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Abstract The present article deals with the differential

scanning calorimetric (DSC) study of Se–Te glasses con-

taining Sn. DSC runs are taken at four different heating

rates (10, 15, 20 and 25 K min-1). The crystallization data

are examined in terms of modified Kissinger, Matusita

equations, Mahadevan method and Augis and Bennett

approximation for the non-isothermal crystallization. The

activation energy for crystallization (Ec) is evaluated from

the data obtained at different heating rates. Activation

energy of glass transition is calculated by Kissinger’s

relation and Moynihan theory. The glass forming tendency

is also calculated for each composition. The glass transition

temperature and peak crystallization temperature increases

with the increase in Sn % as well as with the heating rate.

Keywords Chalcogenides � Glass transitions � Activation

energy

Introduction

Chalcogenide glasses exhibit many useful properties and

have drawn a great deal of attention because of their use in

various solid-state devices like phase change memory

devices, photovoltaic devices, infrared filters, xerographic

machines and X-ray imaging [1–3]. The crystallization of

chalcogenide glasses plays an important role in determin-

ing their transport mechanisms, thermal stability and

practical applications. Kinematical studies give important

conclusions for the suitable usage of a chalcogenide glass

in the proper application field [4]. Different techniques

have been used to study the structure of chalcogenide

glasses, e.g. scanning electron microscopy (SEM), X-ray

diffraction (XRD), differential scanning calorimetery

(DSC) [5–7].

Calorimetric transformations in the solid state can be

investigated by isothermal or non-isothermal techniques

[8–11]. In the isothermal method, the sample is brought

quickly to a temperature above the glass transition tem-

perature (Tg) and the heat evolved during the crystallization

process is recorded as a function of time. In the non-iso-

thermal method, the sample is heated at a constant rate and

the heat evolved is again recorded as a function of tem-

perature or time. In isothermal method, there is disadvan-

tage of reaching a test temperature instantaneously and,

during the time in which the system needs to stabilize, no

measurements are possible. A constant heating method

(non-isothermal method) does not have this drawback [12].

Thus, we have used non-isothermal DSC technique for the

study of glass transition kinetics in our present study.

Se–Te alloys have higher photosensitivity, higher crys-

tallization temperature and greater hardness [13, 14]. The

properties of binary alloys (Se–Te) can be varied by adding

a third element from Group IV or V of the periodic table

for required purpose. In our present study, thermal study

and glass transition kinematics have been reported for

Se92Te8-xSnx (x = 0, 1, 2, 3, 4, 5) glassy system. Sn is

added at the cost of Te and act as a chemical modifier. The
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glass formation region of Sn-based binary and ternary

chalcogenide glasses is very narrow and corresponds to

small amount of Sn in the alloy [15]. From the heating rate

dependence of Tg and Tp, the activation energies for glass

transition and crystallization have been evaluated.

Experimental details

Bulk samples of Se92Te8-xSnx (x = 0, 1, 2, 3, 4, 5) were

prepared by the conventional melt quenching technique.

The appropriate amounts of constituent elements of

99.999% purity were weighed and sealed in a quartz

ampoule under a vacuum of 10-5 mbar. Then the sealed

ampoule was placed and heated in a vertical furnace to

about 900 �C, at a heating rate of 3–4 �C min-1. The

ampoule was inverted at regular intervals of time for nearly

8 h in order to ensure homogeneous mixing of the con-

stituents. Then the melt was quenched in ice water to

obtain glassy samples. The material was separated from the

ampoule by dissolving it in a solution of HF ? H2O2 for

48 h. Using this as source material, X-ray diffraction

(XRD) studies were performed to confirm the amorphous

nature of the as-prepared samples. A DSC instrument,

Mettler Toledo Stare System, was used to measure Tg and

Tc of the samples with a heating rate of 10, 15, 20 and

25 �C min-1. About 10 mg of the powdered sample was

taken in an Al pan with an empty Al pan as reference. All

the samples were scanned in the temperature range

between 25 and 500 �C under flowing N2 atmosphere. The

glass transition temperature was taken as the temperature

corresponding to the intersection of the two linear portions

adjoining the transition elbow, whereas the onset of the

crystallization exotherm was used for the determination of

Tc and peak of crystalline is taken as Tp. Using these val-

ues, activation energy of glass transition (Eg) and activation

energy for crystallization (Ec) have been calculated.

