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On the iso-conversional analysis of the activation 
energy of amorphous-crystalline transition in 
nano-crystalline Se-Te-In-Pb chalcogenide glasses

Aayush Kainthlaa, Shubham Sharmaa, Meenakshia, 
Sangam Kapoora, Anjalib, Nagesh Thakura, Balbir Singh Patialb,*

Abstract: The present paper examines the fluctuations in ac-
tivation energy of amorphous-crystalline phase transition of 
Se79–xTe15In6Pbx (x = 0, 1, 2, 4, 6, 8 and 10) chalcogenide glasses 
using computational iso-conversional analysis for the data ob-
tained under non-isothermal conditions using differential scan-
ning calorimetric technique at four different heating rates; 5, 
10, 15 and 20 K/min. This study examines how the activation 
energy of crystallization (Ec) varies with the degree of conver-
sion (χ) and temperature (T) using an algorithm developed in Py-
thon named as HPU-B-MASS. The Python algorithm incorporates 
iso-conversional methods; Kissinger-Akahira-Sunose (KAS), 
Ozawa-Flynn-Wall (OFW), Tang & Chen and Starink methods to 
analyze the variation of Ec with both χ and T. It is found that Ec 
is not constant but varies with χ as well as T. The iso-conver-
sional analysis of the investigated glasses indicates that the as-
sumption of constant Ec is not appropriate. Ec obtained for the 
investigated alloys from different methods are different. This 
difference can be attributed to the fact that these methods are 
based on approximations involved in obtaining the final equation 
of different formalisms. Furthermore, our findings suggest an 
increased propensity for crystallization in glasses with Pb con-
tent as compared to the parent ternary alloy.
Keywords: Chalcogenide glasses; Differential scanning calorim-
etry; Non-isothermal methods; Iso-conversional analysis; Com-
putational analysis.

INTRODUCTION

In recent years, chalcogenide glasses have become the focus of at-
tention, primarily owing to their crucial characteristics, like broad 
transmission range, elevated refractive index (2.0 ≥ n′ ≥ 3.7), excellent 
resistance to chemical wear, effective optical transition, high photo-
sensitivity, a high second/third-order optical nonlinearity, transparen-
cy in both the mid and extended infrared ranges, coupled with reduced 
phonon energy in comparison to fluoride or oxide glasses and amor-
phous-crystalline (a-c) phase transition (Wuttig et al., 2017; Kumar 
et al., 2011; Lankhorst et al., 2005; Zakery & Elliott, 2003; Vashist et 
al., 2023; Liu et al., 2001). Therefore, chalcogen-based glasses have 
drawn substantial interest in the fields of science and technology ow-
ing to their numerous potential applications. These include xerogra-
phy, switching, chemical sensing, memory devices, near-field scan-
ning microscopy/spectroscopy, photolithographic processes, infrared 
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sources/lasers, microstructure realization in inte-
grated optics, the production of cost-effective solar 
cells and their emerging role as optical recorders 
utilizing reversible phase-change out of which the 
technological applications of threshold and memory 
switching are widely regarded as highly significant 
(Zakery & Elliott, 2003; Ovshinsky, 1968; Mott, 
1971; Carlson & Wronski, 1976; Jiang & Okuda, 
1991). In addition to nonlinear characteristics, there 
are pronounced features such as high transparency 
in the extensive middle and far-infrared spectral re-
gions (Cui et al., 2013), low melting point, low ther-
mal conductivity and exceptional stability, enabling 
the creation of doped glasses with a variety of other 
elements (Yoon et al., 2006; Lu et al., 2013). While 
Se-based chalcogenide glasses have numerous ap-
plications, their major drawback is susceptibility to 
thermal instability. The addition of tellurium helps 
in overcoming this issue as well as the challeng-
es associated with the limited durability due to 
susceptibility to corrosion and limited sensitivity 
exhibited by amorphous selenium (Chiba & Funa-
koshi, 1988; Patial et al., 2013; Muragi et al., 1988). 
Tellurium provides vital characteristics necessary 
for modern cutting-edge technologies that depend 
on chalcogen-based glasses (Wilhelm et al., 2007). 
Common characteristics often encompass features 
such as far infra-red transmittance, crucial for ap-
plications in optical fiber and infrared optics (Zak-
ery & Elliott, 2003; Raoux et al., 2010) and rapid 
crystallization essential for phase change optical 
data storage devices (Wuttig & Steimer, 2007; Wut-
tig & Yamada, 2007; Wojciech et al., 2007). The 
incorporation of a third component such as In into 
the Se-Te binary chalcogenide system results in the 
formation of stable glassy alloys. In conjunction 
with broadening the glass-forming region, there is 
a simultaneous generation of disorder in compo-
sition and configuration within the system (Patial 
et al., 2011). The inclusion of a third element has 
been noted to contribute to the formation of a cross-
linked structure, leading to a subsequent elevation 
in the glass transition of a material from a glassy 
state and the temperature at which the binary al-
loy undergoes crystallization. The presence of a 
metallic impurity such as Pb heightens the over-
all thermal stability of the Se-Te-In glassy system 
and also leads to an increase in conductivity. It also 
increases the conduction transition from p-type 
to n-type (Kastner et al., 1976; Pattanaik & Srini-
vasan, 2003; Murugavel & Asokan, 1998; Tohge et 
al., 1987). Thus, these are excellent for substituting 

