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Abstract Bulk samples of Se92Te8-xSnx glassy alloys are

obtained by melt quenching technique. Differential scan-

ning calorimetry (DSC) technique (under non-isothermal

conditions) has been applied to determine the thermal

properties of Se-rich glassy alloys at different heating rates.

Results of glass transition temperature, enthalpy released,

fragility and specific heat of Se92Te8-xSnx (x = 0, 1, 2, 3, 4

and 5) chalcogenide glasses have been reported and dis-

cussed. The glass transition temperature (Tg), activation

energy of glass transition and fragility are found to increase

with increase in Sn content. The glass transition tempera-

ture (by Gibbs–Dimarzio equation) also has been calcu-

lated. Both values of Tg (experimental as well as

theoretical) are found to be in good agreement at a heating

rate of 10 K min-1. It has been observed that the value of

specific heat (Cp) below glass transition and difference in

the value of Cp before and after glass transition (DCp) is

highly compositional dependent. The enthalpy release is

related to the metastability of the glasses, and the least

stable glasses are supposed to have maximum DHc.

Keywords Glass transition � Specific heat capacity �
Enthalpy

Introduction

Chalcogenide glasses are made up of group VI elements

(S, Se and Te) of periodic table. These glasses behave as

semiconducting materials. During past year, an increasing

interest has been observed towards these glasses because of

their potential applications in solid state electronics and

optical devices such as phase change optical recording,

optical imaging, memory switching, non-linear optics and

photo lithography [1–7]. Se-rich alloys are used in digital

X-ray imaging and TV pick-up tubes. Amorphous Se

having twofold coordination consists of randomly mixed

long polymeric Sen chain. When Te is introduced in Se, it

results in changes in van der Walls bonds or interchain

secondary bonds due to its large size and more electrons in

its orbit. The binary chalcogenide glasses (Se-Te) have

aging effect, lower crystallization temperature and lower

thermal stability [8–10]. To overcome these difficulties, the

third element is added as a chemical modifier to enhance

the physical, thermal and optical properties [11]. By adding

Sn, glass forming region becomes small but there is high

transmittance in IR-region due to reduced optical band gap

[12]. As Sn is introduced into Se–Te alloy, the coordination

number of the system increases resulting in cross-linking of

chains of atoms. This results in increase in glass transition

temperature (Tg) with Sn content [13]. The present work

reports the effect of Sn incorporation on thermal and

physical properties of Se–Te glassy alloy. The comparison

between experimental and theoretical values of glass

transition temperature (Tg) has been reported. Also specific

heat capacity of every sample is calculated. Specific heat is

a very sensitive way in which atoms or molecules are

dynamically bound in a solid. Thus, measurement of such

parameter will lead to an effective test for characterizing

material as glassy substance [14]. A sudden change in
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specific heat at the glass transition temperature is charac-

teristic of the all chalcogenide glasses. There is jump of the

specific heat close to the glass transition temperature fol-

lowing Dulong and the Petit law Cp = 3R. Some of the

researchers [15–17] had given there attention towards

specific heat of glassy alloys. The change in specific heat

before and after glass transition is of diversified in nature.

A lot of experimental work is required in this direction.

Apart from that, in present study, the enthalpy release is

related to the metastability of the glasses, and the least

stable glasses are supposed to have maximum DHc.

Experimental details

For the preparation of Se–Te–Sn glasses, high purity ele-

ments (99.999%) in appropriate atomic percentage were

weighed into quartz ampoules. The ampoules, sealed under

high vacuum conditions (10-5 Torr), were suspended in a

vertical furnace at 900 �C for 8 h at heating rate of 3–4 �C/

min. These ampoules are shaken vigorously after regular

interval of time for homogeneous mixing. The melt was

rapidly quenched in ice-water mixture. The quenched

samples were removed from the ampoule by dissolving the

ampoule in a mixture of HF ? H2O2 for about 48 h.

Amorphous nature of the samples was ensured by the

absence of any sharp peaks in the X-ray diffractograms.

The prepared solid solution in powder form has been used

for thermal analysis using differential scanning calorimetry

(DSC). About 10 mg each composition was first sealed in a

standard aluminium pan, and the calorimetric thermograms

were obtained with Mettler Toledo Stare System in the

temperature range 25–500 �C at single heating rates

(10 K min-1) under nitrogen atmosphere. Calorimetric

measurements were made under non-isothermal conditions.

DSC thermograms of Se92Te5Sn3 at 10 �C/min are shown

in Fig. 1.

Results and discussion

Glass transition temperature

For the characterization of glassy materials, glass transition

temperature (Tg) is the most important parameter. It

depends upon connectivity and rigidity of vitreous net-

work. By adding an element in Se with coordination

number greater than 2, it will results in increase of Tg. The

glass transition temperature can be calculated by Gibbs–Di

Marzio equation. They have developed a second-order

phase transition model and given an empirical relationship

between glass transition temperature and density of cross-

linking agents inserted inside a system of molecular chains.

