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Abstract
Bulk Se90Pb10−xSnx (x = 0, 2, 4, 6, and 8) glassy alloys have been obtained by quenching technique, where x indicates the 
atomic mass percentage (at. mass%) of tin. The differential scanning calorimeter (DSC) technique is used under non-iso-
thermal conditions to determine different characteristic temperatures such as the glass transition temperature Tg, on-set and 
peak crystallization temperatures Tc and Tp, and melting temperature Tm. The thermal stability parameter of current ternary 
Se90Pb10−xSnx glasses exhibits A nonlinear compositional dependence with a maximum value for x = 8 at. mass% of Sn. The 
mean values of the crystallization rate (< Kp >) are lowest at x = 2 and 8, suggesting that a long time is required for these two 
compositions to fully crystallize. As a result, their stability against devitrification is at its highest, whereas the composition 
containing 6 at. mass% of Sn has the highest rate of crystallization and the lowest stability against devitrification.
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Introduction

Glass is an inorganic material that is often created from a 
liquid state by rapidly cooling it down to a solidified state 
with a steady rise in viscosity. This prevents crystallization 
from occurring [1]. The prevention of crystallization implies 
that the resulting glassy rigid material is amorphous and 
characterized by short-range order. Oxide glasses, which are 
used in our daily lives, are insulators with band gap energy 
of more than 6 eV. Chalcogenide glasses, on the other hand, 
are unique varieties of glasses having chalcogens from group 
VI (B) and other elements from other groups of the periodic 
table. Further, their energy band gap exists in the range of 
1–3 eV and therefore chalcogenide glasses are semiconduc-
tors [2]. In these glasses, the physical characteristics of the 
resultant semiconductor alter continuously as a result of the 
vast composition range of glass production. These materials, 

whose properties are customizable, serve as the foundation 
for the development of manufacturing technology in the field 
of solid-state devices. This approach opens new avenues for 
technological application beyond their current range of prac-
tical uses [3–5].

When growth and nucleation processes take place, the 
glassy alloy's resistance to devitrification is measured by its 
thermal stability (TS) [6]. The tendency of glass-forming is 
the term (GFA) indicating the ease with which a melt can 
be cooled without generating crystals during the prepara-
tion process [7]. An explanation of GFA and the charac-
teristics of the glassy phase in glassy materials is one of 
the main issues in condensed matter physics that has not 
yet been fully resolved. GFA and TS are independent and 
related to two properties of any glass. These two parameters 
have been widely studied in the literature for chalcogenide 
glasses [8–11]. The studies [8–11] show that TS and GFA 
are related to each other and the composition of the glass. 
Consequently, valuable information can be collected to 
determine their utility in suitable practical applications.

On the other hand, according to Angell's theory, the 
definition of fragility is the rate at which a supercooled 
liquid's viscosity increases at the glass transition tem-
perature while cooling [12]. Angell has classified glass-
forming liquids into two classes: strong liquids and frag-
ile liquids, depending on their fragility. According to the 
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aforementioned classification, the durability of the inter-
mediate range order in the liquid increases when the tem-
perature starts rising above its glass transition to reach the 
temperature at which it melts [13]. Strong glass-forming 
fluid viscosity exhibits Arrhenius temperature depend-
ency with an insignificantly varying prominent activation 
energy. The perceived activation energy for the viscous 
stream, in contrast, increases sharply from an extremely 
small value beyond the melting temperature toward an 
extremely large value as the glass transition approaches the 
viscosity of delicate liquids that form fragile glasses [14].

