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Abstract Differential scanning calorimetry data at differ-

ent heating rates (5, 10, 15 and 20 �C min-1) of Se70Te15In15

chalcogenide glass is reported and discussed. The crystalli-

zation mechanism is explained in terms of recent analyses

developed for use under non-isothermal conditions. The

value of Avrami exponent (n) indicates that the glassy

Se70Te15In15 alloy has three-dimensional growth. The

average values of the activation energy for glass transition,

Eg, and crystallization process, Ec, are (154.16 ±

4.1) kJ mol-1 and (98.81 ± 18.1) kJ mol-1, respectively.

The ease of glass formation has also been studied. The

reduced glass transition temperature (Trg), Hruby’ parameter

(Kgl) and fragility index (Fi) indicate that the prepared glass

is obtained from a strong glass forming liquid.

Keywords Chalcogenide glasses � Differential scanning

calorimetry � Non-isothermal methods � The ease of glass

formation

Introduction

Chalcogenide glasses have recently emerged as multipur-

pose materials and have been drawn great attention because

of their potential applications in various solid state devices

[1–4]. The physical properties of chalcogenide glasses,

being amorphous semiconductors, have attracted much

interest due to their wide range of technological applica-

tions. Among these glasses, Se–Te alloys recently gained

much importance as these alloys are found to be more

photosensitive and harder than amorphous Se. They also

have higher glass transition and crystallization tempera-

tures and a smaller ageing effect than pure amorphous Se

[5]. Moreover, addition of third element such as In to

binary chalcogenide glass produces a higher stability [6–9].

The insertion of the third element expands the glass

forming area and also creates compositional and configu-

rational disorder in the system. It is observed that the

addition of the third element helps in getting cross linked

structure thus increasing the glass transition and crystalli-

zation temperature of the binary alloy. There are number of

papers [6–9] found in the literature that deals the effect of

addition of indium into Se–Te glasses on the crystallization

kinetics, thermal stability, glass forming ability, fragility,

etc. But no detailed study of crystallization kinetics for the

higher content of indium (In [ 10 at.%) of Se–Te–In sys-

tem are reported in the literature. In this article, the effect

of higher In impurity of 15 at.% on the crystallization

kinetics of Se85Te15 at the cost of Se has been studied.

The crystallization of chalcogenide glasses plays an

important role in determining transport mechanism, ther-

mal stability and practical applications. The crystallization

study in amorphous materials by differential scanning

calorimetry (DSC) has been widely discussed in literature

[10–12]. Thermally activated transformations in the solid

state can be investigated by isothermal or non-isothermal

conditions [13, 14]. In the isothermal method, the sample is

brought rapidly to a temperature above the glass transition

temperature and the heat evolved during the crystallization

process at a constant temperature is recorded as a function

of time. In the non-isothermal method, the sample is heated

from room temperature generally at a fixed heating rate and

S. K. Tripathi (&)

Centre of Advanced Study in Physics, Panjab University,

Chandigarh 160 014, India

e-mail: surya@pu.ac.in

B. S. Patial � N. Thakur

Department of Physics, H. P. University, Summer Hill, Shimla,

H.P 171 005, India

123

J Therm Anal Calorim (2012) 107:31–38

DOI 10.1007/s10973-011-1724-1



heat evolved in this case is again recorded as a function of

temperature or time. A disadvantage of the isothermal

method is the impossibility of getting a test temperature

instantaneously and during the time, which system needs to

stabilize, no measurements are possible. However, the non-

isothermal method does not have this drawback [15].

It is of interest to obtain the crystallization study using

different methods for the same experimental data of a

glass. The present work studies the crystallization kinetics

and evaluates the activation energies for the Se70Te15In15

glass under non-isothermal conditions. Using DSC scans of

Se70Te15In15 glassy alloy at four different heating rates, the

values of activation energy for crystallization have been

determined by Kissinger’s method [16, 17], method of

Augis and Bennett [18], Matusita’s method [19] and Gao

and Wang model [20] as described in the Theoretical basis

section. The results obtained have been compared with

each other to see the effect of using different methods in

the determination of activation energy for crystallization.

Theoretical basis

The theoretical basis for interpreting differential thermal

analysis (DTA) or DSC data is provided by the formal

theory of transformation kinetics as the volume fraction (v)

crystallized in time (t), using the Johnson–Mehl–Avrami

(JMA) equation [21–24]:

v ¼ 1� exp½�ðKtÞn� ð1Þ

where n is an integer or half integer which depends on the

mechanism of growth and the dimensionality of the crystal.