In a recent study by Sreeram et al. [18], a modified Gibbs–

Di Marzio equation presented in the form:

Tg ¼
T0

1� b rh i � 2ð Þ : ð1Þ

In Eq. 1, the term (hri - 2) stresses the role of cross

linking. T0 is the glass transition temperature of linear

polymer and b is a system parameter having value between

0 and 1. For constant b, the relationship demonstrated by

Micoulaut et al. [19] is as follows:

b�1 ¼
XM�1

i¼1

ri � 2ð Þ ln ri

2

h i
: ð2Þ

In our composition, b = 0.72 and T0 = 333 K [20]. The

calculated values of Tg are given in Table 1.

Experimentally differential scanning calorimetric (DSC)

curves are recorded for Se92Te8-xSnx (x = 0, 1, 2, 3, 4 and

5) glassy alloys at a heating rate of 10 �C/min. Well-

defined endothermic peaks are observed at glass transi-

tion temperature (Tg) as shown in Fig. 1 (x = 3 at

10 K min-1 heating rate). It has been observed that glass

transition temperature increase with heating rate as well as

with Sn concentration (Table 1). Activation energy of glass

transition (Eg) is calculated by Kissinger’s method and

reported in Table 1. The same trend of Eg has already

reported in Sn containing glassy system [21].

Specific heat capacity

The variation of specific heat (Cp) of Se92Te8-xSnx (x = 0,

1, 2, 3, 4 and 5) with temperature is shown in Fig. 2. It has

been observed that Cp shows a peak at Tg, i.e. Tg is nor-

mally defined as the temperature onset of the step-wise

increase in heat capacity during heating of the glassy

materials. Also, it is seen that when Sn is introduced in the
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Fig. 1 Plot of DSC curves for Se92Te5Sn3 alloy at 10 K min-1
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glassy material containing Se–Te, Cp decreases except at

x = 5 at.%. The decrease in Cp may be due to breakdown

of the thermodynamic equilibrium of the system or it may

be due to the non-availability of the larger number of

degrees of freedom in the alloy which could absorb heat

energy [22]. It can be noted that for x = 5 at.%, the Kgl

(glass forming ability) and the enthalpy released are min-

imum and maximum, respectively. This gives support

regarding the decrease of thermal stability as Sn is doped it

to Se–Te binary alloy.

Figure 2 shows typical Cp versus T plot obtained for

Se92Te5Sn3 glass at 10 K min-1 heating rate. It has been

observed that below Tg, the Cp values agree with the

classical limit of Dulong and Petit for the vibrational heat

capacity of solids (Cp = 3R). The increase in Cp at glass

transition temperature is due to the addition of translational

and rotational modes made available by the breakage of

bonds forming the glass network. The sudden jump at Cp

can be attributed to the anharmonic contributions to the

specific heat [23]. The overshoot in the value of Cp at the

upper end of ‘‘Cp jump’’ is due to relaxation effects. The

observed peak at Cp may be due to the fact that the

relaxation time at this temperature becomes of same order

as the time scale of the experiment because time scale is

highly dependent both on temperature as well as instanta-

neous structure [24]. Excess heat capacity (specific heat

capacity jump) at Tg can be calculated from the following

relation:

DCp ¼ CPl � CPg

� �
T¼Tg

; ð3Þ

where Cpl and Cpg are the heat capacity of liquid and glassy

states across the glass transition(at T = Tg). DCp reflects

the amount of configurational change occurring in the

network during glass to liquid transition. When Sn is

introduced in Se–Te alloy, DCp decreases up to x = 4 at.%

and then increases for x = 5 at.%.

The decrease in DCp may be due to the fact that with

increasing Sn content the concentration of defect states

increases. It leads to a decrease in structural relaxation time

and hence decreases in DCp. It may be due to the decrease

in mean atomic mass because Te (127.6 g mole-1) is

replaced by Sn (116.7 g mole-1) in our composition, so

less specific heat is required for structural rearrangement.

All these factors are responsible to decrease in Cp and DCp,

and increase of thermal stability. The different behaviour at

x = 5 at.% may be due to formation of voids in the net-

work, which requires more heat for structural rearrange-

ment, results in increase in Cp and DCp. For x = 5, glass

forming ability is also small. This increase may be due to

availability of the larger number of degrees of freedom in

the alloy which could absorb the heat energy. The observed

values of Cp and DCp are shown in Table 1 and plotted in

Fig. 3.

Fragility

Fragile glasses are substances with non-directional inter-

atomic or intermolecular bonds. Strong glasses are those

which show resistance to structural degradation and usually

Table 1 The values of Eg (by Kissinger), fragility (F), specific heat capacity (Cp), excess heat capacity (DCp), enthalpy released during

crystallization (DHc), Tg (theoretical), and Tg (experimental)

x Eg/

kJ mole-1
F Cp/

J mole-1 K-1
DCp/

J mole-1 K-1
DHc/

J mg-1
Tg/

K Theoretical

Tg/K Exp.

