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ABSTRACT: The present study investigates the influence of lead incorporation on the crystallization kinetics
and thermal behavior of Seg;sTe;Pb,s glass prepared by the melt-quenching technique and characterized by
~1. Nonisothermal kinetic parameters were
evaluated using model-free isoconversional methods, namely the Friedman and Vyazovkin approaches, while the

differential scanning calorimetry over heating rates of 5-99 K-min

Matusita model was employed to gain insight into the crystallization dimensionality. Complementary isothermal
simulations were used to support the kinetic interpretations. The apparent activation energy exhibits a systematic
decrease with increasing temperature and crystallized fraction, suggesting a multi-stage crystallization process.
At lower temperatures, crystallization is dominated by three-dimensional growth with instantaneous or diminishing
nucleation, whereas higher temperatures favor a transition toward lower-dimensional growth. The evolution of the
Avrami exponent indicates the coexistence of surface and bulk crystallization mechanisms, reflecting a gradual shift
from nucleation-controlled to growth-controlled kinetics. Thermal metrics, including the glass transition temperature,
the width of the supercooled liquid region, the Saad—Poulin s-parameter, the reduced glass transition temperature,
and the Hruby number, exhibit a consistent increase with heating rate, reflecting kinetically induced delay against
crystallization. Overall, the kinetic and thermal analyses provide a coherent description of the crystallization behavior
of Seg; 5 Te;oPby s glass under nonisothermal conditions, highlighting the role of Pb incorporation in modifying both
crystallization pathways and apparent thermal stability demonstrates that Pb incorporation promotes structural
relaxation and controlled crystallization, improving the thermal endurance of Se-Te-Pb glasses, which is relevant to
thermal-stability considerations discussed in the context of optical and phase-change materials.
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1 Introduction

The synthesis of materials with tailored physical and chemical properties is essential for advancing
modern technologies in optoelectronics, data storage, and thermoelectric energy conversion. Among
various functional materials, selenium-based chalcogenide glasses (ChGs), particularly Se-Te alloys, have
attracted considerable attention owing to their optical, electronic, and thermal characteristics. Their high
photoconductivity and favorable carrier transport properties have motivated extensive research into
photodetector and optoelectronic applications [1,2]. In addition, the ability of Se-Te—based glasses to
undergo reversible amorphous—-crystalline transformations have made them a subject of sustained interest
in non-volatile phase-change memory research [3,4]. Furthermore, the relatively low thermal conductivity
and tunable electronic structure of multicomponent Se-Te systems have been explored in the context of
thermoelectric materials [5,6].
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A distinctive feature of Se-Te chalcogenides is their ability to reversibly transform between amorphous
and crystalline states, underpinning their application in phase-change and data-storage technologies.
This reversible transition, coupled with inherent thermal stability, governs their functional performance
and underscores the importance of crystallization kinetics, structural evolution, and thermal endurance.
Despite these attractive features, Se-Te glasses suffer from several limitations that hinder their wider
technological adoption, including limited thermal stability, relatively large optical band gaps, and restricted
tunability of physical properties. Also, they exhibit low glass-transition and crystallization temperatures
and are prone to aging and devitrification [5,7,8].

To overcome the intrinsic kinetic limitations of binary Se-Te glasses, a variety of metallic dopants
have been introduced to modify the glass network and tailor crystallization behavior under nonisothermal
conditions. Indium (In) incorporation has been shown to significantly influence crystallization kinetics
by altering the local structural environment of the glass network. In-doped Se-Te glasses exhibit a
reduction in the apparent activation energy accompanied by systematic shifts of the onset and peak
crystallization temperatures toward higher values, reflecting increased kinetic resistance to devitrification
during heating [9].

Similarly, zinc (Zn) and cadmium (Cd) additions in Se-rich compositions such as SeggTe, markedly affect
the crystallization mechanism and growth dimensionality. Detailed DSC-based kinetic analyses indicate that
Cd-doped glasses predominantly exhibit three-dimensional nucleation and growth, characterized by Avrami
exponents close to n = 3, whereas Zn-doped compositions tend to favor lower-dimensional crystallization
with n = 2 [10]. These dopant-dependent variations are accompanied by systematic changes in activation
energy and crystallization rate constants, reflecting the distinct roles of Zn and Cd in controlling atomic
mobility, nucleation density, and growth kinetics. Further nonisothermal studies on Cd-containing Se-Te
glasses confirm that cadmium promotes bulk crystallization with higher growth dimensionality while
modifying the activation-energy landscape and kinetic stability parameters as a function of heating rate [11].