Several quantitative approaches have been used to 
evaluate the level of TS, GFA, and fragility nature of 
the glassy alloys. Most of these methods are founded on 
typical temperatures for instance the melting temperature 
(Tm), glass transition temperature (Tg), and on-set and peak 
crystallization  temperatures (Tc and Tp). The approach 
that is typically used to determine the aforementioned 
temperatures involves scanning the samples under non-
isothermal circumstances by using a differential scanning 
calorimeter (DSC) at different heating rates. In the present 
work, several parameters of TS, GFA, and fragility nature 
in Se90Pb10−xSnx (0 ≤ x ≤ 8) samples have been evaluated. 
We have chosen the Se–Pb–Sn system since research-
ers have reported their usefulness in thermo-electric and 
thermo-photovoltaic applications [15, 16]. Zobac et al. 
also reported that the Pb–Se–Sn ternary system plays a 
significant role in the development of materials for ther-
moelectric applications [17]. Studies indicate that an opti-
mal range of lead content x in selenium to maintain the 
glassy character of the Se100−xPbx system is 0.1–10. The 
excessive lead content (i.e., composition higher than 10 
at. mass%) in selenium may lead to strong possibilities the 
phase separation and crystallization [18]. The addition of 
light element tin at the cost of heavy element lead makes 
the formation of the glass convenient at manual cooling 
rates during the quenching of the melt [17]. This is the 
reason behind the chosen compositions of Pb and Sn in 
the present ternary system.

The Dietzel temperature differential (Tc – Tg), the sta-
bility parameters (Hg and S), the glass transition activa-
tion energy Et, and the mean rate factor (Kp) of crystal-
lization have all been calculated to study the transition 
state. The lowered glass transition temperature Trg and 
the Hruby parameter HR have also been calculated to 
further study GFT. The fragility index Fi has also been 
obtained to confirm that the produced glasses were made 
from robust glass-forming fluid. All these parameters will 
be discussed and evaluated in the current glassy system. 
In a further attempt, the ability of Se to form networks and 
the arrangement of bonds between the atoms that make up 
alloys have been used to explain changes in the values of 
these characteristics.

Experimental

The common melt quenching technique was used for the 
synthesis of bulk alloys of the chalcogenide glassy system 
Se90Pb10−xSnx (0 ≤ x ≤ 8). This approach involved utilizing 
an electronic balance to weigh Se, Pb, and Sn elements 
with a 5N purity of 99.999% in the proper atomic mass 
percentage proportion. The chemicals were mixed and 
sealed in an evacuated (10−6 Torr) quartz ampoule to elim-
inate the probability of any reaction of alloy with oxygen 
at high temperatures. The assurance about the homogene-
ity of the resulting alloy is obtained by gradually heating 
the ampoule and its contents from room temperature (at 
a rate of 3–4 K min-1) up to 1100 K and then maintaining 
this temperature for roughly 10 h while being frequently 
shaken. The molten samples were then speedily quenched 
in ice-cooled water to produce the wanted alloy in an 
amorphous state. The amorphous nature of the prepared 
samples was checked using SHIMADZU XRD-7000. In 
the past also, various workers have used XRD techniques 
and confirmed that lead-containing and chalcogen-rich 
alloys can be achieved in the glassy form [19–24].

After breaking the ampoules and carefully pulverizing 
the sample in a mortar and pestle to create a fine pow-
der, the produced bulk glass was obtained. The thermal 
characterization of the prepared powder samples was done 
using DSC (NETZSCH DSC 200 F3). The five values of 
the heating rate β in the multiple of five (i.e., β = 5 n; 
n = 1, 2, 3, 4, 5) in the range of ambient temperature to 
around 600 K were selected. This equipment has a tem-
perature accuracy of 0.1 K. The DSC system was cali-
brated before measurements. The calibration was made 
using a high-purity standards material (i.e., indium) hav-
ing a well-known melting point. The amount of the pow-
dered samples used for thermal analysis was 5–8 mg. The 
nitrogen gas was used as a purging agent throughout the 
calorimetric measurements.

