by quenching technique. High purity Se, Te, In
and Sb materials (99.999%) were weighed according
to their atomic percentages and were sealed in quartz
ampoules under the vacuum of 10–5 Torr. Each am-
poule was kept inside the furnace at 1000°C so that all
the elements get melted. The temperature was raised
at a rate of 3–4°C min–1. The ampoules were rocked
frequently for 12 h at the maximum temperature to
make the melt homogeneous. Quenching was done in
ice water and the ingots of the samples were taken out
by breaking the quartz ampoules.

Methods

The glassy nature of alloys was checked by X-ray dif-
fraction technique. For this, X-ray diffraction (XRD)
patterns of all the three samples were taken at room
temperature by using an X-ray diffractometer
(Philips, PW 1140/09). The copper target was used as
a source of X-rays with ������ Å (CuK�1	� The XRD
pattern of glassy Se90Sb10 is shown in Fig. 1. Absence
of any sharp peak in XRD pattern in Fig. 1 confirms
the glassy nature of Se90Sb10 alloy. Similar XRD pat-
terns were obtained for the other two glassy alloys.

The glasses, thus prepared, were ground to make
fine powder for DSC studies. This technique is partic-
ularly important due to the facts that: (1) it is easy to
carry out; (2) it requires little sample preparation and
(3) it is quite sensitive.
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Before DSC experiment, the thermogravimetric
analysis has been made on each glassy sample. Perkin
Elmer TGA7 thermogravimetric is used for this pur-
pose. In thermogravimetric analysis, the percent mass
loss of a test sample is recorded while the sample is be-
ing heated at a uniform rate in an appropriate environ-
ment (inert – nitrogen gas). The loss in mass over spe-
cific temperature ranges provides an indication of the
composition of the sample, including volatiles and inert
filler, as well as indications of thermal stability. TG
curve for glassy Se90Sb10 alloy is shown in Fig. 2, which
is a plot of percent mass loss vs. temperature. From this
figure, it is clear that there is no drastic loss in the mass
of the sample over the entire temperature range. Similar
TG curves are obtained for the other glassy alloys.

The thermal behaviour was investigated using
differential scanning calorimeter (Model-DSC plus,
Rheometric Scientific Company, UK). The tempera-
ture precision of this equipment is 
0.1 K with an aver-

age standard error of about 
1 K in the measured val-
ues (glass transition and crystallization temperatures).

10 to 20 mg of each sample was heated at a con-
stant heating rate and the changes in heat flow with
respect to an empty pan were measured. Four heating
rates (5, 10, 15 and 20°C min–1) were chosen in the
present study. Measurements were made under almost
identical conditions.

Results and discussion

Figure 3 shows DSC curves at different heating for
Se90Sb10 alloys. It is clear from Fig. 3 that well de-
fined endothermic peaks are observed at the glass
transition temperature Tg. The well defined exother-
mic peaks are obtained at the crystallization tempera-
ture Tc. Similar curves have been obtained for the
other glassy alloys. The values of Tg and Tc at differ-
ent heating rates for the various glassy alloys are
given in Table 1.

Glass transition kinetics and kinetic parameters of
glass transition

Two approaches are used in the analysis of the depend-
ence of Tg on the heating rate. The first is the empirical
relation that has been suggested by Lasocka [13] and
has the form:

Tg=A+Blog� (1)
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Fig. 1 XRD pattern of glassy Se90Sb10 alloy

Fig. 2 TG curve for glassy Se90Sb10 alloy

Fig. 3 DSC curves for glassy Se90Sb10 alloy at different heating rates; a – 5, b – 10, c – 15 and d – 20 K min –1

Table 1 Values of Tg and Tc (in K) for glassy Se90M10 alloys
at different heating rates

