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Bulk sample of Ga15Se76Pb9 chalcogenide glass was prepared by melt quenching 
technique. The amorphous nature was verified by XRD. A study of crystallization kinetics 
of this glass was investigated using non-isothermal DSC measurements. The glass 
transition temperature and crystallization temperature of Ga15Se76Pb9 glass was determined 
at different heating rate of 5, 10, 15, 20 and 25 K/min. The dependence of Tg and Tc on the 
heating rate (β) has been used for the determination of different crystallization parameters 
such as the activation energy for structural relaxation (ΔEt) and activation energy of 
crystallization (ΔEc). The area analysis of crystallization peaks were used to determine the 
order parameter (n) and the crystallization enthalpy (ΔHc).  The order parameter is found 
to be 1.18 which represent one dimensional growth from surface to inside in Ga15Se76Pb9 
chalcogenide glass. The results of crystallization was discussed on the basis of different 
models.  
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1. Introduction 
 
Chalcogenide glasses have drawn a great attention due to the fact that these materials 

show certain unusual switching properties that could be important in modern technological 
applications such as switching, electrophotography and memory devices [1–4]. The glass 
transition is exhibited as an endothermic peak in differential scanning calorimetry (DSC) due to 
change in specific heat. The glass transition and crystallization studies in chalcogenide glasses 
upon heating can be performed by two basic methods: isothermal and non-isothermal methods.  
Non-isothermal measurements using a constant heating rate are more commonly used in the study 
of the crystallization of amorphous solids and possess several advantages such as the quick 
performance of these experiments and the rapid information they provide about the glass transition 
temperature.  

The study of crystallization kinetics in amorphous materials by DSC methods has been 
widely discussed in the literature [5-14]. Mehta et al [ 15] have studied the glass transition 
phenomena in Se-Te and Se-Ge based ternary chalcogenides glasses, Abd Elnaeim et al [16] have 
studied the glass transition and crystallization kinetics in In-Se-Te chalcogenide glasses. The work 
on glass transition temperature and thermal stability of Se-Sn chalcogenide glass by Omar et al 
[17], study of the glass transition in amorphous Se by Abu-Sehly et al [18], calorimetric studies of 
Se-Te-Cd and Se-Te-Cd-In multicomponent chalcogenide glasses by Kumar et al [19], phase 
transformation kinetics of Se-Ge-Pb chalcogenide glass by Praveen et al [20] are also worth 
mentioning. The studies on preparation and characterization of chalcogenide materials by non-
isothermal DSC measurements are also available in the literature by various workers [21-29].  

In the present work, kinetics of non-isothermal crystallization in Ga15Se76Pb9 chalcogenide 
glass was carried out by DSC measurement. Selenium–lead chalcogenides are considered to be 
mainly utilized for detecting hydrocarbon pollutant in atmosphere, higher solution spectroscopy,  
___________________________ 
*Corresponding author:  zishan_hk@yahoo.co.in 

http://www.sciencedirect.com/science/article/pii/S0022024805009413?_alid=1813520677&_rdoc=10&_fmt=high&_origin=search&_docanchor=&_ct=1059&_zone=rslt_list_item&md5=7c518a3bcb35e1f8d7d615b794cf753a
mailto:zishan_hk@yahoo.co.in


616 

trace gas analysis, optical fiber analysis and optical communication system over super 
long distances [30-32].  
 

2. Experimental  
 
High-purity (99.999%)  Ga, Se and Pb in different proportions was weighted and sealed in 

quartz ampoule under a vacuum of 10-5 Torr.. The ampoule was heated in a Microprocessor-
Controlled Programmable Muffle Furnace, where the temperature was increased at 3 K/min up to 
1273 K and kept at that temperature for 14 hours with frequent rocking to ensure the 
homogenization of the melt. During the melting, the ampoule was frequently shaken to 
homogenize the resulting alloy. The melt was then rapidly quenched in ice water. After quenching, 
ingot of the sample was removed by breaking the ampoules. The study of crystallization kinetics in 
Ga15Se76Pb9 chalcogenide glass was studied under non-isothermal measurements by using a 
Shimadzu DSC-60 instrument. Typically, 10 mg of sample in powder form was sealed in standard 
aluminum sample pans and heated at different rates ranging from 5 to 25 K/min. The glass 
transition and crystallization temperature and melting temperatures were measured by the DSC 
thermograms.  The temperature precision of this equipment is ±0.1 K with an average standard 
error of about 1 K in the measured values of Tg and Tc. The DSC equipment was calibrated prior to 
measurements, using high purity standards Pb, Sn and In with well-known melting points. 