Silver (Ag) doping has also been reported to exert a pronounced influence on crystallization kinetics
in Se-Te glasses. Kinetic analyses of Ag-containing compositions reveal the presence of overlapping
crystallization processes with distinct activation energies and Avrami exponents, highlighting the complexity
of nucleation and growth mechanisms induced by Ag incorporation [12]. Complementary investigations on
Seg.75-xTep25Agyx glasses and thick films demonstrate systematic variations in characteristic temperatures,
thermal stability parameters, and kinetic constants with increasing Ag content, confirming the strong
sensitivity of crystallization behavior to silver concentration [13].

Collectively, these studies demonstrate that metallic dopants such as In, Zn, Cd, and Ag primarily
govern crystallization behavior in Se-Te-based glasses through kinetic control of nucleation mechanisms,
growth dimensionality, and atomic mobility, rather than through simple thermodynamic stabilization of the
amorphous phase. This kinetic modulation manifests as dopant-dependent changes in activation energy,
Avrami exponent, and characteristic crystallization temperatures under nonisothermal heating conditions.

Lead (Pb) doping has similar gained attention for its pronounced influence on Se-Te systems. Kamboj
et al. [14] found that the activation energy for crystallization initially decreases at low Pb concentrations
due to network weakening but rises again at higher concentrations from crosslinking effects. In the same
way, Khan et al. [15,16] reported a reduction in both activation energy and Avrami exponent with Pb
incorporation, indicating a shift from bulk to surface nucleation and diminished thermal stability. Atyia and
Farid [17] attributed this reduction in activation energy to the formation of weaker Se—Pb and Te-Pb bonds,
which lower both growth dimensionality and thermal resistance. Joraid et al. [18] further demonstrated that
Pb addition alters nucleation-growth dynamics, enhances structural rigidity, and modifies the dominant
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crystallization mechanism. Priyanka et al. [19] also reported composition-dependent changes in activation
energy for Se;9TeyoPb; glasses, whereas Benjamin et al. [9] found that Pb-doped compositions exhibit
slightly higher activation energies than base Seq;Te o, although thermal stability decreased due to lower
crystallization temperatures. Collectively, these studies demonstrate that Pb affects activation energy,
nucleation mechanism, and thermal behavior.

Building on previous studies, this work examines the role of low-level Pb incorporation in controlling
the crystallization kinetics and thermal behavior of Se-Te glasses. Although Pb is known to modify the Se-Te
network, its influence on activation energy evolution and apparent thermal stability remains inconsistent
in the literature, particularly at low concentrations. Moreover, increasing interest in Se-Te—based glasses
with minimal Pb content, driven by practical and regulatory considerations, highlights the need to clarify
Pb-induced kinetic effects within this constrained compositional regime.

Accordingly, Sesys5TejoPbzs was selected as a Se-rich, low-Pb boundary composition that allows
systematic assessment of Pb-driven network modification without pronounced phase separation.
Methodologically, the study advances beyond earlier narrow-range DSC work by employing a wide
heating-rate window (5-99 K-min™!) to resolve crystallization staging and thermal-delay effects,
complemented by conversion-resolved isoconversional analysis and time-domain validation through
isothermal crystallization simulations using AKTS software [20].

2 Experimental

The Seg;5Te gPby s glass was synthesized from High-purity (99.999%) selenium, tellurium, and lead
powders (Sigma-Aldrich Co.) using the conventional melt-quenching technique. The constituent elements
were weighed according to stoichiometric ratios and sealed under vacuum (10~ Torr) in a silica-glass
ampoule with an inner diameter of 12 mm. The ampoule was heated in a rocking furnace and continuously
agitated during melting to ensure chemical homogeneity. After complete melting, it was rapidly quenched
in ice-cold water to obtain the glassy alloy. Differential scanning calorimetry (DSC) was performed using
a Shimadzu DSC-60 instrument at heating rates, 7, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90 and 99 K-min™’.
The calorimeter with a temperature accuracy of +0.1 K. was calibrated using a pure indium standard
(Tw = 153.6°C, Hy, = 28.55 ] g'), supplied by Shimadzu. Dry nitrogen was used as purge gas at flow
rate of 35 mL min~!. Prior to DSC measurements, the samples were ground and sieved to minimize
particle-size-dependent crystallization effects. Approximately 5 mg of the sample was evenly distributed
at the bottom of a sealed aluminum pan, with an empty pan serving as a reference. The kinetics of
the experimental DSC data were analyzed using the advanced AKTS-Thermokinetics software package
(Version 4) [20], which applies isoconversional methods assuming the reaction rate at a given extent of
conversion, a, depends solely on temperature. The isothermal crystallization curves presented in this work
are predictive simulations generated from nonisothermal DSC data using AKTS-Thermokinetics software
and do not represent experimentally measured isothermal DSC results. These simulations are used solely to
illustrate the time-domain implications and internal consistency of the nonisothermal kinetic parameters,
rather than to provide experimental validation of isothermal crystallization behavior.