Results and discussion

XRD pattern of Se92Te4Sn4 (as reference) is shown in

Fig. 1. Figure 1 confirms the amorphous nature of the

samples under investigation.

Evaluation of glass transition temperature (Tg),

crystallization temperature (Tc) and peak

crystallization temperature (Tp)

Figure 2 shows the DSC thermograms for Se92Te8-xSnx

(x = 0, 1, 2, 3, 4, 5) at a particular heating rate of

10 �C min-1. It is clear from these figures that well-defined

endothermic peaks are observed at glass transition

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

crystallization (Tp) and melting temperature (Tm). Similar

DSC thermograms were observed at other heating rates

(not shown here). In all the DSC traces Tg was taken as the

temperature corresponding to the intersection of the two

linear portion adjoining the transition elbow. Tc is the

temperature corresponding to the onset of crystallization

and Tp as the peak crystalline temperature. The values of
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Fig. 1 X-ray diffraction pattern of Se92Te4Sn4 glassy alloy
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Fig. 2 DSC thermograms of Se92Te8-xSnx (x = 0, 1, 2, 3, 4, 5)

glassy alloys at single heating rate (10 �C min-1)

1054 R. Kumar et al.

123



Tg, Tc and Tp of all the composition are given in the

Table 1.

Compositional and heating rate dependence of glass

transition temperature

The heating rate (b) dependence of the glass transition

temperature is shown in Fig. 3. From Fig. 3, it is clear that

the value of Tg increases with increase in heating rate. The

heating rate dependence of Tg can be expressed in terms of

the following empirical relation

Tg ¼ Aþ Bln b ð1Þ

where A and B are constants. The value of A indicates the

glass transition temperature for the heating rate of

1 K min-1. It has been found by various workers [16] that

the slope B in Eq. 1 is related to the cooling rate of the

melt, i.e. both are proportional to each other. The physical

significance of B related with the response of the config-

urational changes within the glass transformation region.

The values of A and B for different alloys are given in

Table 2. The values of B for glassy Se92Te8-xSnx (x = 0,

1, 2, 3, 4, 5) is found to vary from 4 to 8. This change

implies that structural changes takes place in the glassy

samples with the change in composition [17].

The compositional dependence of glass transition tem-

perature (Tg) is shown in Fig. 4. It is clear that with the

increase in Sn concentration, Tg increases. This indicates

that the addition of Sn to the Se–Te system cross-links the

already existing Se–Te chains thus forming a cross-linked

structure which leads the structure towards more rigidity

resulting in an increase in the Tg of the material [18]. The

increase in Tg with heating rate is explained by the fact that

when the heating rate increases, the system does not have

sufficient time for nucleation and crystallization to occur.

The observed behaviour in Tg and Tc can be visualized

by using the chemical ordered network (CON) model by

Ovshinsky et al. [19]. The values of homopolar bond

energies for Se, Te and Sn are (44, 33 and 34.2 kcal mol-1)

respectively [20]. The heteropolar bond energies for Sn–Se,

Sn–Te and Se–Te are (49.14, 34.16 and 44.14 kcal mol-1)

respectively [21]. The bond energy and bond formation

probability of Sn–Se bond is largest. So the observed

continuous increase in the value of Tg and Tc may be due to

the replacement of some weaker bonds with some stronger

bonds. Thus, with the addition of Sn, the weaker Se–Se

bonds are replaced by the stronger Sn–Se bonds, which

results in an increase in Tg and Tc.

Table 1 Different values of Tg, Tc, Tp, Kgl and Trg for Se92Te8-xSnx

(x = 0, 1, 2, 3, 4, 5) glassy alloys at different heating rate (10, 15, 20

and 25 �C min-1)