Heating rate/
K min–1

Se90In10 Se90Te10 Se90Sb10

Tg Tc Tg Tc Tg Tc

5 335 378 328 390 325 381

10 344 387 331 395 327 389

15 350 392 333 399 328 395

20 354 397 335 403 329 399



where A and B are constants. The values of A and B
for different alloys are given in Table 2. The results
shown in Table 2 indicate the validity of this relation-
ship for the various alloys. The plots of Tg vs. log� for
all glassy alloys are shown in Fig. 4. The value of A
indicates the glass transition temperature for the heat-
ing rate of 1 K min–1. It has been found by the various
workers that the slope B in the Eq. (1) is related to the
cooling rate of the melt: the lower the cooling rate of
the melt, the lower the value of B. The physical signif-
icance of B seems to be related with the response of
the configurational changes within the glass transfor-
mation region. The values of B for various alloys have
been found to be different, indicating that these glassy
alloys undergo different structural changes.

The second approach concerns the use of the
Kissinger’s linear dependence [14] in the form:

ln( / ) /� T E RTg
2

g g constant� � (2)

In addition, when the variation of ln( / )1 Tg
2 with

ln� is much slower than that of 1/Tg then Eq. (2) con-
verts in to the form [15]:

ln�= –Eg/RTg+constant (3)

The plots of ln( / )� Tg
2 and ln� vs. 103/Tg for all

glassy alloys are shown in Fig. 5. Using the slopes of
these plots, the activation energy of the glass transi-
tion process is calculated for the various alloys and is
given in Table 2. It is clear from this table that the Eg

values are in good agreement with each other. This
shows that one can use any of the Eqs (2) and (3) for
the evaluation of Eg.

In order to evaluate the stability in glasses,
Hu et al. [16] developed K(Tc) criterion:

K(Tc)=K0exp[–Ec/(RTc)] (4)

The values of this stability criterion for glassy
Se90M10 (M=In, Te, Sb) alloys are given in Table 3.
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Table 2 Kinetic parameters of glass transition and crystallization for glassy Se90M10 alloys

Sample
Eg/kJ mol–1

A/K B/min
Ec/kJ mol–1

Eq. (2) Eq. (3) Eq. (5) Eq. (8) Eq. (9)

Se90In10 65.8 71.5 312.7 31.6 92.3 89.0 85.8

Se90Te10 177.4 182.8 319.9 11.4 139.9 136.6 133.3

Se90Sb10 248.6 253.4 319.0 8.0 97.0 93.8 90.6

Fig. 4 Plots of Tg vs. log� for glassy Se90M10 alloys Fig. 5 Plots of 1 – ln /� Tg
2 and 2 – ln� vs. 103/Tg for glassy

Se90M10 alloys

Table 3 Values of K(Tc) for glassy Se90M10 alloys at different
heating rates

Heating rate/
K min–1 Se90In10 Se90Te10 Se90Sb10

5 1.1910–11 1.8710–17 1.6610–44

10 2.3010–11 3.1910–17 2.4910–41

15 3.2710–11 4.8510–17 2.2510–39

20 4.6210–11 7.3010–17 4.7910–38



Crystallization kinetics and kinetic parameters of
crystallization

Based on JMA model [17–19], different authors have
developed very diverse methods for the evaluation of
the activation energy of crystallization (Ec) of the
chalcogenide glasses.

According to Kissinger [14], the peak crystalli-
zation temperature Tc, in terms of the heating rate �,
can be expressed as:

ln( / ) – /� T E RTc
2

c c constant� � (5)

This equation is used to calculate the activation
energy of crystallization by plotting ln /� Tc

2 vs. 103/Tc

curve.
The extent of crystallization (�) at a temperature

T is well expressed by the expression:

ln(1–�)–1=(C/�n)[(–nEc)/RT] (6)

derived by Matusita and Sakka [20, 21] from the clas-
sical JMA equation. For constant temperature, this
equation can be written as:

ln[ln(1–�)–1]= –nln�+constant (7)

From this equation, the value of n can be calcu-
lated by plotting ln[ln(1–�)–1] vs. ln� curves at differ-
ent temperatures.