3 Results and Discussion
3.1 XRD and DSC Measurements
Fig. 1 presents the X-ray diffraction (XRD) pattern of the as-prepared Seg;sTeioPb,s glass,

characterized by the absence of sharp reflections and the presence of a broad diffuse halo centered at
approximately 20 = 28-32°, accompanied by a weaker, broader feature at higher angles. Such diffraction
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features are typical of amorphous chalcogenide glasses and arise from short-range atomic ordering without

long-range periodicity.
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Figure 1: X-ray diffraction pattern of the as-prepared Ses;sTe;oPb; s glass.

Fig. 2 shows DSC curves of the Seg75Te;oPb, s glass collected at a wide range of heating rates (5 to
99 K-min™!), depicting a single well-defined crystallization peak along with glass transition, and melting.
Crystallization occurs around 370 to 480 K and the peak broadens with heating rate, reflecting a wider
temperature range for the process. This broadening arises from thermal lag and sample temperature
gradients, leading to overlapping nucleation and growth. Similar behavior has been reported for Se-Te-Pb
glasses [9,18], where higher heating rates produced broader, higher-temperature peaks. Crystallization
is a thermally activated process governed by nucleation and crystal growth, both of which require finite
time for atomic rearrangement. At low heating rates, sufficient time is available for structural relaxation
and nucleation at lower temperatures, whereas at higher heating rates the material rapidly traverses these
temperature regions, shifting the onset of crystallization to higher temperatures. This kinetic trend arising
from the interplay between atomic relaxation and thermal diffusion is evident in the onset of Fig. 2 and is
typical of nonisothermal crystallization [18].

The crystallization process under nonisothermal conditions is described by the following kinetic

equation [21-23]:

G = D@ = Aesp( 3 ) 1@ o

dt

where « is the extent of crystallization, T is temperature, k(T) is the temperature-dependent rate constant,
A is the pre-exponential factor, E is the apparent activation energy, R is the universal gas constant, and
f(@) is the model function describing the mechanism of transformation.
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Figure 2: DSC curves of Seg;sTe;oPb,s glass recorded at different heating rates, showing the glass transition,
crystallization, and melting events. The onset illustrates the dependence of the crystallization peak temperature on

the heating rate.

Fig. 3a presents the extent of crystallization, «, versus temperature for heating rates between 5 and
99 K-min~!. The sigmoidal profiles, characteristic of glass-to-crystal transformation, reflect sequential
nucleation and growth. As the heating rate increases, the curves shift to higher temperatures, indicating
that greater thermal input is required to achieve the same conversion due to reduced time for atomic
rearrangement. Crystallization may involve overlapping nucleation and growth processes rather than
strictly sequential stages [18]. These observations form the basis for subsequent kinetic analysis of the
Avrami exponent, n, activation energy, E, and growth dimensionality.

Fig. 3b displays the corresponding crystallization-rate curves obtained by numerically differentiating
the @ — T data shown in Fig. 3a. Each curve represents the instantaneous rate of transformation from the
amorphous to the crystalline state. The peak crystallization rate shifts systematically to higher temperatures
with increasing heating rate, confirming the reduced time available for nucleation and growth at faster
heating. This time-temperature compensation follows Arrhenius kinetics and enables the extraction of
conversion-dependent activation energies using isoconversional methods [18].
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Figure 3: (a) Extent of crystallization vs. temperature for Seg;sTe oPb;s glass recorded at various heating rates
(5-99 K'min™!). (b) Corresponding crystallization rate vs. temperature at the same heating rates.

3.2 Crystallization Activation Energy
3.2.1 Matusita Method

The Matusita method [24] is commonly used to analyze nonisothermal crystallization kinetics of
amorphous materials by incorporating the effects of nucleation and growth dimensionality. The method is
expressed as:

E
In[-In(1 —a)] = —nlnp — 1.052(%) + constant (2)

where f is the heating rate, R is the gas constant, m is an integer representing the growth dimensionality, and
n is a numerical factor related to the overall mechanism. For continuous nucleation, m = n; for site-saturated
nucleation, m = n — 1. Because a preheating stage preceded DSC analysis, partial nucleation prior to the
main crystallization event cannot be excluded. Accordingly, the site-saturated nucleation condition (m = n — 1)
is adopted here as a working approximation within the Matusita formalism. This assumption has been
widely employed in previous nonisothermal crystallization studies of chalcogenide and oxide glasses when
preheating or annealing stages are used, or when nucleation is expected to occur predominantly prior to
the main crystallization peak [24,25]. However, it is emphasized that this assumption is not experimentally
verified in the present work and does not uniquely define the nucleation mode.