K is defined as the effective overall reaction rate, which is

usually assumed to have Arrhenian temperature

dependence:

K ¼ K0 exp � Ec

RT

� �
ð2Þ

where Ec is the effective activation energy describing the

overall crystallization process and K0 is the frequency

factor.

In non-isothermal crystallization, it is assumed that there

is a constant heating rate (a) in the DTA or DSC experi-

ments. The relation between the sample temperature (T)

and the heating rate (a) can be written in the form:

T ¼ To þ at ð3Þ

where To is the initial temperature. The crystallization rate

is obtained by taking the derivative of Eq. 1 with respect to

time and reaction rate constant is a time function through

its Arrhenian temperature dependence, results in the

following equation:

_v ¼ ð1� vÞnKntðn�1Þ 1þ t

K
_K

h i
ð4Þ

The derivative of K with respect to time is obtained from

Eqs. 2 and 3 as follows:

_K ¼ dK

dT

dT

dt
¼ aEc

RT2
K ð5Þ

Thus, Eq. 4 becomes:

_v ¼ ð1� vÞnKntðn�1Þð1þ atÞ ð6Þ

where a = aEc/RT2

Kissinger’s formula

According to Kissinger [16, 17], the term at is neglected in

comparison to unity when (Ec/RT2) \\ 1 and the heating

rate a in terms of peak temperature of crystallization can be

used to determine the activation energy for crystallization

(Ec) and expressed as:

ln
a

T2
p

 !
¼ � Ec

RTp

þ const: ð7Þ

Method of Augis and Bennett

Augis and Bennett [18] developed an accurate method,

which is based on substituting u for Kt in Eq. 6. The value

of Ec can be derived from this method and the relation used

by them is of the form:

ln
a

ðTp � ToÞ

� �
ffi � Ec

RTp

þ ln K0 ð8Þ

Matusita’s method

The most widely used model, the JMA model, is derived

for isothermal crystallization. Attempt has been made to

apply the JMA model for non-isothermal conditions. In the

non-isothermal method, the crystallized fraction in a glass

heated at a constant rate a is related to the activation energy

of crystallization (Ec) is given by Matusita’s [19] relation:

ln½� lnð1� vÞ ¼ �n lnðaÞ � 1:052mEc=RT þ const: ð9Þ

where v is the crystallized fraction and m and n are integer

or half integer numbers that depend upon the growth

mechanism and the dimensionality of the glassy alloy. For

as-quenched glass containing no nuclei m is equal to (n -

1) and for glass containing a sufficiently large number of

nuclei, which might occur due to the annealing of the as-

quenched glass m is taken equal to n. Since the as-quen-

ched samples are studied, the value of m is taken as

m = (n - 1).
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Gao and Wang model

A method suggested by Gao and Wang [17] uses the fol-

lowing expressions to determine the activation energy and

frequency factor:

ln
dv
dt

� �
p

¼ � Ec

RTp

þ const: ð10Þ

where (dv/dt)p is the rate of transformed volume fraction at

the peak of crystallization. To obtain the information about

morphology of growth and Avrami exponent, the following

relations of Gao and Wang model [20] have been used:

Kp ¼
aEc

RT2
p

ð11Þ

dv
dt

� �
p

¼ 0:37nKp ð12Þ

where n is Avrami exponent, Kp is the reaction rate con-

stant and other symbols have their usual meanings.

Experimental details

Glassy alloy of Se70Te15In15 is prepared using melt

quenching technique. 5 N pure materials are weighed

according to their atomic percentages and sealed in a

quartz ampoule (length * 5 cm, diameter * 12 mm)

under a vacuum of *2 9 10-5 mbar. The sealed ampoule

is kept inside a furnace where the temperature is raised to

900 �C at a rate of 3–4 �C min-1. The ampoule is rocked

frequently for 10 h at maximum temperature to make the

melt homogenous. The quenching is done in the ice cooled

water. The bulk sample has been characterized by X-ray

diffraction technique and is found to be amorphous in

nature as no prominent peak is observed in the spectrum.

The composition of the glassy alloy has been measured by

an electron microprobe analyzer (JEOL 8600 MX). For the

compositional analysis, the constitutional elements Se, Te

and In has been taken as reference samples. The compo-

sition of the bulk Se70Te15In15 sample is found to be uni-

form within the measurement accuracy of about ±2%.

