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Se90In10-xSbx (x=0, 2, 4, 6, 8, 10) chalcogenide glasses are prepared by melt quenching 
method. Devitrification characteristics of the alloys were investigated by using Differential 
Scanning Calorimetry (DSC). The glassy samples are scanned in DSC at various heating 
rates of 5, 10,15,20,25, and 30 K/min. The dependence of on-set crystallization 
temperature (Tc) on heating rates as well as different concentration of Sb is studied. Using 
partial peak area analysis of the crystallization peak in the DSC thermograms, the volume 
fraction of the glass crystallized at various temperatures is evaluated. The crystallization 
data were analyzed with the Matusita and Sakka’s method specifically suggested for non-
isothermal crystallization. This method is used to calculate the activation energy of 
crystallization (Ec) and Avrami index (n) and hence the dimensionality of crystal growth. 
The variation of activation energy of crystallization (Ec) with heating rate and Sb 
concentration has also been studied. Thermal stability has been monitored through the 
calculation of the enthalpy released during crystallization (ΔHc). 
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1. Introduction 
 
Traditionally, solid-state physics has meant crystal physics. Solidity and crystallinity are 

considered as synonymous in text on condense matter. Yet one of the most active fields of solid 
state research in recent years has been the study of solids that are not crystals, solids in which the 
arrangements of atoms lacks the slightest vestige of long range order. The advances that have been 
made in the physics and chemistry of these materials, which are known as amorphous solids or 
glasses, have been widely appreciated within research community. 

Recently, great attention has been given to chalcogenide glasses mainly due to their wide 
range of application in solid-state devices both in scientific and technological fields. Optical data 
storage based on laser induced amorphous to crystalline (a-c) phase transformation of 
chalcogenide glasses is an area with on going research activity [1]. Especially selenium (Se) based 
alloys exhibit a unique property of reversible transformation. This property makes these systems 
very useful in optical memory devices, X-ray imaging and photonics [2-6].  

The structure of amorphous Se and the effect of alloying Indium (In) into Se have been 
carried out by workers and reported [5, 6] in the literature. These studies indicate that when In is 
incorporated to amorphous Se it is dissolved in the Se chains to satisfy its coordination 
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requirements and to form a crosslink structure, which retards the crystallization probability and 
enhance thermal stability. Besides, it is also found that the optical band gap of Se-In is of the order 
of 1.3 eV at 300 K, which is close to the theoretical optimum value for solar energy conversion 
[7]. In spite of that, these alloys are still found to have low glass transition and crystallization 
temperature and hence their physical properties may deteriorate with temperature and time during 
use.  The addition of third element, like Sb, to Se-In alloys will expand the glass forming region 
and create compositional and configurationally disorder, which offer ample possibilities for 
controlling the desired thermal properties by means of changing the chemical composition [8]. 

 
2. Experimental details 
 
Glassy alloys of Se90In10-xSbx (x=0, 2, 4, 6, 8, 10) are prepared by melt quenching 

technique. High purity (99.999 %) materials were weighed according to their atomic percentage 
and were sealed in quartz ampoules (length 10.5 cm and 8 mm internal diameter) with a vacuum of 
10-5 Torr. The sealed ampoules are kept inside the furnace where the temperature was raised to 900 
0C at the rate of 3 to 4 K/min. The ampoules were frequently rocked for 15 hours at maximum 
temperature to make the melt homogeneous. The molten sample was then quenched in ice-cooled 
water. The ingot of so produced glassy sample was taken out of ampoule and then grinded gently 
in mortar and pestle to obtain powder form. 

The amorphous nature of the alloy was ascertained through X-ray diffraction pattern of the 
samples using differactometer with FeKα-radiation source (λ= 1.93 A0). Fig. 1 shows the XRD 
pattern Se90In2Sb8 glass at room temperature. Absence of any sharp peak confirms the formation of 
glass.  

 
Fig. 1 XRD pattern of Se90In2Sb8 chalcogenide glass at room temperature. 

 
 

Differential Scanning Calorimetry (DSC) Rigaku Model 8230 is used to measure the 
caloric manifestation of the phase transformation and to study the crystallization kinetics under 
non-isothermal condition. The accuracy of heat flow measurement is ±0.01 mW and the 
temperature precision as determined by the microprocessor of the thermal analyzer is ±0.1K. The 
DSC runs have been taken at six different heating rates i.e. 5, 10, 15, 20, 25, and 30 K/min on 
accurately weighed samples taken in aluminum pans. The temperature range covered in DSC was 
from room temperature to 2500C. 