To determine the crystallization mechanism under nonisothermal conditions, the Matusita approach
was adopted. In this framework, the kinetic exponents are extracted from linearized plots constructed from
the DSC-derived conversion data across multiple heating rates and selected temperatures, allowing the
Avrami-type exponent (and the associated growth characteristics) to be obtained consistently from the
nonisothermal transformation behavior. The use of multiple heating rates improves the robustness of the
extracted parameters by reducing sensitivity to a single thermal history and by capturing the systematic
kinetic delay with increasing f. Specifically, the Avrami/Matusita exponent was obtained from the slope of
the linear relationship between In[—In(1—o)] and In f evaluated at fixed temperatures (selected to represent
successive stages of the transformation), according to [26]:

In[-In(1 — a)] = const + nln 8 (3)
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The Avrami exponent, n, in the range 0-1 is commonly associated with surface-dominated
crystallization, whereas n > 1 is generally indicative of volume crystallization (n = 1, 2, or 34 for one-, two-,
and three-dimensional growth, respectively) [27]. The variation of n with temperature for different heating
rates is shown in Fig. 4. The obtained n values range from approximately 1.1 to 2.5 over the investigated
temperature interval of 380-480 K. Lower n values observed at the early stages of crystallization suggest a
predominance of interface-controlled growth, whereas the increase in n at higher temperatures is commonly
associated with the activation of higher-dimensional growth modes and/or an enhanced contribution of
nucleation processes. These results imply that the crystallization of the studied glass is not governed
by a single mechanism, and that different nucleation and growth modes may be operative depending on
the crystallization temperature. It should be noted that the absolute values of the growth dimensionality
inferred from the Matusita formalism depend explicitly on the assumed nucleation mode through the
relation between m and n. Therefore, the dimensional assignments discussed here should be regarded as
effective kinetic descriptors rather than as unique mechanistic identifiers.
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Figure 4: Variation of the Avrami exponent with temperature using the Matusita model. The selected temperatures
correspond to fixed crystallization fractions (& = 0.1-0.9), representing successive transformation stages.

3.2.2 Friedman, and Vyazovkin Method

Under nonisothermal conditions, the extent of crystallization, «, and its rate, do/dt, were evaluated
as functions of temperature over a range of heating rates, providing a suitable dataset for model-free
isoconversional analysis. In the present study, crystallization kinetics were analyzed using the differential
Friedman method and the integral Vyazovkin method, both of which enable the determination of the
apparent activation energy as a function of the crystallized fraction without assuming a predefined reaction
model. The Friedman method, derived directly from the general rate equation, evaluates the activation
energy at a fixed extent of conversion by linearizing the kinetic expression:

da E,
ln<dt>a,i = In[ f(@)Aq] — RT,, 4)
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Accordingly, for a given value of «, a plot of In(der/dt) versus 1/T yields a straight line whose slope
corresponds to the activation energy E(«). Owing to its differential nature, this method is particularly
sensitive to local kinetic variations and therefore provides detailed insight into the evolution of the energy
barrier during crystallization. To complement this analysis, the Vyazovkin method was employed as an
advanced integral isoconversional approach. In this method, the activation energy at a given conversion is
obtained by minimizing an objective function defined over multiple heating rates [28]:

a> Toci j
29 o

I(E
Q=
I(Ea Tuy)

n
i=

n
1 j#1
where I(E,) represents the temperature integral evaluated over small conversion intervals. Unlike classical
integral approaches, the Vyazovkin method explicitly accounts for the variation of activation energy with o,
thereby improving the reliability for multistep crystallization processes. Fig. 5 presents the variation
of the apparent activation energy as a function of crystallized fraction, obtained using the differential
Friedman method and the integral Vyazovkin method, together with the corresponding evolution of the
pre-exponential term. Both approaches reveal a systematic decrease in activation energy with increasing
conversion, indicating that crystallization proceeds through a multistep transformation rather than a single
elementary process. A similar conversion-dependent decrease in activation energy has been reported for
closely related Se-Te—Pb systems, such as Se;9TezoPb;, where nonisothermal DSC analysis demonstrated
that the activation energy varies continuously with conversion, reflecting evolving kinetic barriers during
crystallization [19].

Across the entire conversion range, the activation energies derived from the Friedman method are
slightly lower and exhibit a more pronounced curvature compared to those obtained using the Vyazovkin
method. This behavior is expected, as the Friedman approach is differential in nature and relies directly
on the crystallization rate, making it more sensitive to local kinetic variations and experimental noise.
In contrast, the Vyazovkin method is based on an integral formulation evaluated over small conversion
intervals and multiple heating rates, which generally yields smoother and more stable activation-energy
profiles for complex solid-state transformations. Such differences between differential and integral
isoconversional methods are well documented in the kinetic-analysis literature [28].

The relationship between activation energy and temperature is further illustrated in Fig. 5 (the top
x-axis), which corresponds to the temperatures associated with the Friedman analysis. Interpreted in
this form, the figure shows that the apparent activation energy decreases as crystallization progresses
into higher-temperature regions. This trend is physically consistent with the crystallization behavior
of chalcogenide glasses, where increasing temperature enhances atomic mobility and diffusion, thereby
reducing the effective kinetic barrier controlling the transformation. Similar temperature-dependent
reductions in activation energy have been observed in Pb-containing Se-Te and Se-Te-Ge-Pb glasses
studied under nonisothermal conditions, where Pb incorporation was shown to modify the crystallization
pathway and facilitate growth at elevated temperatures [9].