the traditional p-n junction, making them optimal 
materials for such a replacement. Chalcogenide 
materials with the addition of Pb have garnered 
interest for a range of applications, including opti-
cal communication, high-resolution spectroscopy, 
analysis of optical fibers, as well as the detection 
of airborne contaminants like hydrocarbons in the 
atmosphere and swift analysis of vehicle emissions, 
thus positioning them as an enticing field for addi-
tional investigation (Tacke, 1995; Agne et al., 1994; 
Anjali et al., 2020; Patial et al., 2022).

Studying the thermodynamic properties of chal-
cogenides is crucial in material science for gaining 
a profound insight into the fundamental process 
of transforming an amorphous system into a sta-
ble crystalline system. Differential scanning cal-
orimetry (DSC) or Differential thermal analysis 
(DTA) stands out as the most extensively employed 
among standard thermal analysis techniques due 
to its ease of execution, high sensitivity, non-de-
structive nature and minimal sample requirements. 
One can investigate the kinetics of glass transfor-
mation through both isothermal and non-isother-
mal measurements (Patial et al., 2011; Abu-Sehly, 
2009; Abdel-Rahim et al., 2005; Patial et al., 2017; 
Imran et al., 2001; Patial et al., 2011) (Tripathi et 
al., 2012; Deepika et al., 2009). In the isothermal 
technique, the sample is rapidly heated to a tem-
perature surpassing the glass transition temperature 
(Tg), and the heat generated during the subsequent 
crystallization process is continuously recorded as 
a function of time (t) at a constant temperature. In 
the non-isothermal approach, the sample under-
goes heating, typically at a constant rate, general-
ly starting from room temperature, and the result-
ing heat release is recorded as a function of either 
time or temperature. One drawback associated with 
the isothermal method is the inability to instantly 
achieve the desired test temperature. Furthermore, 
during the time required for the system to stabilize, 
measurements cannot be conducted. On the other 
hand, the non-isothermal method does not have this 
drawback (Starink & Zahra, 1997). Thus, for these 
mentioned reasons, non-isothermal technique has 
also been employed in the current study to investi-
gate the amorphous-crystallization transformation 
kinetics in Se79−xTe15In6Pbx (x = 0, 1, 2, 4, 6, 8 and 
10) glassy alloys. 

In the study previously from our lab, these sam-
ples were analyzed for structural, optical, dielectric 
and thermal study. In the thermal study, crystal-
lization activation energy Ec was also deduced at 
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peak temperature for each investigated alloy by dif-
ferent formulations assuming the constancy of Ec 
throughout the amorphous-crystallization process. 
The previous reports from our lab and other studies 
suggested that consideration of constant Ec is not 
apposite which motivate us to analyze the varia-
tions in activation energy of amorphous to crystal-
line phase transition of the samples Se79−xTe15In6Pbx 
(x = 0, 1, 2, 4, 6, 8 and 10) under study. Many re-
searchers got attracted to various applications de-
rived from the phase transition of these materials 
from amorphous to crystalline (Kumar et al., 2011; 
Tripathi, 2010; Shaaban & Tomsah, 2011). 

In technological contexts, the thermal stability 
of chalcogenide glasses holds fundamental signifi-
cance, as the range of viable operating temperatures 
is contingent upon the structural alterations and 
potential crystallization processes that occur at the 
given operational temperature. Therefore, the sig-
nificance of the activation energy as a crucial pa-
rameter becomes more pronounced as it signifies the 
glass’s thermal stability, and its magnitude mirrors 
the characteristics of a-c transformation. Within the 
Johnson-Mehl-Avrami (JMA) model framework, 
the Avrami exponent and Ec are constant during the 
crystallization process (Lopes et al., 2014). Recent 
advancements in this area have revealed that these 
do not remain constant but exhibit fluctuations at 
different stages of transformation (Abu-Sehly, 
2009; Abdel-Rahim et al., 2005; Patial et al., 2017; 
Liu et al., 2004; Sahay & Krishnan, 2004; Joraid, 
2005; Abu-Sehly & Elabbar, 2007). The idea of the 
variable activation energy effectively within a-c 
transformation during the crystallization process 
is generally determined by nucleation and growth 
which are likely to have different activation energies 
(Vyazovkin, 2000; Vyazovkin, 2000; Vyazovkin, 
2000; Vyazovkin, 2003). It is pointed out that the 
correlation between activation energy variation and 
the degree of crystallization, and consequently tem-
perature, can offer valuable insights into the diverse 
mechanisms involved in the transformation process 
(Vyazovkin, 2000). For the current investigation, 
the effective energy required to initiate the transi-
tion from a-c phase for Se79−xTe15In6Pbx (x = 0, 1, 2, 
4, 6, 8 and 10) chalcogenide glasses is determined 
using four iso-conversional methods namely KAS 
method (Kissinger, 1956; Kissinger, 1957; Akahira, 
1971), OFW method (Ozawa, 1965; Flynn & Wall, 
1966), Tang & Chen method (Wanjun & Donghua, 
2005) and Starink method (Starink, 2003) to inves-
tigate the variation with degree of crystallization 