 
3. Results and discussion  
 
Fig. 2 shows the typical DSC thermograms of Se90In10-xSbx (x=0, 2, 4, 6, 8, 10) glasses at 

the heating rate of 10 K/min. The endothermic peak of glass transition and exothermic peak of 
crystallization have been clearly observed in the Fig.2. The on-set crystallization temperature Tc, 
has been defined as temperature corresponding to the intersection of two linear portion adjoining 
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the transition elbow of the DSC trace in the exothermic direction. The values of on-set 
crystallization temperature (Tc) at different heating rates for all the compositions are given in the 
Table 1. It is found that on-set crystallization temperature increases as Sb concentration increases 
upto 4 atomic weight % and further addition of Sb reduces the crystallization temperature. 

 
 

Fig. 2. DSC traces of Se90In10-xSbx (x=0, 2, 4, 6, 8, 10) chalcogenide glass at 10 K/min heating rates 
 

 
Table1. On-set crystallization temperature Tc (K) calculated from DSC result. 

 
Heating 

Rate 
 

Sample 

 
5 K/min 

 
10 K/min 

 
15 K/min 

 
20 K/min 

 
25 K/min 

 
30 K/min 

Se90In10 360.5 367.8 372.1 375.4 377.6 379.8 

Se90In8Sb2 367.3 374.6 378.4 381.9 384.8 386.8 

Se90In6Sb4 370.9 377.3 382.1 384.4 387.2 390.2 

Se90In4Sb6 368.4 375.2 379.4 382.7 385.8 387.8 

Se90In2Sb8 367.5 373.9 378.6 382.3 384.9 386.8 

Se90Sb10 364.0 371.4 376.2 378.6 381.4 383.5 

 
The dependence of on-set crystallization temperature (Tc) on the heating rate (α) is given by 

the empirical relation that has been suggested by Lasocka [9] and has the form 
 

                                  Tc= Ac + Bc ln (α)                                        (1) 
 
where Ac and Bc are constants. 
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The plots of ln (α) vs Tc for Se90In10-xSbx (x=0, 2, 4, 6, 8, 10) glassy alloys are shown in Fig.3. 
The straight line shows the good validity of this relationship for the alloy. The calculated values of 
Ac and Bc are given in Table 2. In Table 2, Ac depict the crystallization temperature at a heating 
rate of 1 K/min while Bc are proportional to the time taken by the system to reduce its glass 
transition and crystallization temperature when its heating rate is lowered from 10 K/min to 1 
K/min. 
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Fig. 3.  ln (α) vs Tc for Se90In10-xSbx(x=0,2,4,6,8,10) glassy alloys. 

 
Table. 2 Calculated values of constants Ac and Bc for Se90In10-xSbx(x=0, 2, 4, 6, 8, 10) chalcogenide glass. 

 
Sample Ac (K) Bc (min) 

Se90In10 343.13±0.23 10.74±0.09 

Se90In8Sb2 349.58±0.73 10.86±0.26 

Se90In6Sb4 353.51±1.20 10.54±0.43 

Se90In4Sb6 350.51±0.88 10.86±0.32 

Se90In2Sb8 349.33±0.95 10.96±0.34 

Se90Sb10 346.58±0.50 10.82±0.18 

 
The variation of Tc with composition at different heating rates for Se90In10-xSbx (x=0, 2, 4, 

6, 8, 10) is shown in Fig.4. 
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Fig. 4. Variation of on-set crystallization temperature Tc with Sb concentration at different heating rates 