x b/

K min-1
Tg/K Tc/K Tp/K Tm/K Kgl Trg

0 10 320.75 353.27 367.82 490.35 0.237 0.654

15 323.69 356.78 371.78 490.65 0.247 0.659

20 324.95 357.05 374.55 490.45 0.24 0.662

25 328.35 360.85 377.65 490.95 0.249 0.668

1 10 322.69 356.85 375.35 490.35 0.255 0.658

15 324.55 365.75 382.61 487.65 0.337 0.665

20 325.35 371.83 386.05 488.85 0.395 0.665

25 328.95 372.35 388.95 489.75 0.369 0.671

2 10 324.35 357.75 380.35 488.15 0.256 0.664

15 325.65 367.25 386.05 488.65 0.342 0.666

20 327.7 367.95 389.65 488.95 0.332 0.67

25 330.01 369.85 393.75 488.65 0.335 0.675

3 10 325.69 364.35 385.37 488.75 0.31 0.666

15 328.95 368.85 392.14 490.65 0.327 0.67

20 330.45 374.85 394.9 490.45 0.384 0.673

25 330.75 374.35 397.85 491.05 0.373 0.673

4 10 328.7 365.75 386.65 491.85 0.293 0.668

15 330.45 371.85 393.65 490.95 0.347 0.673

20 332.55 376.55 395.95 491.95 0.381 0.675

25 333.22 380.65 399.55 492.45 0.373 0.678

5 10 334.75 366.45 392.45 496.15 0.244 0.674

15 336.65 372.55 397.35 496.65 0.289 0.677

20 337.75 371.05 400.15 497.25 0.263 0.679

25 339.48 374.85 402.45 499.15 0.284 0.68
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Fig. 3 Plots of Tg vs. ln(b) of Se92Te8-xSnx (x = 0, 1, 2, 3, 4, 5)

alloys
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Evaluation of activation energy of glass transition (Eg)

Moynihan method

The activation energy of glass transition has been calcu-

lated using Moynihan equation. The dependence of Tg on

heating rate is given by [22]

dðln bÞ
d 1

Tg

� � ¼ �Eg

R
ð2Þ

where R is gas constant. Equation 2 states that plot between

ln b and Tg should be a straight line and the activation

energy involved in the molecular motions and rearrange-

ment around Tg can be calculated from the slope of this

plot. The plots of ln b and 1000/Tg are shown in the Fig. 5

for Se92Te8-xSnx (x = 0, 1, 2, 3, 4, 5) glassy alloys. The

activation energy of glass transition is calculated from the

slopes of these plots. The values are shown in Table 3. It is

clear that the value of Eg increases with increase in Sn

concentration.

Kissinger’s method

In glass transition kinematics, this method is frequently

used for calculating activation energy of glass transition

(Eg). Using this method the heating rate dependence of Tg

is given by [23]

Table 2 Kinetic parameters (A and B) of Se92Te8-xSnx (x = 0, 1, 2,

3, 4, 5) glassy alloys

x A B

0 302.66 ± 3.53 7.75 ± 1.25

1 308.02 ± 4.80 6.18 ± 1.69

2 309.94 ± 3.15 6.05 ± 1.11

3 313.00 ± 2.83 5.68 ± 1.00

4 316.75 ± 1.35 5.15 ± 0.47

5 323.21 ± 1.32 4.96 ± 0.46
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Fig. 4 Compositional dependence of Tg of Se92Te8-xSnx (x = 0, 1,

2, 3, 4, 5) at different heating rates (10, 15, 20 and 25 K min-1)
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Fig. 5 Plots of ln(b) vs. 1000/Tg for Se92Te8-xSnx (x = 0, 1, 2, 3, 4,

5) alloys

Table 3 Values of Eg (activation energy of glass transition) for

Se92Te8-xSnx (x = 0, 1, 2, 3, 4, 5) alloys

x Activation energy of glass transition/kJ mol-1

Moynian method Kissinger method

0 107.23 ± 16 101.84 ± 16

1 124.08 ± 33 118.69 ± 33

2 137.53 ± 25 132.13 ± 25

3 147.82 ± 26 142.42 ± 26

4 173.22 ± 16 167.74 ± 16

5 186.50 ± 17 180.94 ± 17
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ln
Tg

2

b

� �
þ const: ¼ Eg

RTg

ð3Þ

Eg is calculated from the slopes of the plots between ln(Tg
2/

b) and 1000/Tg (figure not shown here). The observed

values are shown in Table 3. The activation energy cal-

culated from both the approaches shows similar trends.

With increase of Sn content, the glassy matrix becomes

heavily cross-linked and steric hindrance increases. The

Se–Se bonds will be replaced by Sn–Se bonds, which have

higher bond energy. Hence, the cohesive energy of the

system increases with increasing Sn content, resulting in an

increase in the activation energy.