and temperature. These iso-conversional methods 
are incorporated into a Python code developed for 
this study, and all analyses are performed computa-
tionally which increases the reliability of the results 
and enhances their accuracy when concluding.

MATERIALS AND METHODS 

Synthesis and DSC of Se79−xTe15In6Pbx

Glassy alloys composed of Se79−xTe15In6Pbx (x = 0, 
1, 2, 4, 6, 8, and 10) were synthesized through the 
melt quenching method. Materials with high pu-
rity (99.999%) of 5N are measured based on their 
atomic percentages and sealed in a quartz ampoule 
(length ∼5 cm, diameter ∼12 mm) under a vacuum 
of 2 × 10−5 mbar. The sealed ampoule was heated in a 
muffle furnace for 10 hours at the rate of 2-3°C/min 
up to 900°C. The ampoule was regularly agitated 
to ensure uniformity. The quenching is done in the 
chilled water rapidly. Thus, prepared bulk samples 
were ground into a fine powder for further analysis.

The nano-crystalline nature is identified by X-ray 
diffraction (XRD) and further confirmed by field 
emission scanning electron microscope (FESEM) 
(Anjali et al., 2023). X-ray diffraction of investigat-
ed composition is performed at room temperature 
by taking XRD pattern of the examined samples 
through PANalytical X′Pert x-ray diffractometer in 
10° < 2θ < 90° range at 1°/min scanning rate using 
Cu Kα (λ = 1.54056 Ǻ). The investigation of premier 
characteristic peaks in the XRD spectrum signifies 
the nano nature of examined alloys. The surface 
morphology as well as the nanocrystalline nature 
of examined system is further analyzed by FESEM 
(HITACHI-SU8010) operating at an accelerating 
voltage of 15 kV; which indicates good consistency 
with XRD outcome.

The thermal data of the glasses under investi-
gation is collected using Mettler Toledo Stare DSC 
system under non-isothermal conditions for four 
different heating rates of 5, 10, 15 and 20 K/min. 
This equipment has a temperature accuracy of 
±0.1°C. A standard alumina pan was used to seal 
a sample weighing 3-5 mg which was then subject-
ed to heating in a dry nitrogen environment with 
non-isothermal conditions at a rate of 40 milliliters 
per minute in the range 30-500°C to investigate a-c 
transformation region. Fig. 1 shows the DSC trac-
es for all the samples Se79−xTe15In6Pbx (x = 0, 1, 2, 
4, 6, 8, and 10) under investigation at the heating 
rate 20°C/min. It can be seen from these curves 
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that well-defined glass transition region (first en-
dothermic peak), crystallization region (exothermic 
peak) and melting (second endothermic peak) were 

observed. Similar traces were also observed for all 
the examined samples at other heating rates viz 5, 
10 and 15°C/min (not shown here).

Figure 1. DSC curves for Se79−xTe15In6Pbx (x = 0, 1, 2, 4, 6, 8, and 10) 
alloys at the heating rate 20°C/min.

Custom Python Code for Data Analysis

In this study, a Python code-named “HPU-B-MASS” 
was specifically developed for the analysis of data, 
calculations, and generation of the graphs. Sublime 
Text 3 was utilized as the integrated development en-
vironment for creating and refining this code, offer-
ing a streamlined and efficient platform for develop-
ment. In this Python code, several essential features 
have been implemented that allow to accomplish a 
variety of tasks seamlessly. The code begins by im-
porting the necessary libraries, such as numpy, pan-
das, scipy and matplotlib, ensuring access to a rich 
set of tools for data handling and analysis.