 
It has been indicated that in Se containing glass, there is a tendency to form polymerized 

network glasses and the homopolar bond is qualitatively suppressed [10]. The on-set 
crystallization temperature increases upto 4 at % of Sb and with further addition of Sb the chains 
as well as ring structures are affected and a decrease in Tc is observed, for further higher values of 
Sb concentration, Tc becomes almost constant as shown in Fig. 4. Moreover, at lower percentage 
of Sb the system contains SbSe4/2 tetrahedral units dissolved in a matrix composed of Se chains. 
With the increases of Sb content, the glassy matrix becomes heavily cross-linked and the steric 
hindrance increases. The Se-Se bonds (bond energy 205.8 KJ/mol) will be replaced by Sb-Se 
bonds, which have a higher bond energy (214.2 KJ/mol). Hence the cohesive energy of the system 
increases with increasing Sb content. This results in the increase of the crystallization temperature. 
It is found that Tc is maximum at 4 at % of antimony (Sb). This composition can be considered as 
a critical composition at which the system becomes a chemically ordered alloy containing high-
energy Sb-Se hetropolar bonds. Further addition of Sb favours the formation of Sb-Sb bonds (bond 
energy 176.4 KJ/mol) thus reducing the Sb-Se bond concentration. Thus the cohesive energy 
decreases results a decrease of Tc.  

The kinetics of crystallization as a function of composition has been studied to aid our 
understanding of transformation that is encountered in the sample under consideration. The most 
successful and applicable theoretical model for crystallization studies is the one suggested by 
Johsnson – Mehl - Avrami [11-13] (JMA). According to this model, the fraction, χ, of precursor 
that has been transformed into the product phase is given by 

 
χ =1-exp (-Ktn)     (2) 

 
where n is the Avrami exponent and reflects the details of crystal growth. K is the effective overall 
reaction rate, which actually reflects the rate of crystallization and usually assigned Arrhenian 
temperature dependence, 
 

 K=K0exp (-Ec/RT)     (3) 
 

Here K0, the frequency factor, which indicates the number of attempts made by nuclei to 
overcome the energy barrier during crystallization. Ec is activation energy of crystallization.  

In the non-isothermal method, the crystallization fraction (χ) precipitated in the glass 
heated at constant rate, is related to the activation energy for crystallization (Ec), through the 
following expression given by Matusita et al. [14]. 
 

ln [-ln(1-χ)]=-n lnα -1.052mEc/RT  + constant    (4)          
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where m and n are integer or half integer numbers that depend on the growth mechanism and the 
dimensionality of the crystal. The parameter n can be written as n=b+pm where p=1 for linear 
growth and p=0.5 for parabolic growth, m=1, 2 or 3 for one-, two-, or three-dimensional growth, 
b=0, b‹1 and b›1 are chosen for no nucleation, decreasing nucleation and increasing nucleation 
rate, respectively. The volume fraction χ crystallized at any temperature T is given by χ= AT/A. 
where A is the total area of the exothermic peak between the on-set temperature Tc (i.e. the 
temperature from where crystallization starts) and temperature where the peaks end (i.e. 
crystallization is complete). AT is the partial area of the exothermic peak between temperature Tc 
and T. 
The plots of ln [-ln(1- χ )] against 1000/T at different fixed heating rates for all the glassy sample 
are shown in Fig.5 (a) to Fig. 5 (f), where it can be noticed that the curves have nearly the same 
slop over the most temperature range. At high temperature range or in the regions of large 
crystallized fractions, a deviation from linearity is shown for the different heating rates. Other 
chalcogenide glasses indicated a similar behavior [15-17]. This deviation is generally attributed to 
the saturation of nucleation sites in the final stage of crystallization or to restriction of crystal 
growth by the small size of the particles.  
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Fig.5 (a) Se90In10                         Fig.5 (b) Se90In8Sb2 
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Fig.5 (c) Se90In6Sb4                Fig.5 (d) Se90In4Sb6 
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Fig.5 (e) Se90In2Sb8    Fig.5 (f) Se90Sb10 

 

 
The values of activation energy obtained from the slop of the curves between ln[-ln(1-χ)] 

versus 1000/T at all the heating rates for Se90In10-xSbx(x=0,2,4,6,8,10) chalcogenide glasses are 
listed in Table 3. From the Table 3, it is clear the activation energy depends on the heating rate and 
decreases as the heating rate increases. The average activation energy increases with the addition 
of Sb concentration and have the maximum value at 4 atomic % of Sb, more addition of Sb 
reduces the activation energy. 