The thermal behaviour of the glasses is investigated

using Mettler Toledo Stare DSC system. Approximately,

5 mg of sample in powder form is sealed in standard alu-

minium pan and DSC runs are taken at four different

heating rates from 5 to 20 �C min-1 to obtain glass tran-

sition temperature (Tg), onset temperature of crystallization

(To), peak crystallization temperature (Tp) and melting

temperature (Tm). The crystallized fraction (v) at a given

temperature is given as v = (AT/A), where A is the total

area of the exothermic peak between the initial temperature

(Ti) where crystallization just begins and the temperature

(Tf) where the crystallization is completed. AT is the area

between Ti and T. A best fit for the results is calculated by

the least square fitting method for the activation energies

and other kinetic parameters.

Results and discussion

Figure 1 shows the DSC curves of Se70Te15In15 at four

different heating rates (5, 10, 15 and 20 �C min-1). The

exothermic peaks are sharp and symmetric. From these

DSC curves, glass transition temperatures and crystalliza-

tion temperatures are observed at endothermic and exo-

thermic peaks, respectively. It is observed from Fig. 1 that

the glass transition temperature (Tg) and the peak temper-

ature of crystallization (Tp) shift to a higher temperature

with increasing heating rate. The values of glass transition

temperature (Tg), peak temperature of crystallization (Tp)

and melting temperature (Tm) at all heating rates are given

in Table 1.

Glass transition activation energy

Glass transition kinetics can be described in terms of the

glass transition temperature (Tg) and the activation energy

of glass transition (Eg). The glass transition temperature Tg

represents the strength or rigidity of the glassy structure of

the alloy. Two approaches have been used to study the

dependence of Tg on the heating rate. The first one corre-

sponds to the heating rate dependence of Tg expressed in

terms of the following empirical relation [25]:

Tg ¼ Aþ B lnðaÞ ð13Þ

where A and B are constants depending upon the glass

composition and a is the heating rate used in DSC scans.
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Fig. 1 DSC curves of chalcogenide Se70Te15In15 glass at different

heating rates
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Plot of Tg versus ln(a) for Se70Te15In15 glass is shown in

Fig. 2, which confirms the validity of the relation. The

calculated values of A and B are (334.31 ± 0.5) K and

(6.44 ± 0.2) min for Se70Te15In15 glass, respectively.

The other approach is the use of Eq. 7 for the evaluation

the activation energy for glass transition, Eg. In spite of the

fact that the Kissinger’s equation is basically meant for the

determination of activation energy for crystallization pro-

cess, the similar equation can be used for the evaluation of

glass transition activation energy. The justification of

applying this method for the evaluation of the glass tran-

sition activation energy comes from the shifting of glass

transition peaks at different heating rates similar to crys-

tallization peaks and may be written as:

ln
a

T2
g

 !
¼ � Eg

RTg

þ const: ð14Þ

where R is the universal gas constant.

In addition, the heating rate dependence of the glass

transition temperature in chalcogenide glasses is inter-

preted by Moynihan et al. [26] in terms of the thermal

relaxation phenomenon. In this kinetic interpretation, the

enthalpy at a particular temperature and time H (T, t) of the

glassy system, after an instantaneous isobaric change in

temperature, relaxes isothermally towards a new equilib-

rium value He (T). The relaxation equation can be written

in the following form [27]:

dH

dt

� �
T

¼ �ðH � HeÞ
s

ð15Þ

where s is a temperature-dependent structural relaxation

time and is given by the following relation:

s ¼ s0 expð�Eg=RTÞ exp½�cðH � HeÞ� ð16Þ

where so and c are constants and Eg is the activation energy

of relaxation time. Using the above equations it can be

shown [26–28] that:

lnðaÞ ¼ �Eg=RTg þ const: ð17Þ

Equation 17 states that ln(a) versus 1/Tg plot should be a

straight line and the activation energy involved in the

molecular motions and rearrangements around Tg can be

calculated from the slope.

Figure 3 shows the plots of ln(a/Tg
2) and ln(a) versus 1000/

Tg for the Se70Te15In15 glass, displaying the linearity of the

equations used. The values of the activation energy calcu-

lated using Eqs. 14 and 17 are (151.26 ± 0.5) kJ mol-1 and

(157.06 ± 0.5) kJ mol-1, respectively. From the compari-

son of these two results, it is evident that the two deduced

values, so obtained by using Eqs. 14 and 17, are in good

agreement with each other. This means that one can use

either of the two relations to calculate glass transition acti-

vation energy, Eg. The average value of Eg obtained for the

glass transition is (154.16 ± 4.1) kJ mol-1.