Results and discussion

Thermal stability

Non-isothermal DSC scans of the glassy system 
Se90Pb10−xSnx (0 ≤ x ≤ 8) are shown in Fig. 1a at a heating 
rate of 15 K min-1. Three regions are shown in Fig. 1a: 
the endothermic glass transition region, the exothermic 
crystallization region, and the endothermic melting region. 
Using these peaks, one can determine four characteris-
tic temperatures (i.e., glass transition Tg, on-set Tc, and 
the peak Tp, crystallization temperatures, and melting 
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temperature Tm). These DSC scans demonstrate that the 
glass/crystal phase transition occurs in all of the exam-
ined samples. The first endothermic peak accompanied 
by the second exothermic peak in each scan reveals the 
corresponding structural relaxation and devitrification of 
each alloy as a characteristic of the glass transition and 
crystallization phenomena. Further evidence that all of the 
examined glassy alloys are homogeneous comes from the 
single glass transition and single crystallization peaks that 
were detected [6]. For each heating rate, the values of the 
aforementioned characteristic temperatures are tabulated 
in Table 1. This table reveals the renowned shifting behav-
ior of these characteristic temperatures toward the higher 
temperature side with increasing heating rate. 

To check the validity of the data (i.e., the characteristics 
of kinetic temperatures), we have calculated the volume frac-
tion α from the conversion curves of melting endotherms 
and obtained the value of (dα/dt) at different temperatures. 
Figure 1b shows such plots for a representative sample 

Se90Pb6Sn4 at different heating rates. We observe that the 
values of the peak melting temperatures (i.e., Tmp) obtained 
from both curves are in excellent agreement. The compari-
son of the results for the same representative sample is tabu-
lated in Table 2 (Fig. 2).

The rigidity of the alloy structure is related to Tg and does 
not alone give any indication of the thermal stability [6]. As 
the stiffness of alloys is significantly extended and branched 
by a substantial number of limitations, they are oriented 
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Fig. 1   a Non-isothermal DSC scans for Se90 Pb10−xSnx (0 ≤ x ≤ 8) 
glasses at a heating rate of 15 /Kmin−1, and b Plots of (dα/dt) ver-
sus temperature at different heating rates for representative sample 
Se90Pb6Sn4

Table 1   Values of the characteristic temperatures Tg, Tc, Tp, and Tom 
of Se90 Pb10−xSnx (0 ≤  x ≤ 8) at different values of heating rates β 

Composition β/Kmin−1 Tg/K Tc/K Tp/K Tom/K

Se90Pb10 5 323.8 371.4 382.6 493.1
10 326.1 377.3 390.6 492.5
15 327.5 380.6 395.6 492.7
20 328.7 383.4 399.8 492.6
25 329.4 385.6 404.1 492.5

Se90Pb8Sn2 5 323.6 376.5 394.7 490.6
10 326.0 379.0 404.8 490.4
15 327.7 381.8 412.9 490.6
20 328.8 384.1 419.0 489.8
25 329.9 389.7 426.8 490.6

Se90Pb6Sn4 5 322.2 373.5 395.2 491.7
10 324.9 381.6 405.5 491.8
15 326.3 385.2 412.1 490.9
20 327.5 386.7 417.4 490.3
25 328.4 389.3 423.3 490.5

Se90Pb4Sn6 5 329.4 371.1 380.2 491.5
10 331.9 377.7 387.8 491.2
15 333.3 381.6 394.1 491.4
20 334.7 384.5 398.4 490.8
25 335.5 387.7 401.8 490.3

Se90Pb2Sn8 5 319.3 377.4 397.6 491.9
10 322.6 382.9 408.2 491.6
15 324.1 387.0 415.4 490.4
20 325.2 391.4 423.1 490.8
25 326.2 393.1 428.9 490.4

Table 2   Comparison of the values of the peak melting temperatures 
of Se90Pb6Sn4 alloy determined experimentally from calorimetric 
measurements and theoretically from conversion curves of the vol-
ume fraction of melting endotherms

β/Kmin−1 Tpm/K (Theoretical values) Tpm/K (Experi-
mental values)

5 495.5 495.7
10 497 497.2
15 497.5 497.7
20 498 498.1
25 498.3 498.5
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toward crystallization instead of converting into glassy struc-
ture when melt quenching occurs [11]. Dietzel [25] intro-
duced the first glass criterion to estimate thermal stability 
by suggesting that the difference (Tc – Tg) is a noble sign 
of thermal stability. This depends on the fact that whether 
the glass is stable (having Tc near to Tm) or unstable glass 