Activation energy of crystallization (Ec)

Modified Kissinger’s method

The activation energy of crystallization Ec has been cal-

culated from the variation of the peak crystallization tem-

perature (Tp) with heating rate using the modified

Kissinger’s equation

ln
Tp

2

b

� �
þ const: ¼ Ec

RTp

ð4Þ

The slope of the graphs between ln(Tp
2/b) and 1000/Tp

gives the value of the activation energy of crystallization

(Ec) (Fig. 6). The different values for various compositions

are shown in Table 4. At x = 1, Ec decreases and then

increases for higher Sn concentration. This might be due to

the following reason. There is tendency of Se containing

glasses to form polymerized network and suppression of

homopolar bonds [24]. With the addition of Sn, i.e. x = 1,

chain as well as ring structures are affected and decrease in

Ec. This leads to increases in speed of crystallization. With

the further addition of Sn, glassy matrix become heavily

cross-linked and Se–Se bonds are replaced by Sn–Se bond

(having large bond energy). So it results in increase in

cohesive as well as activation energy of glass

crystallization.

Mahadevan method

The activation energy of crystallization according to Ma-

hadevan method [25] can be calculated by the given

formula;

ln b ¼ � Ec

RTp

þ const: ð5Þ

The slopes of plots between ln(b) and (1000/Tp) gives the

resultant values of the activation energies (Ec). The

observed values are given in Table 4. There is good

agreement between Mahadevan’s method and the values

obtained in modified Kissinger’s and Augis and Benett’s

method.

Matusita method

The activation energy (Ec) of the amorphous–crystalline

transformation and the order of crystallization reaction

(Avrami index, n) can be calculated using the Matusita

relation [26]. The volume fraction of crystals (X) precipi-

tated in a glass heated at a uniform rate (b) is related to the

activation energy of crystallization (Ec) through the

expression

ln �ln 1� Xð Þ½ � ¼ �nln b� 1:052
mEc

RT
þ const: ð6Þ

where X is the volume fraction of crystalline material

precipitated in the glass, Ec is the activation energy of

crystallization and R is the gas constant. X at a particular

temperature (T) is given by AT/A, where A is the total area

under the exothermic peak and AT is the area under the

exotherm between the onset temperature of crystallization

and the particular temperature (T) and m and n are integers

which depend on the mechanism of the growth and the

dimensionality of the crystal. When the nuclei formed

during heating at a constant rate are dominant, n is equal to
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Fig. 6 Plots of ln(Tp
2/b) vs. 1000/Tp for Se92Te8-xSnx (x = 0, 1, 2, 3,

4, 5) alloys
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(m ? 1) and when nuclei formed during any previous heat

treatment prior to thermal analysis are dominant, n is equal

to m.

Plots of ln[-ln(1 - x)] vs. 1000/T for the investigated

glassy samples, were found to be linear irrespective of

some points. The plot of ln[-ln(1 - x)] vs. 1000/T for

Se92Te4Sn4 at all heating rate is shown in Fig. 7. At high

temperatures slight non-linear behaviour was observed (at

heating rate 25 K min-1). Similar kind of behaviour has

been already reported for other glassy compositions [27].

This nonlinear behaviour may be due to the reason that

either the crystal growth might be stopped or the nuclei get

saturated. The value of mEc was calculated from the slope

of the ln[-ln(1 - x)] vs. 1000/T for all compositions.

Figure 8 shows linear plots of ln[-ln(1 - x)] vs. ln(b).

From the slope of these plots average value of n is calcu-

lated. All the values are reported in Table 4. A non-integer

value of n means that two crystallization mechanisms are

working simultaneously during the amorphous–crystalline

transformation of the Se92Te8-xSnx glass while integer

value of n indicates that only one crystallization mecha-

nism is responsible for the crystallization process. In our

present composition, n is non-integer means two crystal-

lization mechanisms are working simultaneously. It has

been already shown that n can take the value 4, 3, 2, 1

depending upon the type of nucleation and growth. In all

composition m = 1 which means bulk nucleation with

one-dimensional growth is dominant crystallization

mechanism.