Table 1 Parameters determined from the heating rate data for Se70Te15In15 chalcogenide glass

Heating rate Tg Tp Tm Trg Kgl Fi

5 344.79 392.38 537.55 0.64 0.33 33.41

10 348.95 399.09 539.98 0.65 0.36 23.08

15 351.65 405.10 541.29 0.65 0.39 19.47

20 353.78 408.37 543.18 0.65 0.40 17.49

1.5 2.0 2.5 3.0 3.5
3.42

3.44

3.46

3.48

3.50

3.52

3.54

3.56

In(  )

Y = 6.44 + 334.31 In(   )

T
g

Fig. 2 Tg versus ln(a) plot for the Se70Te15In15 chalcogenide glass
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Fig. 3 ln(a/Tg
2) and ln(a) versus 1000/Tg for Se70Te15In15 chalco-

genide glass

34 S. K. Tripathi et al.

123



Crystallization activation energy and crystallization

reaction order

The activation energy of crystallization is normally

obtained using different theoretical models. The most

widely used model is the JMA model for non-isothermal

kinetics. This model implies that the Avrami exponent, n,

and the activation energy (Ec) should be constant during

the transformation process. The analysis of the experi-

mental crystallization data is given on the basis of four

different approaches [16–20] pertaining to the kinetics of

phase transformation involving nucleation and growth

process under non-isothermal conditions. In general, the

crystallization process is well characterized when the three

kinetic parameters, activation energy for crystallization

(Ec), Avrami exponent (n) and frequency factor (K0) are

determined.

Using Kissinger’s method, Eq. 7, the activation energy

for crystallization (Ec) of the chalcogenide glass can be

obtained from the heating rate dependence of the peak

temperature of crystallization. Figure 4 shows the plot of

ln(a/Tp
2) versus 1000/Tp for the glassy Se70Te15In15 bulk

sample. The deduced value of Ec is (106.60 ±

0.8) kJ mol-1.

The activation energy for crystallization can also be

calculated using Eq. 8 suggested by Augis and Bennett

[18]. Augis and Bennett (Eq. 8) considered the effect of

ln(Tp - To) in the calculation of Ec. When ln[a/(Tp - To)]

is plotted against 1000/Tp, a straight line is obtained whose

slope is Ec/R as shown in Fig. 4. The value of Ec deter-

mined by this method is (86.18 ± 1.6) kJ mol-1. The

frequency factor K0 can be calculated from the vertical axis

intersection as given by using Eq. 8 given by Augis and

Bennett method [18] and the obtained value of K0 is

(2.55 9 109) s-1.

Following the method suggested specifically for non-

isothermal data suggested by Matusita et al. [19], Eq. 9, the

order of crystallization reaction (Avrami exponent n) and

the activation energy for crystallization can be calculated

for the amorphous–crystalline transformation. A plot of

ln[-ln(1 - v)] versus 1/T at a uniform heating rate should

give a straight line. Figure 5 shows linear ln[-ln(1 - v)]

versus 1000/T plots measured at different heating rates for

Se70Te15In15 glassy sample. According to Eq. 9, the aver-

age value of the mEc is found equal to 45.78 kJ mol-1.

Figure 6 shows linear plots of ln[-ln(1 - v)] versus ln(a)

at a fixed temperature T = 397.53 K for Se70Te15In15

glass. The average value of n has been taken. From the

mean value of n it is possible to postulate a crystallization

mechanism. It has been that n may be 4, 3, 2 or 1 [29],

depending upon the type of nucleation and growth of the

system.

The average value of n for Se70Te15In15 chalcogenide

glass is found to be 4.45. Normally, n should not exceed 4

(i.e. the value of three-dimensional bulk nucleation). While

the high values of Avrami exponent (n = 4.45) for the

composition Se70Te15In15 indicates very high nucleation

rate with three-dimensional growth. But high values of

n have been reported for other glasses [29–31] also. From

the value of n and the average mEc, the activation energy

for crystallization of the Se70Te15In15 glassy alloy can be

calculated and is found equal to (120.61 ± 19.1) kJ mol-1.

Gao and Wang [20] proposed a slightly different method

to analyse DSC curves in terms of the activation energy Ec,

the dimensionality, the rate constant in atomic diffusion,

the microstructure of amorphous alloy, the frequency factor

K0, etc. during the crystallization process. This equation is

also derived from JMA transformation equation. This

equation shows the relationship between the maximum

crystallization rate and the crystallization peak temperature
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Fig. 4 ln(a/Tp
2) and ln[a/(Tp – To)] versus 1000/Tp for Se70Te15In15

chalcogenide glass
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Fig. 5 ln[-ln(1 - v)] against 1000/T for Se70Te15In15 chalcogenide

glass at different heating rates
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as given in Eq. 10. Moreover, this equation has success-

fully predicted that the maximum rate of crystallization in

DSC increases by the same factor as the heating rate does.