 
3. Results and discussion 
 
A Philips Model PW 1710 X-ray diffractometer was employed for studying the structure 

of the material. The copper target was used as a source of X-rays with λ = 1.5404 Å (Cu Kα1). The 
scanning angle was in the range of 100-1200. A scan speed of 20/min and a chart speed of 1 cm/min 
were maintained.  
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Fig. 1   :  X-ray pattern of Ga15Se76Pb9 chalcogenide glass. 

 
 

The X-ray diffraction trace of Ga15Se76Pb9 chalcogenide glass was taken at room 
temperature and is shown in Fig. 1. The absence of sharp structural peak confirms the amorphous 
nature of the sample. 

Fig. 2 shows the typical continuous DSC curves of the crystallization process for 
Ga15Se76Pb9 glass at various heating rates of 5, 10, 15, 20 and 25 K/min. The characteristic 
phenomena (endothermic and exothermic peaks) are evident in the DSC curves in the temperature 
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range of investigation. The values of glass transition temperature (Tg) Ga15Se76Pb9  glassy alloy at 
different heating rates are given in Table 1. It is found that the glass transition temperature is 
shifted to the higher values by increasing the heating rates from 5 to 25 K/min.. The glass 
transition temperature is defined by the endothermic change in the DSC trace indicates a large 
change of viscosity, marking a transformation from amorphous solid phase to supercooled liquid 
state.  
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Fig. 2   : DSC plot for Ga15Se76Pb9  glass at different heating rates. 

 
The exothermic peak temperature (Tc) is used to identify the crystallization process. It is 

evident from the Table-1 that both Tc and Tg shift to higher temperatures with increasing heating 
rate. The shift of Tc arises from the dependence of the induction time associated with nucleation 
process.  

The kinetics of isothermal crystallization involving nucleation and growth is usually 
analyzed using Kolmogorov–Johnson–Mehl–Avrami (KJMA) model [33-34]. According to this 
model, the volume fraction of crystallites (α) is given by [35-37]: 
 

α(t) = 1- exp. [-(kt)n ]   (1) 
 

where α(t) is the volume fraction crystallized after time t, n is the Avrami exponent that is 
associated with the nucleation and growth mechanisms and k is the reaction rate constant. 
In this thermally activated process the reaction rate constant k is related to temperature T and is 
given by, 

k = ν exp. (-ΔEc / RT)   (2) 
 

where, ΔEc is the activation energy of crystallization, A is the pre-exponential factor and R is the 
gas constant. 
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The fraction ‘α’ crystallized at any temperature ‘T’ is given as α = AT / A, where ‘A’ is the total 
area of exotherm between the onset crystallization temperature T1, where crystallization just 
begins and the temperature T2 where the crystallization is completed. ‘AT’ is the partial area of 
exothermic peak between the temperature ‘T1’ and ‘T2’. The temperature T is selected between T1 
and T2.   

The volume fraction of crystallites (α) precipitated in a glass heated at constant heating 
rate (β) is related to the effective activation energy for crystallization (E) through the following 
expression: 
 

ln [– ln (1- α)]  =  – n ln (β) – 1:052 mE/RT + constant                       (3) 
 

where, m is an integer which depends on the dimensionality of the crystal and n being a numerical 
factor depending on the nucleation process.  

Fig. 3 shows the variation of ln [-ln(1-α)] against ln β for Ga15Se76Pb9 chalcogenide glass. 
The value of n for Ga15Se76Pb9 chalcogenide glass is found to be 1.18 which represents one 
dimensional growth from surface to inside. 
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Fig. 3. Plot of ln [-ln(1-α)] as a function of lnβ of  Ga15Se76Pb9 glass. 

 
The crystallization enthalpy (ΔHc) is evaluated by using the formula, 
 

Δ Hc = K A / M                      (4) 
 

Where K (= 1.5) is the constant of the instrument used. The value of K was deduced by measuring 
the total area of the complete melting endotherm of high purity tin and indium and used the well 
known enthalpy of melting of these standard materials. A is the area of the crystallization peak and 
M is the mass of the sample. The values of ΔHc for Ga15Se76Pb9 chalcogenide glass at different 
heating rates are shown in Table-1.  