Firstly, the DSC-derived data on a-c transfor-
mation under non-isothermal conditions at four 
different heating rates αi (5, 10, 15 & 20 K/min) is 
analyzed using this Python code. When the Python 
code is executed, it prompts the user to input the Ex-
cel file name, including the ‘.xlsx’ extension, which 
contains the data obtained by DSC of Se79−xTe15In6Pbx 
(x = 0, 1, 2, 4, 6, 8, and 10). The data includes tem-
perature and heat flow values for each of the four 
different heating rates αi (5, 10, 15 & 20 K/min). 
The Python code then automatically reads the data 
from the Excel file and stores it in arrays within 

the code for further calculations. Sub-intervals for 
interpolation are entered, using which temperature 
and heat flow values are interpolated. The Python 
code utilizes the Cubic Spline function from the 
SciPy library to perform interpolation, ensuring 
smooth transitions between data points. Matplotlib 
is used to generate graphs illustrating the relation-
ship between temperature and heat flow for each 
heating rate. The code then proceeds to calculate 
the area under the curve using the interpolated 
points for each heating rate αi (5, 10, 15 & 20 K/
min). For loop is implemented to calculate the area 
under the curve using the two-point trapezoidal rule 
for each segment. Along with the two-point trap-
ezoidal rule, Simpson’s 1/3rd rule is also incorpo-
rated to compare the accuracy and results of each 
method. For the two-point trapezoidal rule, the area 
under the curve is calculated by taking two of the n 
interpolated points at a time and applying the rule. 
For a given number of interpolated points, the algo-
rithm starts by calculating the area of the first trap-
ezoid under the curve and storing it in the variable 
‘total area’. It then computes the area of the next 
trapezoid and adds it to the current value of ‘total 
area’. This process continues until the area for the 
nth trapezoid is calculated, with each result being 
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added to ‘total area’. Consequently, the final value 
of ‘total area’ represents the cumulative area under 
the curve. Linear curve fitting or regression analy-
sis is employed in the Python code to establish a lin-
ear relationship between the variables x and y. This 
technique is utilized to determine the optimal fit for 
the data, resulting in a precise representation of the 
results. The calculations performed in this research 
provide an accuracy of up to two decimal points. 
This precision can be easily increased by adjusting 
the number of interpolation points accordingly.

RESULTS AND DISCUSSION

The variation of heat flow versus temperature for 
a-c transformation in Se79Te15In6 at all four heat-
ing rates is shown in Fig. 2. The similar variation 

was also observed for other investigated samples 
(not shown here). The extent of crystallization (χ) 
was assessed utilizing the partial area technique. 
The determination of the crystallized fraction (χ) 
at a given temperature (T) involves the calculation 
χ = AT/A, where A represents the total area under 
the exothermic peak occurring between the initial 
temperature (Ti), marking the onset of crystalli-
zation, and the final temperature (Tf), indicating 
complete crystallization. The term AT denotes the 
area under the peak between temperatures Ti and T. 
Fig. 3 shows the crystallization fraction at a gener-
ic temperature T (shaded area of exothermic peak). 
The relationship between temperature and the crys-
tallized fraction follows a sigmoid curve, as depict-
ed in the literature (Abu-Sehly & Elabbar, 2007; 
Shaaban et al., 2009). 

Figure 2. Heat flow versus temperature for crystallization peaks 
in Se79Te15In6 at heating rates 5, 10, 15 and 20 K/min.

Figure 3. Crystallization fraction at a generic temperature T.
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A sigmoid curve typically has an S-shaped 
appearance, starting slowly, increasing steeply in 
the middle, and then leveling off. It is observed 
that all the examined samples show almost simi-
lar type sigmoid curves (Fig. 4) in the entire range 
of the considered temperatures. Fig. 4 shows the 
aforementioned variation for Pb additive sam-
ples; Se78Te15In6Pb1, Se77Te15In6Pb2, Se75Te15In6Pb4, 
Se73Te15In6Pb6, Se71Te15In6Pb8 and Se69Te15In6Pb10 at 
four heating rates; 5, 10, 15 and 20 K/min. The sig-
moid curve here suggests a temperature range over 
which crystallization is initiated and then proceeds 

to completion. The steep ascent in the middle of 
the curve represents the phase where crystalliza-
tion accelerates and the leveling off indicates that 
the crystallization process is nearly completed at 
higher temperatures. The plotted experimental data 
is presented in Fig. 4 and using this data, the code 
determines the corresponding temperature for crys-
tallization fractions χ = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 
0.7, 0.8 and 0.9. These temperature values are used 
to compute the x- and y-coordinates for generating 
graphs in all four iso-conversional methods; KAS, 
OFW, Tang & Chen, and the Starink methods. 