Figure 7 shows the plot of (dv/dt) against temperature

(T) at different heating rates for Se70Te15In15 glass. It is

clear from Fig. 7 that the peak height increases and shifts

towards higher temperature values with the increase in

heating rate. This is due to the fact that as the heating rate

is increased from 5 to 20 �C min-1, the rate of crystalli-

zation increases and crystallization shifts towards higher

temperatures hence, the peak shifts towards higher tem-

perature values. On the other hand we can say that with this

increased rate of crystallization, a greater volume fraction

is crystallized in a smaller time as compare to the low

heating rate, which further signifies the increased peak

height with increase in heating rate in these curves. The

observed increase in (dv/dt)p values as the heating rate does

has been widely discussed in the literature [20].

The slope of plot of ln(dv/dt)p versus 1000/Tp (Fig. 8)

gives the activation energy of crystallization (Ec) and is

found equal to (81.86 ± 1.3) kJ mol-1. The Gao and

Wang method is also used to evaluate the Avrami exponent

and the value of Avrami exponent using Eq. 12 is found

equal to 4.46 which is in good agreement with that

obtained from Matusita’s method. From the value of

n using Eqs. 9 and 12, the crystallization mechanism is

concluded to be three-dimensional growth.

Table 2 lists the values activation energy of crystalli-

zation (Ec) of Se70Te15In15 glassy system. A considerable

difference has been observed in the values of Ec evaluated

by different formulations. This may be due to different

approximations that have been adopted while arriving at

the final equation of the various formalisms. On the other

hand, the simplified Eq. 8 is the conventional equation for

the evaluation of the activation energy for crystallization

because of the convenience and accuracy of the measure-

ments of heating rate.

The ease of glass formation

The ease in glass formation is determined by calculating

the reduced glass transition temperature [32]:

Trg ¼
Tg

Tm

ð18Þ

Two-third rule holds good for this composition at all

heating rates (Table 1). The average value of reduced glass

transition temperature Trg of this composition is 0.65

showing that the ease of glass formation of Se70Te15In15

chalcogenide glass is high.

Hruby [33] has introduced a parameter, Kgl, as an

indicator of the glass forming ability (GFA) and is given

by:
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Fig. 6 ln[-ln(1 - v)] against ln(a) for the Se70Te15In15 chalcogen-

ide glass at different temperatures
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Kgl ¼
ðTp � TgÞ
ðTm � TpÞ

ð19Þ

where Tm is the melting temperature. The values for dif-

ferent heating rates vary from 0.33 to 0.40 and are listed in

Table 1.

Since there is no absolute criterion to parameterize the

glass formation, the empirical parameters extensively used

for its quantitative characterization have been evaluated.

The fragility index Fi is an important parameter of GFA

and it is a measure of the rate at which the relaxation time

decreases with increasing temperature around Tg and is

given [34, 35] by:

Fi ¼
Eg

RTg lnðaÞ ð20Þ

where Eg is the apparent activation energy for the glass

transition. According to Viglis [36] glass forming liquids

that exhibit an approximate Arrhenius temperature depen-

dence are defined as strong and specified with a low value

of Fi (Fi & 16), while the limit of fragile glass forming

liquids characterized by a high value of Fi (Fi & 200). The

values of Fi for all heating rates have been calculated

(Table 1) and indicates that fragility index Fi for the

present glass is 17.49–33.41. Since these values of Fi are

within the above mentioned limit, it is reasonable to state

that Se70Te15In15 glass has been obtained from the good

glass forming liquid.

Conclusions

Crystallization kinetics of Se70Te15In15 glass has been

studied successfully using DSC under non-isothermal

conditions using methods deduced specifically for iso-

thermal conditions. From the heating rate dependences of

the glass transition temperature (Tg) and the peak temper-

ature of crystallization (Tp), the kinetic parameters; acti-

vation energy for glass transition, activation energy for

crystallization, kinetic exponent, n, reduced glass transition

temperature, Hruby’s parameter and fragility index have

been deduced. The average value of activation energy for

the crystallization process of the investigated glass using

different methods is (98.81 ± 18.1) kJ mol-1. According

to the Avrami exponent, the crystallization mechanism

may be interpreted as three-dimensional growth. The

average value of the activation energy of the glass transi-

tion (Eg) is found equal to (154.16 ± 4.1) kJ mol-1.
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