Table 4 Values of Ec (activation energy of crystallization), n, m, K0 (frequency factor) for Se92Te8-xSnx (x = 0, 1, 2, 3, 4, 5) alloys

x Activation energy of glass crystallization/kJ mol-1 m n K0/s-1

Mod. Kissinger method Mahadevan method Matusita method Augis and Bennet method

0 102.67 ± 9 108.81 ± 9 136.15 ± 11 105.74 ± 9 1 1.58 3.08 9 1013

1 68.39 ± 8 74.70 ± 8 106.03 ± 13 71.54 ± 8 1 1.43 2.61 9 108

2 79.84 ± 4 86.23 ± 4 96.19 ± 8 83.08 ± 4 1 1.38 7.15 9 109

3 85.40 ± 11 91.96 ± 11 99.88 ± 6 88.72 ± 11 1 1.31 2.73 9 1010

4 85.65 ± 9 92.13 ± 9 112.38 ± 12 88.89 ± 9 1 1.75 2.76 9 1010

5 113.54 ± 5 120.10 ± 5 139.46 ± 9 116.78 ± 5 1 1.26 9.45 9 1013
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Fig. 7 Plots of ln[-ln(1 - X)] vs. 1000/T for Se92Te4Sn4 glassy

alloy at 10, 15, 20 and 25 K min-1
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Fig. 8 Plots of ln[-ln(1 - X)] vs. (ln b) for Se92Te4Sn4 glassy alloy

at 10, 15, 20 and 25 K min-1
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The slope of the graphs plotted between ln[-ln(1 - X)]

and 1000/T gives mEc. The value of Ec calculated by this

method is shown in the Table 4. The values obtained by

this method are quite larger in comparison to earlier dis-

cussed methods. This difference in the activation energies

calculated using different models may be due to the dif-

ferent approximations used in the models. In addition, the

temperature and pressure gradients in the sample vary

randomly due to heating rate and such random variation

occur in quick interval during crystallization. So they

results in variation in kinetic parameters. Similar variations

in the activation energy have also been reported in other

chalcogenide glasses [28].

Augis and Bennett method

The activation energy for crystallization can also be

deduced using the formula suggested by Augis and Bennett

[29].

ln
b

Tp � T0

� �
ffi �Ec

RTp

þ ln K0 ð7Þ

where Tp and T0 are peak crystallization and initial

temperature, respectively. K0 is frequency factor, which

measures the probability of molecular collision effective

for formation of the activated complex, was calculated

from the intercept of the straight line with vertical axis. By

assuming that T0 � Tp; Eq. 7 can be approximated to the

following form:

ln
b
Tp

� �
ffi �Ec

RTp

þ ln K0 ð8Þ

The relation between ln b vs. 1000/Tp gives a straight line

(figure not shown here). The calculated values of Ec for

different compositions are shown in Table 4. The values

obtained by this method are in good agreement to Eqs. 4

and 5. The corresponding values of the frequency factors

(K0) are also shown in Table 4.

Glass forming tendency

The difference between Tc and Tg, which is an indication of

thermal stability of the glasses, increases linearly with the

increase in Sn content except x = 5 at.%. The difference

(Tc - Tg) also increases with increase in heating rate, means

thermal stability increases. For x = 4 at.%, it is maximum,

means large thermal stability. The thermal stability and ease

of glass formation have great importance in memory and

switching materials. The glass forming tendency can be

calculated from the formula given by Hurby [30].

Kgl ¼
Tc � Tg

Tm � Tc

ð9Þ

All the values of Kgl are reported in Table 1. For x = 0

and 5, Kgl is minimum, means they are best materials for

phase change optical recording.

The ease of glass formation is determined by calculating

Trg (reduced glass transition temperature) [31].

Trg ¼
Tg

Tm

ð10Þ

The observed values of Trg in all compositions obey 2/3

rule; which means Tg/Tm = 2/3. The values of Kgl and Trg

for Se92Te8-xSnx (0 B x B 5) are given in Table 1.

Conclusions

Calorimetric measurements have been performed in

Se92Te8-xSnx (x = 0, 1, 2, 3, 4, 5) glassy alloys. DSC

scans of these alloys show the well-defined endothermic

peak at glass transition temperature Tg and peak crystalli-

zation temperature Tp. It has been found that the glass

transition temperature increases with increase in the con-

centration of Sn. This increase in Tg is explained in terms

of chemically ordered network model (CONM). The acti-

vation energy of glass transition Eg has been calculated by

Kissinger’s and Moynihan’s relation for various glassy

alloys. There is good agreement between these two

approaches. The activation energy of glass crystallization

(Ec) is calculated by four different approaches (modified

Kissinger, Mahadevan, Motusita and Augis and Bennett

method). The thermal stability and glass forming ability of

each composition has also been calculated. The thermal

stability and ease of glass formation might be the impor-

tance of these alloys in memory and switching applications.
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