(having Tc near to Tg). As a result, the nucleation process is 
delayed, thermal stability is increased, and glass formation 
is made easier as the difference between Tc and Tg increases 
[26]. Using this difference, two other criteria to evaluate 
thermal stability were obtained by Saad and Poulin [27]. 
The first is the weighted thermal stability Hg and the second 
is the S parameter, given by:

The stability of the glass increases with the S-parameter 
value. This is because (Tp – Tc) is connected to the devitri-
fication rate of the glassy phases and S represents a barrier 
to their devitrification. Values of Dietzel temperature dif-
ference (Tc–Tg), S-parameter, and Hg for the present glassy 
alloys have been calculated at all heating rates. These val-
ues are listed in Table 3. The non-monotonic compositional 
behavior of these parameters is shown in Figs. 3 and 4. It 
is clear from these figures that the thermal stability of the 
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Fig. 2   Dependence of Dietzel’s temperature difference [i.e., (Tc – Tg) 
parameter] on Sn content x 

Table 3   Values of (Tc–Tg), 
Hg, S, Kp, Trg, HR, and Fi of 
Se90Pb10−xSnx (0 ≤ x ≤ 8) at 
different values of heating rates 
β 

Composition β/Kmin−1 Tc–Tg/K Hg S/K Kp/min−1 Tg/Tm HR Fi

Se90Pb10 5 47.6 0.147 1.65 0.387 0.657 0.391 57.7
10 51.2 0.157 2.09 0.743 0.662 0.444 40.0
15 53.1 0.162 2.43 1.087 0.665 0.474 33.9
20 54.7 0.166 2.73 1.419 0.667 0.501 30.5
25 56.2 0.171 3.16 1.736 0.669 0.526 28.3

Se90Pb8Sn2 5 52.9 0.163 2.98 0.260 0.660 0.463 51.9
10 53.0 0.163 4.19 0.556 0.665 0.459 36.0
15 54.1 0.165 5.13 0.713 0.668 0.497 30.5
20 55.3 0.168 5.87 0.923 0.671 0.523 27.5
25 59.8 0.181 6.73 1.113 0.672 0.593 25.5

Se90Pb6Sn4 5 51.3 0.159 3.61 0.298 0.655 0.434 49.9
10 56.7 0.175 4.17 0.567 0.661 0.515 34.6
15 58.9 0.181 4.68 0.823 0.665 0.557 29.3
20 59.2 0.181 5.55 1.070 0.668 0.570 26.4
25 60.9 0.185 6.31 1.301 0.670 0.602 24.5

Se90Pb4Sn6 5 41.7 0.127 1.15 0.375 0.670 0.346 54.1
10 45.8 0.138 1.39 0.721 0.676 0.404 37.5
15 48.3 0.145 1.81 1.047 0.678 0.440 31.8
20 49.8 0.149 2.07 1.366 0.682 0.468 28.6
25 52.2 0.156 2.19 1.678 0.684 0.509 26.6

Se90Pb2Sn8 5 58.1 0.182 3.68 0.263 0.649 0.507 47.1
10 60.3 0.187 4.73 0.500 0.656 0.555 32.6
15 62.9 0.194 5.51 0.724 0.661 0.608 27.6
20 66.2 0.204 6.45 0.930 0.663 0.666 24.9
25 66.9 0.205 7.34 1.131 0.665 0.688 23.1
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present ternary Se90Pb10−xSnx glasses increases up to x = 4 
at. mass% of Sn, then decreases at x = 6 at. mass% of Sn 
and a sharp rise occurred at x = 8 at. mass% of Sn. This 
is generally observed because of the non-uniform bonding 
arrangements between the atoms of different constituent ele-
ments of the samples in the composition range under study. 
Figures 3 and 4 reveal that the Se90Pb2Sn8 sample is the best 
glass former and better thermally stable in the present case 
and so it offers high writability and archival storage for its 
possible application in phase-change optical memories. Fur-
ther, it possesses a moderate melting point that makes this 
composition better for the cyclability of its stable layer stack.