 
Table3. Calculated values of activation energy Ec (KJ/mol) obtained from Matusita’s method 

 
Heating 
rate 

Sample 

5 K/min 10 K/min 15 K/min 20 K/min 25 K/min 30 K/min 

Se90In10 112.57±3.44 95.96±1.39 88.42±1.37 84.84±1.43 73.62±1.41 70.08±1.15

Se90In8Sb2 123.73±3.80 114.24±1.86 83.93±0.55 85.59±3.75 82.35±2.87 76.49±2.85

Se90In6Sb4 146.12±2.32 122.11±0.95 103.78±1.02 99.00±1.13 92.49±1.20 83.96±1.21

Se90In4Sb6 131.21±1.23 112.13±1.61 96.14±1.84 88.21±1.43 84.28±1.56 80.83±0.68

Se90In2Sb8 125.44±3.42 108.52±2.24 88.87±1.29 85.65±1.41 80.10±1.40 76.39±1.04

Se90Sb10 119.54±2.48 105.73±2.82 89.21±1.70 78.20±1.40 75.99±1.60 79.01±1.25

 
The heating rate dependence of the activation energy determined by this method is also 

shown in Fig. 6 for Se90In6Sb4 glassy sample. The observed heating rate dependence of the 
effective activation energy can be attributed to changes of nucleation and growth mechanism. 



104 
 
Sahay and Krishnan [18] have pointed out that a relationship between effective activation energy 
(Ec) and the heating rate (α) should be considered when analyzing kinetic data in some 
chalcogenide glasses and have suggested that the observed decrease in Ec as heating rate increases 
is due to an increases in free energy of the reactant and product phases which results in the 
reduction of the effective activation energy. It is also possible that this effect is a result of the 
temperature dependence of Ec. 
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Fig. 6.  Plot of hating rate vesus activation energy of crystallization for Se90In6Sb4 glass 
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Fig. 7. Ec vs Sb concentration forSe90In10-xSbx (x=0, 2, 4, 6, 8, 10) at heating rate 5 K/min. 

 
 

The plots of ln [-ln (1-χ)] against ln α at four different temperatures are shown in Fig 7(a) 
to Fig. 7(f). From the slope of this curve, the order of crystallization mechanism or Avrami index 
(n) can be obtained and observed average values are listed in Table 4. 
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Fig.7 (a) Se90In10     Fig.7 (b) Se90In8Sb2 
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Fig.7 (e) Se90In2Sb8     Fig.7 (f) Se90Sb10 

 
 
Table 4: Values of Avrami index (n) and dimensionality of growth (m) of Se90In10-x Sbx (x= 0, 2, 4, 6, 8, 10) 

chalcogenide glasses. 
 

Sample Avrami index (n) Dimensionality of growth (m) 
Se90In10 2.32±0.25 1 

Se90In8Sb2 2.85±0.25 2 
Se90In6Sb4 2.42±0.12 1 
Se90In4Sb6 2.44±0.23 1 
Se90In2Sb8 2.48±0.38 1 
Se90Sb10 2.15±0.23 1 

  
 

Measuring the total area under the exothermic peak, the experimental determination of 
enthalpy-released ΔHc during crystallization process has been made 

 
ΔHc=KA/M      (5) 

 
where K is the instrument constant, which is found to be 1.12; A is the area under the 
crystallization peak and M is the mass of the sample. The value of ΔHc at heating rate 15 K/min is 
plotted as a function of Sb content in Fig.8. From Fig. 8, it is clear that Se90In6Sb4 glass has lowest 
value of ΔHc, hence is the most stable among the whole series. 



107 
 

0 2 4 6 8 10

85

90

95

100

105

110

E
nt

ha
ly

 re
le

as
ed

 (J
/g

)

Sb concentration

 
Fig. 8 Enthalpy released, ΔHc, at heating rate 15 K/min, plotted as a function of Sb content 

 
4. Conclusions 
 
Based on the present study the following conclusion can be drawn: 
1. The activation energy of crystallization decreases with increasing heating rate. This 

activation energy of crystallization increases as the Sb concentration increases up to 4 atomic 
weight percentages and further addition of Sb reduces it. 

2. According to the Avrami theory of nucleation, the calculated values of the kinetic 
exponent n suggest two dimensional growth for Se90In8Sb2 glassy sample while all other sample 
Se90In10-xSbx (x= 0,4,6,8,10) have one dimensional growth. 

3. Enthalpy released during crystallization decreases upto 4 atomic weight percentage of 
Sb and then further increases with Sb concentration. This suggests that Se90In6Sb4 glass has most 
stable among the whole series. 
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