0 101.23 ± 16 16.47 39.54 7.23 0.11 333 322.43

1 118.69 ± 33 19.13 25.74 6.72 0.035 337.86 324.44

2 132 ± 25 21.29 21.23 2.45 0.038 342.87 326.2

3 142.42 ± 26 22.81 18.86 2.32 0.019 348.03 327.2

4 167.74 ± 16 26.81 9.21 1.07 0.017 353.35 330.71

5 180.94 ± 17 28.13 40.72 2.96 0.12 358.83 334.47
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Fig. 2 Plot of Cp versus temperature (T) for Se92Te8-xSnx (x = 3 and

5) alloy
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associated with a small DCp. Fragility quantifies the

anomalous non-Arrhenius transport behaviour of glassy

materials near the ergodicity breaking glass transition

region. Fragility (F) is calculated using the following

relation [25]

F ¼ Eg

Tg ln 10
; ð4Þ

where Eg is activation energy of glass transition and Tg is

glass transition temperature. The value of F & 16 defined

as the strong glass-forming liquids [26], while a high value

of F & 200 represents the fragile glass-forming liquid

[27]. In our investigated system, the values of F vary from

&16 to 28 means strong glass forming liquid. Glass-

forming liquids are classified based on the dependence of

their viscosities; liquids that exhibit an Arrhenius temper-

ature dependence on viscosity are defined as strong glass-

forming liquids and those exhibit a non-Arrhenius

behaviour (described by a Vogel Tammann Fulcher equa-

tion) are declared as fragile glass-forming liquids. Fragility

increases with the addition of Sn. The increase of F with

increasing Sn concentration means that the glasses become

more fragile and their tendency to structural arrangement

increases with increasing non-directional interatomic

bonds. The plots of F (fragility) with Sn concentration are

shown in Fig. 4.

Enthalpy

The dependence of Tg in chalcogenide glasses is inter-

preted in terms of thermal relaxation phenomena. In such

kinetic interpretation, the enthalpy at a particular temper-

ature and time of the glassy system relaxes towards an

equilibrium value. 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 equilibrium value Hc(T) according to for-

mula [28]:

dH

dt

� �

T

¼ � H � Hcð Þ
s

; ð5Þ

where s is known as structural relaxation time.

The knowledge of the relaxation enthalpy is necessary to

understand the structure and properties of glassy alloys.

The enthalpy DHc released during crystallization process is

associated with the stability of glasses, i.e. glasses with the

lowest value of Tc - Tg will have maximum value of DHc.

The crystallization enthalpy (DHc) was calculated using the

relation, DHc = kA/M, where A is the area of the crystal-

lization exothermic and k is the calibration constant of the

instrument which is equal to 1.5. The value of k was

deduced by measuring the total area of the complete

melting endotherm of high purity tin and indium and using

the well-known enthalpy of melting of these standard

0 1 2 3 4 5
0

10

20

30

40

C
p a

nd
 Δ

C
p
/J

 m
ol

e–1
 K

–1

Sn/at. %

 C
p

 Δ C
p

Fig. 3 Plot of Cp and DCp versus Sn (at.%) for Se92Te8-xSnx (x = 0,

1, 2, 3, 4, 5) alloy
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materials. M is the mass of the sample in milligram. The

values of DHc for the Se92Te8-xSnx (x = 0, 1, 2, 3, 4 and 5)

glassy samples at heating rate of 10 K min-1 is shown in

Table 1. In our investigated composition x = 4 at.% have

minimum enthalpy and maximum thermal stability. For

x = 0 and 5 at.%, Tc - Tg is minimum and hence maxi-

mum enthalpy. Apart from that small Kgl (glass forming

ability) also supports maximum enthalpy. The plots of DHc

with Sn concentration are shown in Fig. 5.

Conclusions

A study of non-isothermal crystallization for Se92Te8-xSnx

(x = 0, 1, 2, 3, 4 and 5) performed by differential scanning

calorimetry (DSC) shows a well-defined glass transition

temperature followed by a crystallization peaks. The glass

transition temperature calculated theoretically as well as

experimentally is in good match. The fragility, specific heat

capacity and change in heat capacity at glass transition

(specific heat jump) are evaluated. The fragility found to

increase with Sn concentration, while specific heat

decreases from x = 0 to 4 and increases at x = 5. Another

parameter DHc (enthalpy release during crystallization) has

also been calculated. The factors that determine thermal

stability of glasses, i.e. the temperature difference Tc - Tg

and the enthalpy released DHc, indicate that x = 5 at.% of

Sn have small glass forming ability and reduced thermal

stability.
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