The structural relaxation activation energy, linked to the 
glass transition, (Et) is another crucial measure of thermal 
stability. Two familiar techniques proposed by Moynihan 
et al. [28] and Kissinger [29] are the most frequently used 
to calculate Et from the variation of Tg with β. These pro-
cedures can be expressed by the following two equations: 

The value of Et can be estimated by plotting ln β against 
1/Tg for Eq. 3a and ln(β/Tg

2) against 1/Tg for Eq. 3b. These 
graphs are shown in Figs. 5 and 6 for all compositions. 
Table 4 lists the activation energy Et values that were deter-
mined from the slopes of the generated straight lines. The 
energy required to cause an atom in one metastable state (or 
local minimum) in the glassy area to jump to another poten-
tial neighboring metastable state is referred to as Et. During 
the structural relaxation process, Et is engaged in molecular 
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mobility and atom readjustments at Tg. As a result, the 
most stable atoms are those that have a higher propensity to 
transition from one metastable state to another with lower 
internal energy and lower activation energy [30, 31]. The 
values of Et that were discovered using the two approaches 
mentioned here are in strong agreement with one another. 
The observation of the lowest Et value (corresponding to 
the maximum in thermal stability) the vice versa for the 
investigated glasses are in good agreement with the result 
above, which was reached using the values of (Tc – Tg), Hg, 
and S-parameter for the investigated glasses. Furthermore, 
Lasocka [32] introduced an empirical relation that expresses 
Tg in terms of β as follows:

Lasocka's constants for this particular glass composition 
are Ag and Bg. While Bg is proportional to the length of time 
required by the system to reduce Tg, Ag indicates the glass 
transition temperature at a heating rate of 1 K min-1. Fur-
ther, the slope of the line drawn by Eq. (4) is denoted by Bg. 
Both Ag and Bg for each composition can be calculated from 
the plots of Tg versus ln β for all compositions under study. 
Figure 7 represents these plots and the evaluated values of 
Ag and Bg for all compositions are listed in Table 4. It is sug-
gested that [33, 34], the value of Bg is related to the value 
of the relaxation activation energy Et. The greater transi-
tory receptivity of the localized configurational variations 
is observed when a glass has a high Bg value. This means 
that the glass network takes a smaller amount of energy to 
activate so it is more stable [33]. An analogous relationship 
between the Lasocka parameter Bg and the glass transition 
activation energy Et has been observed in the present case. 
This shows that the glass Se90Pb2Sn8 has a maximum value 
of Bg and a minimum value of Et.

The temperature corresponding to the maximum crystal-
lization rate is indicated by the crystallization rate factor Kp. 
It has been determined from the study of DSC curves using 
the following conditions [34]:

(4)Tg = Ag + Bglog�

This relationship is viewed as an alternative method for 
determining the glass's stability. The symbols here have 
the same significance as they do throughout the text. The 
value of Ec in Eq. (5) is the mean of activation energies 
determined using the expressions of Kissinger, Takhor, 
and Augis–Bennett given as Eqs. 6a, 6b, and 6c respec-
tively [29, 36, 37]:

In Eq. 6c, T0 in the Augis–Bennett relation denotes the 
initial temperature (i.e., the ambient temperature at which 
the DSC experiment starts) of the sample (not the on-set 
temperature To).

Various authors [38–41] have suggested the modified 
form of the Augis–Bennett relation by ignoring the ini-
tial temperature as compared to the peak crystallization 
temperature:

The benefit of the modification Augis–Bennett relation is 
that it makes the results independent of the laboratory tem-
perature at which the calorimetric experiment is performed.
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Table 4   Values of glass transition activation energy Et evaluated 
using two different methods and the parameters A and B of the 
Lasocka equation