Figure 4. Variation of crystallized fraction as a function of temperature for 
Se78Te15In6Pb1, Se77Te15In6Pb2, Se75Te15In6Pb4, Se73Te15In6Pb6, Se71Te15In6Pb8 and Se69Te15In6Pb10 

at four heating rates; 5, 10, 15 and 20 K/min.
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The KAS (Kissinger, 1956; Kissinger, 1957; 
Akahira, 1971) method is based on the equation 
given below: 

	
(1)

This equation allows for the determination of 
the activation energy Eχi without needing to assume 
a specific reaction model. It involves measuring 
the temperatures at the different heating rates αi 
and plotting ln(αi/Tχi

2) versus 1000/Tχi to obtain the 
slope, which is proportional to the activation energy 
i.e. activation energy at each degree of conversion 
can be calculated.

The OFW (Ozawa, 1965; Flynn & Wall, 1966) 
method considers the heating rate only on the left-
hand side and the deduced expression is:

	
(2)

This method focuses on how the heating rate 
influences the conversion rate. It does not require 
knowledge of the reaction order, making it useful 
for various materials and processes. Plotting of 
(lnαi) versus 1000/Tχi is used to deduce the slope and 
hence activation energy.

The expression for the Tang and Chen method 
(Wanjun & Donghua, 2005) is given by:

	
(3)

This method refines the estimation of the activa-
tion energy by introducing a factor for the tempera-
ture dependence in the denominator. The equation 
is used to evaluate kinetic parameters by account-
ing for slight variations in temperature power thus 
allowing a more precise calculation of the activa-
tion energy than KAS method. Thus, in this meth-
od, the variation of ln(αi/Tχi

1.895)versus 1000/Tχi is 
used to derive Eχi.

The relationship used in the Starink (Starink, 
2003) method is as follows:

	
(4)

This method is similar to the Tang & Chen 
method but with a different temperature exponent. 
The equation suggests a refined approximation for 
kinetic studies. This method provides a reliable es-
timation of activation energy by slightly modifying 
the temperature exponent, improving accuracy in 
various kinetic analyses.

In the given context, the subscript i denotes the 
different heating rates (5, 10, 15 & 20 K/min), R is 
the universal gas constant (8.314 JK−1mol−1), Eχi and 
Tχi denotes the activation energy (Ec) and tempera-
ture (T) in more generalized manner for each χ re-
spectively. A corresponding Tχi and heating rate αi for 
each degree of the conversion χ are used to calculate 
the values of ln(αi/Tχi

2) for KAS, (lnαi) for OFW, ln(αi/
Tχi

1.895) for Tang and Chen and (lnαi/Tχi
1.92) for Starink 

method using the code. Each of these values is plot-
ted against 1000/Tχi to obtain four different graphs 

Figure 5. Plot of ln(αi/Tχi
2) versus 1000/Tχi obtained using KAS method, (lnαi) versus 1000/Tχi 

obtained using OFW method, ln(αi/Tχi
1.895) versus 1000/Tχi obtained using Tang & Chen method, 

ln(αi/Tχi
1.92) versus 1000/Tχi obtained using Starink method, for Se79Te15In6.
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for each iso-conversional method concerning the 
crystallized fraction, χ = 0.1 − 0.9. The plot appears 
as a straight line, as shown in Fig. 5 with the slopes 
calculated using the code. Further, Fig. 6 depicts 
the determination of Ec concerning the crystallized 
fraction, χ = 0.1 − 0.9 for the glassy alloy with the 
composition Se79Te15In6 using the KAS, OFW, Tang 
& Chen, and Starink methods. A similar proce-
dure is also opted for the determination of the Ec 
in the other samples. The slope values are pivotal 

in enabling the code to deduce the activation ener-
gy corresponding to each χ value. The plot of KAS 
gives the slope −Eχ/R, OFW gives the slope −1.0516 
Eχ/R, Tang & Chen gives the slope −1.00145 Eχ/R 
and Starink method gives the slope −1.0008 Eχ/R 
from which the code calculates the values of activa-
tion energy for each iso-conversional method. The 
calculated activation energy values are then printed 
in the form of the table by the Python code. These 
values are given in Tables 1, 2, 3 and 4. 

Ec

χ x = 0 x = 1 x = 2 x = 4 x = 6 x = 8 x = 10
0.1 293.02 115.80 112.30 131.68 119.76 137.37 157.74
0.2 237.11 118.86 108.85 124.14 123.27 131.17 147.33
0.3 291.59 118.74 105.67 120.37 118.78 127.55 140.20
0.4 254.44 117.99 103.16 117.28 110.79 123.51 133.90
0.5 231.97 116.83 100.68 115.38 101.74 120.36 129.49
0.6 220.93 115.48 98.98 112.78 94.59 116.67 126.65
0.7 216.90 114.01 97.80 110.37 90.16 112.85 124.26
0.8 224.51 112.26 96.93 107.34 86.65 110.58 121.85
0.9 249.81 110.06 95.82 103.98 83.96 106.44 118.50

Table 1. Values of Ec (kJmol−1) for Se79−xTe15In6Pbx at χ = 0.1 − 0.9 by KAS method.