Within the framework of classical nucleation theory as formulated by Fisher and Turnbull [29],
the crystallization rate is governed by the combined effects of atomic diffusion and nucleus formation, each
associated with distinct energetic contributions. In this description, the pre-exponential factor reflects
the intrinsic frequency of atomic rearrangements, while the apparent activation energy encompasses
contributions from both diffusion-related barriers and the free-energy barrier for stable nucleus formation.
At lower temperatures, the effective activation energy is dominated by the nucleation barrier, whereas
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at higher temperatures enhanced thermal activation reduces the influence of nucleation and promotes
diffusion-controlled growth. As temperature increases, atomic mobility improves and the relative impact
of the nucleation barrier diminishes, leading to a progressive reduction in the apparent activation energy.
In Pb-containing Se—Te glasses, this interpretation is particularly relevant because Pb incorporation is
known to facilitate heterogeneous nucleation, effectively lowering the nucleation barrier at later stages of
crystallization. Consequently, as crystallization proceeds at progressively higher temperatures, the apparent
activation energy decreases due to the combined effects of enhanced diffusion and reduced kinetic constraints
on crystal growth. The behavior observed for Seg;sTe1oPb, s glass reflects this temperature-dependent
interplay between competing nucleation and diffusion processes, where higher activation energies at early
stages correspond to nucleation-dominated kinetics, while the subsequent reduction in activation energy
indicates an increasing contribution from diffusion-assisted growth and structural rearrangement within
the glass matrix.

In addition to the activation energy, Fig. 5 shows the evolution of the pre-exponential term extracted
from the Friedman analysis. The gradual decrease of this term with increasing conversion mirrors the trend
observed for E as a function of «. Such coupled behavior is commonly interpreted as a kinetic compensation
effect, frequently reported in nonisothermal crystallization kinetics of chalcogenide and oxide glasses.
This effect reflects progressive structural ordering during crystallization, in which the reduction in the
effective energy barrier is accompanied by a decrease in the number of available atomic rearrangement
pathways as the amorphous network transforms into a more rigid crystalline structure.

Overall, Fig. 5 demonstrates that crystallization is governed by conversion- and temperature-dependent
kinetics. The close agreement between the Friedman and Vyazovkin trends, despite their methodological
differences, reinforces the robustness of the extracted activation-energy profile and supports the
interpretation of crystallization as a multistep process with evolving kinetic barriers rather than a single
rate-controlled transformation [19].
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Figure 5: Variation of the activation energy (left axis) and the corresponding pre-exponential factor (right axis) as a
function of the crystallized volume fraction, obtained using isoconversional methods. The top x-axis represents the
temperature corresponding to the Friedman analysis, illustrating the relationship between activation energy and the

crystallization temperature range.
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3.3 Crystallization Kinetics under Predicted Isothermal Conditions

It should be emphasized that the following isothermal crystallization curves are predictive simulations
derived from nonisothermal DSC data using AKTS software The AKTS software plays a powerful role
in predicting thermal transformation behavior by employing kinetic parameters, namely the activation
energy and pre-exponential factor derived from nonisothermal experimental data [26,30]. Once these
parameters are established, the software enables accurate simulations of crystallization under arbitrary
thermal programs T(t), including strictly isothermal conditions. Importantly, this predictive capability does
not require the selection of a specific reaction model. Within the isoconversional framework, the product
A(a)f(a) is assumed to be constant at a fixed degree of conversion and remains invariant regardless of the
functional form of f(«) associated with any particular kinetic model. Consequently, the time required to
reach a given conversion under a prescribed temperature history can be calculated from Eq. (1).

la @ da
/0 dt‘A A f (@) exp(E) (©)

This model-free predictive approach offers several important advantages. It provides reliable insight

into long-term crystallization behavior and allows the optimization of thermal processing conditions
without the need for time-consuming isothermal experiments [31]. Fig. 6 shows the predicted evolution
of the crystallized fraction as a function of time under predictive isothermal conditions at temperatures
ranging from 373 K to 453 K. The curves display the characteristic sigmoidal shape typical of thermally
activated nucleation and growth processes. At lower temperatures, the transformation proceeds slowly,
featuring extended induction periods and gradual progression toward completion (low slope). As the
temperature increases, the curves shift markedly to shorter timescales, indicating a substantial acceleration
in the crystallization kinetics (high slope). This behavior arises from enhanced atomic mobility and reduced
energy barriers at elevated temperatures, which promotes faster nucleation and crystal growth.
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Figure 6: AKTS-predicted isothermal crystallization curves at selected temperatures ranging from 373 K to 453 K,
simulated from nonisothermal DSC data.
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The predicted isothermal conversion curves (Fig. 6) are utilized to determine the most appropriate
crystallization reaction model at various temperatures. By evaluating the time required to reach a specific
conversion level (commonly o = 0.632), t, = 0.632, it is possible to apply the reduced reaction model
formalism based on the relation [16]:

t

gla)=B (7)

fa=0.632
This formulation provides a dimensionless framework for comparing experimental and theoretical
conversion behavior under isothermal conditions. Here, g(«) is the integral form of the reaction model, and
B is constant that depends on the specific kinetic mechanism. When the reduced activation energy (E/RT)
is sufficiently high (e.g., above 20), the value of B approaches unity, allowing direct comparison between the
normalized time-dependent conversion data and theoretical models. Table 1 lists examples of the common
Avrami-Erofeev models, used to describe solid-state reactions. Increasing the Avrami exponent, n, values
correspond to higher growth dimensionality and a more complex nucleation behavior.

Table 1: Examples of common models used to describe solid-state reactions [21].

Model Notation fla) g(la) Mechanism
Al1.25 1.25(1 — @)[-In(1 — &)]™? [-In(1 — a)]"*® Avrami-Erofeev, n = 1.25
Al5 1.5(1 — a)[—In(1 — a)]% [-In(1 - a)]% Avrami-Erofeev, n = 1.5
A2 2(1 - a)[-In(1 — @)]? [~In(1 — a)]? Avrami-Erofeev, n = 2
A3 3(1— a)[—In(1 — &)1} [~ In(1 - )]} Avrami-Erofeev, n = 3
Ad 4(1 - a)[-In(1 — a)]% [~In(1 - a)]* Avrami-Erofeev, n = 4

By plotting the normalized isothermal conversion data and fitting them to the various theoretical
functions listed in Table 1, the dominant crystallization mechanism can be identified from the model
that best reproduces the experimental trend. Each model reflects a specific combination of nucleation
behavior and growth dimensionality. Therefore, when the experimentally reduced (normalized) curve
shows close agreement with a particular functional form, it provides strong evidence that the corresponding
crystallization mechanism governs the process at that isothermal temperature. As shown in Fig. 7,
the degree of agreement between experimental and theoretical curves varies systematically with temperature.
At lower isothermal temperatures, the experimental data exhibit an excellent fit with the A3 model
(n = 3), suggesting that crystallization proceeds primarily through a three-dimensional growth with
instantaneous or diminishing nucleation. The relatively high activation energies observed in this regime
reflect the increased structural rigidity and nucleation complexity that dominate the early stages of
transformation. With increasing temperature, the best-fit model gradually shifts toward functions with
lower Avrami exponents, A2, A1.5, and even A1.25, indicating a transition toward a lower-dimensional
growth or a reduced nucleation intensity. This behavior implies that crystallization becomes kinetically
simpler at elevated temperatures, where higher atomic mobility facilitates growth processes with fewer
nucleation constraints. The corresponding decline in activation energy at higher temperatures supports
this interpretation, as it reflects a transition from nucleation-controlled to growth-controlled crystallization.
Similar temperature-dependent reductions in the Avrami exponent have been reported for other Se-Te-based
chalcogenide systems and related amorphous materials, where increased thermal energy or heating
rate promotes surface or one-dimensional growth modes at the expense of complex bulk nucleation
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mechanisms [32]. Accordingly, these predicted isothermal curves are interpreted only as illustrative
extensions of the nonisothermal kinetic framework and not as experimental verification of isothermal
crystallization behavior.
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Figure 7: Comparison between the reduced experimental conversion data (symbols) and theoretical g(«) functions
(lines) corresponding to Avrami-Erofeev models A1.25, A1.5, A2, and A3.

In nonisothermal experiments, the master plot method, z(«), is commonly applied. The theoretical
expression of z(@) is obtained by combining the differential form, f(«), and the integral form, g(«), of the
reaction model, and is given as:

z(a) = f(a)g(a) ®)

Experimentally, z(@) is given as [33]:

= () 7 ©)

The above two equations can be normalized into the following form:

Aa) _ fl@gle) _ (da/dn), <T>2 (10)