Composition Lasocka Moynihan et al Kissinger

Ag/K Bg/K Et/kJmol−1 Et/kJmol−1

Se90Pb10 318.1 ± 0.2 3.51 ± 0.07 252.5 ± 4.9 247.1 ± 4.9
Se90Pb8Sn2 317.2 ± 0.3 3.89 ± 0.13 227.5 ± 6.8 222.1 ± 6.8
Se90Pb6Sn4 316.0 ± 0.2 3.83 ± 0.06 217.8 ± 5.2 212.3 ± 5.2
Se90Pb4Sn6 323.2 ± 0.3 3.80 ± 0.12 241.2 ± 6.7 235.6 ± 6.7
Se90Pb2Sn8 312.6 ± 0.4 4.23 ± 0.13 203.9 ± 7.0 198.6 ± 7.0
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The crystallization activation energy Ec for each method, 
calculated from the slope of the plots shown in Figs. 8–10, 
are listed in Table 5. The activation energies of the glass 
transition/crystallization are found to be less after the incor-
poration of Sn and their compositional behavior for ternary 
alloys is non-uniform. It is widely accepted that the glass 
transition/crystallization activation energies are related to 
the movement of the molecular entities during structural 
relaxation near Tg and crystal growth near Tc respectively. 
The entrance of light element Sn (atomic mass 118.7 g 
mol-1) in the glass network of parent glass by replacing com-
paratively heavy element Pb (atomic mass 207.2 g mol-1) 
facilitates the easy movement of structural units by reducing 
the mean atomic masses of ternary alloys, thereby, reducing 
the values of Et and Ec.

By averaging the estimated values of Kp at the various 
heating rates (see Table 3), the average values (i.e., (< Kp >) 
of Kp are obtained, which are then presented in Fig. 11a 

for all compositions. The glass with the greatest stability 
will reportedly crystallize at the slowest rate [42]. A close 
estimation indicates that the mean values < Kp > of Kp has a 
decreasing sequence which is almost opposite to that of the 
mean value of the stability parameter S. This reveals that a 
phase-change material goes through amorphous to crystal-
line phase change at a lower crystallization rate if it has a 
higher thermal stability.

Glass‑forming ability

This parameter is a measurement of how simple it is to 
create glass. The lowered glass transition temperature Trg, 
which is supplied as the first parameter used to estimate the 
GFA, can be expressed as [43, 44]:

According to Turnbull’s [45] theory, the glass-forming 
capacity should decline with a lower Trg for a given compo-
sition. Table 3 lists the computed Trg values for the current 
samples at various values of β. This table shows that all of 
these values are near 0.66 and fall within the acceptable 

(7)Trg =
Tg
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Table 5   Values of crystallization activation energy Ec evaluated using 
three different methods for Se90 Pb10−xSnx (0 ≤ x ≤ 8) glasses

Composition Ec/kJmol−1

Kissinger Augis–Bennett Takhor

Se90Pb10 91.0 ± 4.3 94.3 ± 4.3 97.6 ± 4.3
Se90Pb8Sn2 64.0 ± 5.5 67.4 ± 5.4 70.8 ± 5.4
Se90Pb6Sn4 74.1 ± 3.8 77.5 ± 3.8 80.9 ± 3.8
Se90Pb4Sn6 86.9 ± 3.7 90.1 ± 3.7 93.4 ± 3.7
Se90Pb2Sn8 65.8 ± 4.7 69.2 ± 4.7 72.7 ± 4.7
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range. Additionally, to the ongoing effort, many additional 
investigations [6, 11, 12, 46, 47] demonstrated that Trg pos-
sesses almost always the same value (mostly = 2/3) in most 
of the glasses. Consequently, it fails to take into account 
variations in GFA among various glass compositions. It is, 
therefore, crucial to find another GFA indication to distin-
guish between the various glasses' compositions. For this, 
the criterion proposed by Hruby [48] is as follows:

This is known as Hruby’s parameter which provides the 
chance of acquiring a glass by rapid cooling of the melt. 
Table 3 tabulates the HR values at different values of β. Ear-
lier studies indicate that glasses having HR ≥  0.4 developed 
readily with small rates of quenching [48]. However, it is a 
difficult task to obtain glasses having HR ≤ 0.1 so higher rates 
of quenching are expected. According to Table 3, at the iden-
tical heating rate, the maximum HR value arises at 8 at% of 
Sn, and all HR values are higher than 0.4. This indicates that 
Se90Pb10−xSnx alloys (0 ≤ x ≤ 8) are effective glass formers and 
that Se–Pb–Sn glasses in the studied range are simple to create 

(8)HR =
Tc − Tg

Tm − Tc

when Sn is added at the expense of Pb. Interestingly, HR is also 
the maximum for the Se90Pb10−xSnx sample.