Further, since the values of � are independent of
� at T=Tc [22], so at T=Tc, Eq. (6) takes the form:

ln�= –Ec/RTc+constant (8)

This equation is used to calculate the activation en-
ergy of crystallization by plotting ln� vs. 103/Tc curve.

The activation energy of crystallization Ec can
also be determined by an approximation method de-
veloped by Augis and Bennett [23]. The relation used
by them is of the form:

ln�/Tc= –Ec/RTc+lnK0 (9)

The activation energy of crystallization can be
evaluated by this equation using the plots of ln�/Tc vs.
103/Tc. This method has an extra advantage that the
intercept of ln�/Tc vs. 1/Tc gives the value of pre-ex-
ponential factor K0 of Arrhenius equation.

The plots of ln( / ),� Tc
2 ln� and ln(�/Tc) vs. 103/Tc

for all glassy alloys are shown in Fig. 6. Using the
slopes of these plots, the activation energy of the crys-
tallization process is calculated for the various alloys
and is given in Table 2. It is clear from this table that
the Ec values are in good agreement with each other.
This shows that one can use any of the Eqs (5), (8)
and (9) for the evaluation of Ec.

The fraction ‘�’ crystallized at any temperature
T is given as �=AT/A, where A is the total area of the
exothermic peak between the temperature Tb where
the peak begins (i.e. the crystallization starts) and the

temperature Te where the peak ends (i.e. the crystalli-
zation is complete). AT is the partial area of the exo-
thermic peak between the temperatures Tb and T. Us-
ing Eq. (7), the values of n have been determined at
different temperatures for all the glassy alloys. The
plots of ln[ln(1–�)–1] vs. ln� are shown in Fig. 7 for
glassy Se90Te10 alloy at three different temperatures.
Similar plots were obtained for the other two glassy
alloys. The values of Avrami index ‘n’ at three differ-
ent temperatures are given in Table 4. Since the
as-quenched samples are studied, the dimensionality
of growth m is taken as m=n–1 [24]. The values of m
are also listed in Table 4. From Table 4, it is clear that
m is unity for all the samples, indicating a two-dimen-
sional growth in glassy Se90M10 alloys.

When the liquid is cooled in the glass transition
region, the relaxation times for molecular movements
become comparable to the experimental time scale.
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Table 4 Temperature dependence of Avrami index n

Se90In10 Se90Te10 Se90Sb10

T/K n m T/K n m T/K n m

278.0 2.23 1 273.0 2.15 1 389.5 2.26 1

283.0 2.00 1 278.0 2.00 1 391.5 2.10 1

288.0 1.85 1 283.0 1.95 1 393.5 1.90 1

Fig. 6 Plots of 1 – ln / ,� Tc
2 2 – ln�/Tc and 3 – ln� vs. 103/Tc for

glassy Se90M10 alloys



Therefore, the diffusive movements become compa-
rable to the experimental time scale. Therefore, the
diffusive motion of the liquid is trapped and the sys-
tem falls out of thermal equilibrium [25]. At this mo-
ment, the size of the nuclei does not reach the critical
size required to initiate the nucleation process and
hence the glass is assumed to have no nuclei (of criti-
cal size). According to Matusita et al. [24], when the
glass is heated in the DSC furnace, the rate of crystal
nucleation in glass reaches the maximum at a temper-
ature somewhat higher than the glass transition tem-
perature and then decreases rapidly with increasing
temperature, while the rate of crystal growth reaches
the maximum at a temperature much higher than the
temperature at which the nucleation rate is highest.
When the glass is heated at a constant rate, the crystal
nuclei are formed only at lower temperatures and
crystal grow in size at higher temperatures without
any increase in number of nuclei.