Ec

χ x = 0 x = 1 x = 2 x = 4 x = 6 x = 8 x = 10
0.1 284.51 116.08 112.72 131.12 119.76 136.51 155.88
0.2 317.02 119.06 109.49 124.02 123.15 130.68 146.06
0.3 283.31 118.99 106.51 120.49 118.94 127.29 139.33
0.4 248.03 118.32 104.16 117359 111.39 123.49 133.39
0.5 226.70 117.26 101.82 115.83 102.83 120.54 129.23
0.6 216.24 116.00 100.24 113.40 96.08 117.08 126.56
0.7 212.43 114.63 99.15 111.14 91.91 113.50 124.32
0.8 219.70 112.99 98.37 108.31 88.62 11.39 122.08
0.9 243.83 110.95 97.37 105.18 86.13 107.52 118.95

Table 2. Values of Ec (kJmol−1) for Se79−xTe15In6Pbx at χ = 0.1 − 0.9 by OFW method.

Fig. 6 shows the correlation between the extent of 
conversion (χ) and activation energy (Ec) along with 
its correlation to the temperature (T) for different 
iso-conversional methods. The values of Ec and T 
used is calculated for each corresponding degree of 
the conversion χ (0.1 − 0.9). The correlation between 
the activation energy and the extent of conversion is 
represented by the points and that between tempera-
ture and extent of conversion is shown by the solid 
lines. Even though there is a spike in the value of 
Ec with χ at first, the general trend is a decrease in 
the value of Ec for all four iso-conversional meth-
ods. Similar plots are also observed for all other 

investigated samples. The bold points (see Fig. 6) 
show the correlation between the extent of trans-
formation and Ec, for crystallization region for the 
investigated Se79Te15In6 alloy. Similar variations 
are also observed for the other investigated sam-
ples. The data presented in the tables demonstrate 
a significant fluctuation in the local apparent acti-
vation energy concerning the extent of transforma-
tion across all four a-c transformations methods. 
Across these methods, a consistent trend emerges 
a progressive reduction in the activation energy at 
the local level as the χ increases. Notably, it is im-
portant to highlight the good agreement observed 
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with that particular degree of crystallization at vari-
ous heating rates (Vyazovkin & Dranca, 2006). The 
estimated average temperature is also computed us-
ing the code. The solid line in the figure indicates 
that as the temperature increases during the crystal-
lization process, there is an expected corresponding 
rise in the magnitude of crystallized fraction χ.

among the KAS, OFW, Tang & Chen, and Starink 
methods. Furthermore, the variation in Fig. 6 also 
depicts the correlation between the temperature and 
the resultant local activation energy for crystalli-
zation (Ec). The variation in Ec with temperature is 
accomplished by replacing the degree of crystalliza-
tion with a determined mean temperature associated 

Figure 6. The relationship between the local activation energy with χ and temperature 
as identified through four iso-conversional methods for Se79Te15In6.

Each of the four iso-conversational methods 
shows a reduction in the Ec with rising tempera-
ture, suggesting an augmentation in the crystal-
lization rate as the temperature increases. Hence, 
it becomes apparent that the a-c transformation is 
best explained by a series of intricate multi-step 
reactions, encompassing various growth process-
es. Instead of a single-step mechanism, there are 

varying activation energies and mechanisms in-
volved. The decrease in activation energy with 
increasing temperature supports the notion that 
both nucleation and growth processes jointly gov-
ern the crystallization rate constant. This aligns 
with the conclusions drawn by other researchers 
(Kumar et al., 2009; Kaur et al., 2000; Maharjan 
et al., 2003).

Ec

χ x = 0 x = 1 x = 2 x = 4 x = 6 x = 8 x = 10
0.1 292.92 115.97 112.47 131.81 119.91 137.49 157.83
0.2 326.96 119.02 109.02 124.29 123.41 131.30 147.44
0.3 291.50 118.90 105.85 120.53 118.94 127.70 140.32
0.4 254.50 118.16 103.35 117.44 110.96 123.66 134.04
0.5 231.97 117.00 100.86 115.55 101.93 120.52 129.64
0.6 220.95 115.66 99.18 112.96 94.79 116.84 126.80
0.7 216.93 114.18 98.00 110.55 90.37 113.03 124.41
0.8 224.53 112.44 97.13 107.53 86.86 110.77 122.02
0.9 249.79 110.25 96.03 104.18 84.18 106.63 118.68

Table 3. Values of Ec (kJmol−1) for Se79−xTe15In6Pbx at χ = 0.1 − 0.9 by Tang & Chen method.
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Ec