Fragility index

The concept of fragility was introduced by Angell, during the 
process of cooling of super-cooled liquid. It is explained as 
the rate at which a supercooled liquid's viscosity increases at 
Tg [49–51]. As the temperature gradually drops, the viscosity 
increases exponentially, preventing the atoms and molecules 
from settling into long-range periodic arrangements, and lead-
ing to the formation of glass [51]. Since strong glasses have 
resistance to structural deterioration and typically have a lower 
enthalpy of structural relaxation kinetics, fragile glasses are 
substances with non-directional interatomic or intermolecular 
connections [52]. The viscosity of strong glass-forming liquids 
follows an Arrhenius temperature dependency with virtually 
uniform perceived activation energy for viscous flow. The vis-
cosity for liquids that may break glass, however, exhibits a 
temperature relationship that is distinctly non-Arrhenius. The 
perceived activation energy for viscous flow also shows abrupt 
fluctuations, going from an extremely small value beyond the 
melting point to an extremely elevated one when nearing the 
glass transition [14]. By observing how quickly the relaxation 
time shrinks as the temperature increases around Tg, one can 
determine how fragile a glass-like material is. Further, we can 
compute the fragility by using the following relation [53]:

We have used the average values of Et determined by 
Eqs. 3a and 3b in Fragility calculations. According to theory, 
Fi ranges from 16 for robust systems to 200 for fragile ones. 
Chalcogenide glassy systems lie in the middle region between 
these two limits. Covalent directed linkages that form a spa-
tial network define the strong glass-forming liquids. Fragile 
liquids, on the other hand, are made up of molecular units 
having Van der Waals bonding to hold them with each other 
isotopically [20]. For all samples and heating rates, the fragil-
ity index was determined and is shown in Table 32. This table 
reveals that glassy Se90Pb10−xSnx (0 ≤ x ≤ 8) alloys attain the 
lowest limit (≈ 16) of Fi values, which suggests that all of 
the glassy alloys in the system under study were produced by 
strong glass-forming liquids.

Conclusions

The impact of tin incorporation on the kinetic parameters 
of glass transition/crystallization of binary Se90Pb10 glass 
as a parent sample has been examined. The entry of tin in 
the parent glass network at the expense of lead Pb makes it 

(9)Fi =
Et

RTg.ln�
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easier for structural units to move around because it lowers 
the mean atomic masses of ternary alloys, which lowers the 
values of Et and Ec. Different kinetic parameters (e.g., Hg, 
S, Kp, Trg, HR, etc.) of the parent sample are changed notice-
ably, however, the changes are found to be non-monotonous. 
It is noticed that Et initially decreases with Sn content but it 
exhibits a maximum value of 6 atomic mass percentage of 
Sn after which it again decreases. This result agrees fairly 
well with that obtained from thermal stability parameters 
and indicates that Se90Pb4Sn6 glass has the lowest stability 
in the composition range of the study. In the existing ternary 
Se90Pb10−xSnx glasses, the thermal stability value shows a 
maximum value for x = 8 at. mass% of Sn in a non-linear 
compositional dependence. The crystallization rate (< Kp >) 
mean values are lowest at x = 2 and 8, indicating that these 
two compositions require a lengthy time to fully crystallize. 
Their resistance to devitrification is therefore at its peak, 
while the composition with 6 at. mass% of Sn exhibits the 
highest rate of crystallization and the lowest resistance to 
devitrification.

The computed values of the fragility index show 
that all of the samples in the current study are produced 
by strong  glass-forming liquids. The maximum value 
of < Kp > and Ec occurs for Se90Pb4Sn6 glass which crystal-
lizes earlier than the other compositions. Investigation of 
the glass-forming ability GFA criteria and fragility index 
indicates that the studied glasses are simple to create and 
have been produced by strong glass-forming liquids.
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