2(0.5)  £(0.5)g(0.5)  (da/dt)ys \ Tos

Fig. 8 presents the normalized master plots in the form of Z(«)/Z(0.5) versus « across various
heating rates (7, 20, 30, 40, 70, and 90 K-min™!), corresponding to the solid-state reaction mechanisms
listed in Table 1, where the experimental datasets obtained at different heating rates from nonisothermal
experiments are superposed onto the theoretical master curves derived from solid-state reaction models
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(solid and dashed lines). The experimental points (symbols) corresponding to multiple heating rates collapse
into a single bell-shaped profile, demonstrating the robustness of the z-plot approach for nonisothermal
crystallization analysis. A common maximum is observed around « = 0.6, indicating that the normalized
rate function attains its peak at this crystallized fraction irrespective of the heating rate. In the early region
(a < 0.5), the experimental outcomes are well described by diffusion-controlled models (F1-F2), reflecting the
role of the diffusive transport of structural units to the growth front during the onset of crystallization. Once
the transformation advances beyond « > 0.5, the datasets follow Avrami-type models (A1-A3), indicating a
shift toward interface-controlled crystallization. The peak of the z-function near @ = 0.6 marks the balance
between rapid growth and the impingement/exhaustion effects that dominate the later stage.
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Figure 8: Comparison between theoretical and experimental z-master plots for the prediction of the solid-state
reaction mechanism. The experimental data (symbols) are plotted against the theoretical master curves (solid and
dashed lines) calculated using kinetic models.

Taken together, the two analyses provide complementary perspectives on the same crystallization
pathway. Both the nonisothermal z-master plot and the isothermal model fitting highlight a two-stage
mechanism: an early stage characterized by diffusion influence and a complex three-dimensional growth,
followed by alater stage dominated by an Avrami-type interface-controlled crystallization with progressively
simpler kinetics. The fact that the z-plot remains invariant across heating rates, while the isothermal fits
reveal a temperature-dependent shift toward lower Avrami exponents, demonstrates a coherent mechanistic
picture: the pathway is structurally robust, but the balance between diffusion, nucleation, and growth is
modulated by thermal energy. These convergent findings reinforce the conclusion that the crystallization of
Se-Te-Pb glasses follows a consistent two-regime mechanism, in agreement with earlier studies on related
chalcogenide systems [34-36].
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3.4 Evaluation of Thermal Behavior

The thermal metrics and glass-forming ability (GFA) of glassy materials are commonly assessed using
empirical parameters derived from characteristic DSC temperatures, namely the glass transition temperature
Ty, the onset crystallization temperature T;, and the melting temperature T,. These quantities are used
to construct several dimensionless or semi-empirical indicators describing the resistance of glasses to
crystallization under heating. Since these metrics are derived from non-equilibrium DSC measurements,
they primarily reflect kinetically controlled responses under a given heating protocol rather than intrinsic
thermodynamic stability. One of the most frequently used indicators is the width of the supercooled liquid
region given by [37]:

AT =T, - T, (11)

which represents the temperature interval over which the glass remains metastable before crystallization.
Although a larger AT is often associated with improved GFA, it is well established that AT exhibits
strong heating-rate dependence due to kinetic delay of crystallization relative to structural relaxation [25].
Another commonly used parameter is the Saad-Poulin stability parameter s, given by [38]:

s= (L - L) (T, - ) /T (12)

which relates the separation between the glass transition and crystallization temperatures to the remaining
interval up to melting. The reduced glass transition temperature, (Tg / Tm), provides a normalized measure
of the glass transition relative to the melting point and is frequently employed as an empirical descriptor of
glass-forming ability. Similarly, the Hruby number is given by [39]:

H. = L—Ty (13)

Tm—T.

which incorporates both crystallization onset and melting behavior and is widely used to assess kinetic
resistance to crystallization. It should be noted that the absolute values and trends of all these parameters
are strongly influenced by heating rate, thermal inertia, and finite heat-transfer effects inherent to DSC
measurements [40,41].

Fig. 9 shows the heating-rate dependence of these thermal metrics. In Fig. 9a, the glass transition
temperature increases from approximately 326 K at the lowest heating rate to about 343 K at the highest.
This behavior reflects the well-known kinetic dependence of T, on heating rate [42], commonly described
by the logarithmic relationship proposed by Lasocka [43] and consistent with kinetic models such as
the Kissinger relation [44]. In addition to intrinsic kinetic effects, thermal inertia and instrumental lag
contribute to systematic upward shifts of characteristic temperatures at high heating rates, even in the
absence of changes in material stability [40].

The supercooled liquid region AT broadens from ~30 K to ~55 K with increasing heating rate. This
widening represents an apparent extension of the metastable temperature window under rapid heating,
arising primarily from delayed crystallization onset caused by kinetic suppression of nucleation and growth
rather than enhanced thermodynamic stability [40,43]. Similar heating-rate-induced broadening of AT has
been reported in polymeric and inorganic glasses studied by conventional DSC, where it was attributed
to delayed structural relaxation and metastable structural states. The Saad—Poulin s-parameter increases
nearly linearly with heating rate, indicating a proportional increase in the delay between T, and T.. This
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trend reflects a predictable, rate-dependent kinetic delay of crystallization relative to the glass transition,
consistent with previous observations in chalcogenide glasses [25].
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Figure 9: Variation of Ty and DT (left axis) and the s-parameter (right axis) in panel (a), together with T, (left axis)
and the Hruby number H; (right axis) in panel (b), as a function of heating rate. Symbols represent experimental data,
while solid lines show the fitted trends.