χ x = 0 x = 1 x = 2 x = 4 x = 6 x = 8 x = 10

0.1 293.03 115.96 112.46 131.82 119.92 137.50 157.86

0.2 327.10 119.02 109.01 124.29 123.42 131.31 147.46

0.3 291.61 118.90 105.84 120.53 118.94 127.70 140.34

0.4 254.49 118.15 103.33 117.44 110.96 123.66 134.05

0.5 232.04 117.00 100.85 115.55 101.92 120.52 129.64

0.6 221.01 115.65 99.16 112.95 94.77 116.83 126.81

0.7 216.99 114.18 97.98 110.54 90.35 113.02 124.41

0.8 224.59 112.43 97.12 107.51 86.84 110.76 122.02

0.9 249.87 110.24 96.01 104.17 84.16 106.62 118.67

Table 4. Values of Ec (kJmol−1) for Se79−xTe15In6Pbx at χ = 0.1 − 0.9 by Starink method.

Thermal reactions often involve multiple steps 
and complex mechanisms that change at differ-
ent degrees of conversion. Some methods are 
more sensitive to these changes than others. For 
example, the OFW method can sometimes over-
estimate activation energies at higher conversion 
rates due to its mathematical nature. Thus, the 
sensitivity of each method to changes in reaction 
mechanism influences the variations in Ec values 
at different conversion levels. While comparing 
these methods, the KAS method fits well because 
of its direct integration approach as it minimizes 
errors associated with complex approximations, 
leading to more accurate and reliable estimates of 
activation energy, especially at different degrees 
of conversion. Along with it, this method also 
comes with adaptability to changes in reaction 
mechanisms, robustness to experimental varia-
tions and effectiveness in dealing with multi-step 
reactions. These characteristics make it a reliable 
method for determining activation energy across 
different degrees of conversion. Also, the Starink 
method often provides more consistent and reli-
able values of activation energy across different 
degrees of conversion because it minimizes the 
approximation errors seen in other methods. Here, 
the logarithmic relationship between the heating 
rate and a temperature-dependent term (T1.92) is 
plotted against 1/T and the slope provides a more 
accurate estimate of the activation energy. There-
fore, by introducing a correction term (T1.92) in the 
equation, this method provides a better fit, espe-
cially when dealing with complex reactions and 
multi-step processes. Also, it is generally more 
robust against experimental variations due to its 
modified mathematical treatment. In general, if 
the reaction involves complex mechanisms or 

significant variations in activation energy across 
different degrees of conversion, the Starink meth-
od is preferable. However, for simpler reactions 
or when a straightforward analysis is desired, the 
KAS method is adequate.

The activation energy for these two mechanisms 
typically differs and hence causes the effective acti-
vation energy to change in response to temperature 
fluctuations (Vyazovkin, 2000). The foundation of 
this comprehension lies in the nucleation theory in-
troduced by Fisher and Turnbull (Turnbull & Fish-
er, 1949), which posits that the relationship between 
the crystallization rate, denoted as r, and tempera-
ture dependence is expressed as:

	
(5)

In the above equation, r describes how quick-
ly the material transitions from an amorphous (or 
glassy) state to a crystalline state. This rate depends 
on various factors, including temperature, activa-
tion energy and nucleation dynamics. r0 represents 
a pre-exponential factor related to the intrinsic 
properties of the material and the crystallization 
process. It represents the crystallization rate under 
ideal conditions without energy barriers. ED denotes 
the activation energy for atomic or molecular dif-
fusion, kB stands for the Boltzmann constant which 
relates the energy at the atomic or molecular scale 
to temperature. Additionally, ΔF signifies the free 
energy change required to form a critical nucleus of 
the new crystalline phase. It is a key factor in nucle-
ation theory because it dictates how readily a new 
phase (like a crystal) can form within the existing 
material. A higher ΔF indicates a more challenging 
nucleation process.
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The equation consists of two exponential terms, 
each addressing different aspects of the crystallization 
process. The first exponential term (exp(–ED/RT)) de-
scribes how the crystallization rate is influenced by 
the activation energy for diffusion (ED) and tempera-
ture. A higher ED means that more energy is required 
for atoms to move and form an ordered crystal struc-
ture. As temperature increases, the exponential term 
becomes larger (less negative), which enhances the 
rate of diffusion and consequently, the crystalliza-
tion rate. The second exponential term (exp(–ΔF/(kBT))) 
is related to the nucleation process, where ΔF rep-
resents the free energy change required to form a 
stable nucleus of the new phase. The probability of 
forming such a nucleus increases as temperature ris-
es, as indicated by the dependence on T in the de-
nominator. A higher temperature reduces the value 
of ΔF/(kBT), making the exponential less negative, 
which increases the crystallization rate. The equa-
tion suggests that the crystallization rate (r) is pri-
marily governed by two factors: atomic diffusion 
(via the first exponential term) and nucleation (via 
the second exponential term).