The activation energy (ΔEc) for crystallization can be calculated by using Kissinger’s 
equation [38], 
 

ln (β/Tc
2)  =   - ΔEc / RTc  +  D                (5) 

 
The plot of ln (β/Tc

2) versus 1000/Tc for Ga15Se76Pb9 chalcogenide glass is shown in figure 
4. The value of ΔEc may be calculated from the slope of the curve and is given in Table-1. 
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Fig. 4. Plot of ln (β/Tc

2) as a function of 1000/Tc (K-1) of Ga15Se76Pb9 glass. 
 

The activation energy of crystallization can also be obtained from the variation of the 
onset crystallization temperature with heating rate by using Ozawa’s [39] relation as, 
 

ln β  =  -ΔEc / RTc + C                 (6) 
 

Figure 5 shows ln β versus 1000/Tc curves. The value of ΔEc is calculated from the slope 
of this curve for Ga15Se76Pb9 chalcogenide glass and is given in table 1.  
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Fig. 5   : Plot of ln β as a function of 1000/Tc (K-1) of  Ga15Se76Pb9 glass. 

 
The activation energy of glass transition (ΔEg) for Ga15Se76Pb9 chalcogenide glass can be 

calculated by using Kissinger's Eq. [38] as, 
 

ln (β/Tg
2)  =  -ΔEg /RTg + constant                     (7) 
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A plot of ln (β/Tg
2) against 1000/Tg should be straight line (shown in Fig. 6) and ΔEg can be 

calculated from the slope of this plot and are shown in Table 1. 
 

Table 1. Heating rate dependence of (ΔHc) , Tg (K) and Tc (K);  ΔEc ( kJ/mole)  and  
ΔEg ( kJ/mole) of Ga15Se76Pb9 glass from non-isothermal  DSC experiments: 

 
ΔHc ( J/mg) 

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

2067.86 2121.43 1928.57 2348.57 1988.57 

Tg Tc Tg Tc Tg Tc Tg Tc Tg Tc 
317 376 319 385 321 392 322 395 325 399 

ΔEg ( kJ/mole) ΔEc ( kJ/mole) 

lnβ versus 
1000/Tg 

ln(β/Tg2) versus 
1000/Tg 

lnβ versus 1000/Tc ln(β/Tc2) versus 1000/Tc

 
 
 
 
 

Ga15Se76Pb9 
 

237.35 230.24 139.47 134.73 
 
The heating rate (β) dependence of the glass transition temperature in chalcogenide glasses may be 
interpreted in terms of thermal relaxation phenomena and it has been shown by Moynihan [40] 
that the activation energy of structural relaxation (ΔEg) can be related to Tg and β by, 
 
 

d ln β / d ( 1/Tg)  =    - ΔEg / R                                        (8) 
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Fig. 6. Plot of ln (β/Tg
2) as a function of 1000/Tg (K-1) of Ga15Se76Pb9 glass. 

 
 

A plot of lnβ against 1000/Tg should be straight line (shown in figure 7) and that the 
activation energy involved in the molecular motions and rearrangements around Tg can be 
calculated from the slope of this plot and are shown in Table 1. 
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Fig. 7. Plot of ln β as a function of 1000/Tg (K-1) of  Ga15Se76Pb9 glass. 

 
The activation energy of glass transition (structural relaxation) depends on Tg and heating 

rate (β). The glass transition temperature is known to depend on several independent parameters 
such as the band gap, bond energy, effective molecular weight, the type and fraction of various 
structural units formed, cohesive energy, the average heats of atomization and the average 
coordination number [41-43]. From Table-1, it is observed that the activation energy of glass 
transition calculated using the two models is in good agreement with each other. 

 
4. Conclusion 
 
The structure and kinetics of crystallization of Ga15Se76Pb9 glass was investigated. The X-

ray diffraction measurements confirmed the amorphous nature of the sample. The crystallization 
kinetics of Ga15Se76Pb9 chalcogenide glass have been investigated by non-isothermal DSC 
measurements The value of order parameter (n) for studied glasses is found to be 1.18 which 
indicates that there is one dimensional growth from surface to inside. The interpretation of the 
experimental crystallization data is given on the basis of Kissinger’s, Matusita’s and modified 
Ozawa’s equations. By employing different methods, the activation energy of crystallization (ΔEc) 
and activation energy of structural relaxation (ΔEg) were determined from the heating rate 
dependence of crystallization and glass transition temperature. The results of crystallization 
kinetics indicate that the degree of crystallization under non-isothermal conditions fits well with 
the theory of Matusita, Sakka and Kissinger. A multiple scanning technique was used to calculate 
ΔEc and ΔEg, it was found that the value of ΔEc and ΔEg by both techniques are in good agreement 
with each other.   
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