From Table 4, it is clear that ‘n’ decreases with
increase in temperature. It is well known that crystal-
lization of chalcogenide glasses is associated with nu-
cleation and growth process and the extent of crystal-
lization � increases with increase in temperature. In
other words it tends to its maximum value 1. The de-
crease in order parameter with increasing temperature
for glassy Se90M10 alloys suggests that the character
of crystallization goes over from nucleation-driven in
the beginning to essentially a growth-driven regime
by the end of crystallization process.

Composition dependence of Eg

The glass transition activation energy is that amount
of energy, which is absorbed by a group of atoms in
the glassy region so that a jump from one metastable
state to another is possible. This means that Eg is in-
volved in the molecular motions and rearrangements
of atoms in the glass transition region. When the sam-
ple is heated in DSC furnace, the atoms undergo in-

frequent transitions between the local potential min-
ima separated by different energy barriers in the con-
figuration space, where each local minimum repre-
sents a different structure. The most stable local
minimum in the glassy region has lower internal en-
ergy. Accordingly, the atoms in the glass having mini-
mum activation energy have higher probability to
jump to the metastable state (or local minimum) state
of lower internal energy and hence are the most sta-
ble. In the glassy Se90M10 (M=In, Te, Sb) alloys, Eg

increases in the sequence (Eg)In<(Eg)Te<(Eg)Sb, which
indicates that thermal stability of glassy Se90M10 sys-
tem is increased in the sequence (Se90Sb10)<
(Se90Te10)<(Se90In10). This is also confirmed from the
values of K(Tc) for the present alloys, which increases
in the sequence [K(Tc)]Sb<[K(Tc)]Te<[K(Tc)]In. Hence
one can conclude that the activation energy of glass
transition process is related to thermal stability.
Higher thermal stability may require less activation
energy for glass transition process as found in the
present study.

Composition dependence of Ec

From Table 2, it is clear that the value of Ec in Se90M10

system increases in the sequence. (Ec)In<(Ec)Sb<(Ec)Te.
This sequence can be explained to some extent in
terms of average heat of atomization for these alloys.
The average heat of atomization HS, is based on
chemical bonding aspects, is defined for an alloy
XaYb as a direct measure of cohesive energy i.e., of
the average bond strength [26]. HS can be given as:

HS=[a(HS)X+b(HS)Y]/(a+b) (10)

where (HS)X and (HS)Y are the heat of atomization of
atoms X and Y, respectively. The average heat of at-
omization HS for Se, Te, In and Sb are taken from [27].
The value of HS for Se90M10 system (M=In, Te, Sb) are
given in Table 5.

The average bond strength of glassy Se90M10

(M=In, Te, Sb) alloys increases in the sequence
(HS)In<(HS)Sb<(HS)Te. This shows that higher the aver-
age bond strength of the binary alloy, more is the acti-
vation energy of crystallization. The plot of Ec vs. HS

is shown in Fig. 8.
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Table 5 The average bond strength of glassy Se90M10 alloys

Sample HS/kJ mol–1

Se90In10 209.3

Se90Te10 224.0

Se90Sb10 221.8

Fig. 7 Plots of ln[ln(1–�)–1] vs. ln� for glassy Se90Te10 alloy at
different temperatures



Conclusions

The kinetics of glass transition and crystallization in
glassy Se90M10 (M=In, Te, Sb) alloys have been stud-
ied by non-isothermal DSC technique. The activation
energies of the glass transition and crystallization pro-
cesses for these chalcogenide glasses have been calcu-
lated using the different non-isothermal methods.

The activation energy of glass transition pro-
cess (Eg) is found to be related with stability criteria
based on Arrhenius dependence of rate constant K in
reverse sequence. Hence one can conclude that the ac-
tivation energy of glass transition process is related to
thermal stability in the present glasses and the
chalcogenide glasses having higher activation energy
for glass transition process shows less thermal stabil-
ity. The composition dependence of activation energy
of crystallization in Se90M10 system is explained in
terms of average heat of atomization for these alloys.
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Fig. 8 Plot of activation energy of crystallization Ec vs. aver-
age bond strength HS
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