Nucleation theory posits that a new phase (e.g., a 
crystal) forms through the creation of small clusters 
(nuclei) of atoms. For crystallization to occur, these 
nuclei must overcome an energy barrier (ΔF), after 
which the formation of the crystalline structure can 
proceed rapidly. The reduction in the activation en-
ergy of crystallization (Ec) can be linked to changes 
in these parameters, such as temperature or material 
composition, which affect how readily atoms can 
move and nucleate a new phase.

Compositional Dependence of Ec

It can be seen from Tables 1-4 that the values of 
Ec obtained for the investigated alloys from differ-
ent methods are different. This difference can be 
attributed to the fact that these methods are based 
on approximations involved in obtaining the final 
equation of different formalisms. Furthermore, our 
findings suggest an increased propensity for crys-
tallization in glasses with Pb content leading to an 
observed reduction in crystallization activation 
energy i.e., Pb-additive samples have lower activa-
tion energy as compared to the parent ternary alloy. 
Further, there is a slight variation in the value of Ec 
deduced from different methods for each degree of 
conversion (Tables 1-4). This variation may be aris-
ing due to various assumptions taken during their 
formulations. On comparing deduced Ec values 

through different empirical routes; it is concluded 
that either of these formulations can also be utilized 
to realize Ec value at a particular extent of conver-
sion along with distinct precisions. The derived 
values of Ec of these samples at different degrees 
of conversion are in concordance with the observed 
values of activation energy of crystallization for the 
alloys analyzed previously from our lab. 

Understanding the variable activation energy 
helps in the precise control and optimization of 
the crystallization process in chalcogenide glasses, 
which are used in various applications including op-
tical devices and electronic components. The study’s 
findings can improve predictive models for the ther-
mal behavior of similar materials, aiding in the de-
velopment of more reliable materials for industrial 
applications. Enhanced knowledge of activation en-
ergy variations supports better quality control in the 
manufacturing of chalcogenide glasses, ensuring 
consistent performance in their applications.

CONCLUSIONS

In the present study, the chalcogenide glassy alloys 
of the composition under study are prepared by melt 
quenching technique. The kinetics of the phase 
transformation from amorphous-crystallization 
(a-c) transition in thus primed chalcogenide glassy 
alloys are investigated using DSC technique under 
non-isothermal conditions. The iso-conversation-
al analysis of a-c transformation is conducted. The 
entire process, including calculations, graph gener-
ation, and table creation, was carried out computa-
tionally using Python code-named ‘HPU-B-MASS’. 
The indications provided by the crystallization ac-
tivation energy values (Ec) demonstrate a consistent 
agreement and a comparable pattern of variation in 
Ec is evident with both the degree of conversion χ 
and temperature T across all four iso- conversional 
methods. Upon reheating the chalcogenide materi-
al, the nuclei converge leading to the formation of a 
novel and intricate phase through nucleation. Con-
currently, the new phase undergoes growth. By con-
sidering the distinct activation energies governing 
the nucleation and growth processes in the a-c trans-
formation, it can be anticipated that there is a tem-
perature-dependent fluctuation in the effective crys-
tallized activation energy. This phenomenon aligns 
with the principles outlined in Turnbull and Fisher’s 
theory. The present investigation discloses that the 
shift from amorphous to crystalline state in the ana-
lyzed samples entails an intricate procedure, marked 
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by diverse mechanisms of nucleation and growth. 
The activation energy, obtained through the four 
iso-conversional methods; the KAS, OFW, Tang & 
Chen, and Starink methods, is observed to change 
about both the degree of conversion χ and the tem-
perature T. Each of the four iso-conversional meth-
ods indicated that the activation energy varies with 
the temperature. Therefore, computational iso-con-
versional analysis leads to the conclusion that as-
suming a constant value for Ec is inappropriate.

Thus, this study highlights the variable nature 
of activation energy in the investigated Se-Te-In-Pb 
chalcogenide system, demonstrating that activation 
energy changes with both degrees of conversion as 
well as temperature. The findings challenge the as-
sumption of constant activation energy, emphasiz-
ing the need for accurate iso-conversional analysis 
to better understand the crystallization behavior of 
these materials. Thus, future research can apply the 
iso-conversional analysis to other types of glass-
es and materials to explore if similar variations in 
activation energy occur, potentially leading to new 
insights in material science. The Python algorithm 
used in this study can be further developed and 
adapted for analyzing other complex thermal pro-
cesses, enhancing the tools available for research-
ers in the field. The study’s results can contribute 
to the refinement of theoretical models for crystal-
lization and phase transitions, potentially leading 
to advancements in material design and processing.
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