Fig. 9b shows that the reduced glass transition temperature T, increases with heating rate and tends
toward saturation at higher . This behavior arises primarily from the upward shift of T, under faster
heating due to diminished structural relaxation, while the melting temperature remains comparatively
insensitive [43,45].

The obtained T,, values (0.648-0.674) follow the empirical ‘two-thirds rule’, indicating reasonable
glass-forming ability [45]. The Hruby number H, also increases steadily with heating rate, reflecting an
apparent enhancement of resistance to crystallization under rapid heating conditions, which is widely
recognized as a kinetic effect rather than an intrinsic improvement in thermodynamic stability [39].
Comparable trends have been reported for Se-Te-based glasses, including Pb-containing systems, and are
consistently attributed to kinetic suppression of crystallization under nonisothermal conditions [9,19,40].
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Taken together, the thermal metrics in Fig. 9 demonstrate a clear rate-dependent postponement of
crystallization onset as the heating rate increases. These parameters describe when crystallization begins
under a given thermal protocol, whereas the activation energy obtained from kinetic analysis characterizes
how crystallization proceeds once initiated. Delaying crystallization onset to higher temperatures places
the system in a regime of enhanced atomic mobility, resulting in lower effective activation barriers during
subsequent growth, consistent with isoconversional analyses and the Fisher-Turnbull framework [19,40].

While undoped Se-Te glasses exhibit a monotonic increase in thermal metrics such as AT, s, Tpg,
and H, with heating rate due to intrinsically kinetically controlled effects arising from delayed structural
relaxation and crystallization [9,25], the present Se-Te-Pb glass preserves this general rate dependence but
with systematically higher absolute values. The persistence of the same heating-rate trend indicates that
Pb addition does not alter the fundamental kinetic origin of these thermal parameters but instead produces
a composition-dependent upward shift superimposed on the general kinetic response characteristic of
Se—Te glasses. Independent DSC studies on Se-Te-Pb glasses measured at fixed heating rates show that
Pb incorporation increases the glass transition temperature and modifies the glass network through
configurational changes and altered bonding environments, consistent with Pb acting as a network
modifier [42]. Such network modification can suppress nucleation and delay crystallization, leading
to an enhanced apparent resistance to crystallization under nonisothermal heating conditions.

By contrast, the activation energy obtained from the kinetic analysis characterizes how crystallization
proceeds once it has initiated, rather than when crystallization begins. The observed decrease in
activation energy with increasing extent of crystallization, as revealed by the isoconversional analysis,
is fully consistent with the thermal-metric trends discussed above. The rate-dependent postponement of
crystallization onset to higher temperatures places the system in a regime of enhanced atomic mobility, so
that once nucleation occurs, the subsequent transformation proceeds with a lower effective kinetic barrier.

Within the Fisher-Turnbull framework, initiation at elevated temperatures reduces the effective
nucleation barrier and promotes diffusion-controlled growth. Consequently, crystallization evolves toward a
growth-dominated regime in which the apparent activation energy decreases progressively with conversion.
This behavior is characteristic of nonisothermal crystallization in chalcogenide glasses and has been widely
reported for Se-Te-Pb systems, where isoconversional methods consistently show a monotonic decline of
activation energy as crystallization advances, with only minor methodological variation between integral
approaches [19].

In this context, the thermal metrics describe a rate-dependent delay of crystallization onset, whereas
the activation-energy analysis captures the kinetic efficiency of the transformation after onset. The thermal
and kinetic results therefore probe complementary stages of the same crystallization pathway and are
mutually reinforcing rather than contradictory.

4 Conclusion

The crystallization behavior and thermal response of Ses;sTe;oPbys glass were examined under
nonisothermal conditions using DSC combined with model-free kinetic analysis. The conversion-dependent
activation energy obtained from Friedman and Vyazovkin methods decreases with increasing temperature
and crystallized fraction, indicating a multistep crystallization process. Avrami and Matusita analyses reveal
a transition from predominantly three-dimensional growth at lower temperatures to lower-dimensional,
diffusion-assisted growth at elevated temperatures. Thermal parameters derived from DSC, including the
glass transition temperature, supercooled liquid region, Saad—Poulin parameter, reduced glass transition
temperature, and Hruby number, increase systematically with heating rate, reflecting kinetically induced
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delays in crystallization onset rather than intrinsic thermodynamic stabilization. Pb incorporation preserves
the fundamental kinetic behavior of Se-Te glasses while producing a composition-dependent upward shift
in characteristic temperatures, consistent with Pb acting as a network modifier. Overall, the combined
kinetic and thermal analyses clarify the role of low-level Pb incorporation in controlling crystallization
pathways and apparent thermal stability in Se-Te glasses under practical heating conditions.
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