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In this paper, we have made isoconversional modeling and analyses of kinetics of thermally induced
processes for Sbs7Saslis chalcogenide glass. The non-isothermal differential scanning calorimetry was
used and for four different heating rates the corresponding curves were obtained with this method. The
change in the apparent activation energy with the extent of conversion for three thermally induced
processes (glass transition, crystallization and melting) was analyzed by using two different isoconver-
sional methods — the isoconversional form of Kissinger model and the Vyazovkin method. The values
of activation energy during the glass transition indicated the domination of cooperative movements of
structural units while the decrease of this parameter with temperature (the extent of conversion) implied
that these movements are becoming freer. The found dynamic fragility index value of m = 23.2(10)
indicated that significant configuration changes are not present near the glass transition temperature.
Crystallizations of two structural units, SbSI and Sb2Ss, were detected. For SbSI, the activation energy
increased from E, = 103 eV for the extent of conversion of o = 5% to E, = 162 €V for the extent of
conversion of a = 95%. This is related to the influence of the initial stage of parallel crystallization of
the new structural unit Sb2Ss. Activation energy for crystallization of Sb2Ss changed from E, = 140 eV
to Eo = 167 €V for the same values of the extent of conversion. A small change in energy indicates a
volume nucleation with a constant number of nuclei. The isoconversional analysis of melting of SbSI has
shown that the activation energy decreased with the extent of conversion from FE, = 526 €V (a = 4%)
to Eq =341 eV (a = 96%) and that it was not a single-step process. The results from both applied
methods were in agreement.
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1. Introduction

Chalcogenide glasses have attracted great atten-
tion over the years and have often been the subject
of research because of their interesting properties
which make them attractive for different applica-
tions. These applications include materials for elec-
tronic elements in telecommunication systems [1]
such as devices tailored for high speed signal pro-
cessing [2], infrared materials for night vision [3],
electrical switching phenomenon which can poten-
tially be used for information storage, power con-
trol, phase change memories (PCM) [4] and many
more. They are primarily investigated for their
optical and electrical qualities (optical parameters
such as optical band gap and refractive index, trans-
parency in visible and infrared spectrum, electri-
cal conductivity) [1, 5-8]. If they are alloyed with
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certain elements, their properties can significantly
change and application possibilities are particularly
increased [9-15].

Specifically, chalcogenide glasses containing Sb
are of importance because of their potential ap-
plications in thermal imaging, nonlinear optics and
lasers [16]. Their thermal properties (thermal sta-
bility and glass forming ability) can vary with
Sb concentration [17]. Some chemical elements,
among which is Sb, are found to modify chalco-
genide glasses at the nanoscale, inducing signifi-
cant changes in their physical properties and mak-
ing those chalcogenide alloys attractive materials
for many applications, including (nano)optics and
(nano)electronics [18-21]. Several researches have
reported that the potential candidates for new gen-
eration narrow-bandgap media can be engineered on
the basis of chalcogenide glasses (ChGs) modified at
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the nanoscale by Bi, Sb, and Ga dopants [22-24].
The Bi and Sb are even reported to convert some
chalcogenide glasses generally highly insensitive to
metal doping into n-type semiconductors [25, 26].
All of the above applications rest on the effects
of formation of ordered regions of desired size and
concentration in the amorphous matrix by modify-
ing the process of their synthesis or using external
impacts, such as thermal treatment [27].

For chalcogenide glasses containing Sb, there is
a possibility of thermal induction of ferroelectric
centers SbSI, which makes them promising glass—
ceramics materials for future applications. Some
antimony sulphoiodide (SbSI) properties distin-
guish this chalcogenide compound from other fer-
roelectrics and make it suitable for use in uncooled
pyrooptic and pyroelectric infrared detectors: high
values of the dielectric constant, spontaneous po-
larization, and pyroelectric and pyrooptic coeffi-
cients [28-30]. Consequently, examination of ther-
mally induced processes in chalcogenide glasses con-
taining Sb is of large importance. As it is usually
the case, all these properties are highly dependent
on the preparation conditions and ratio of their
components.

Unfortunately, Sb—S-I type glasses can be ob-
tained in a relatively narrow range of ratios of con-
centrations by the cooling method and the sto-
ichiometric composition of the ferroelectric SbSI
compound lies outside of the Sb—S—I system glass-
forming region. Investigations of the existence of
the glass phase in the three-component Sb—S-I sys-
tem [31] have determined that compact glass can be
obtained in a narrow area, of an island character,
in the vicinity of the composition Sb37S4gl15. The
phase diagram from this system was determined by
Turjanica and Koperles [32].

In this paper, thermally induced processes are
analyzed using an isoconversional model. Isocon-
versional analysis provides a deeper insight into
the nature of the glasses themselves. In terms
of the chemical nature of glass, there are two ex-
tremes: molecular liquids with weak isotropic forces
and strong liquids with dominant covalent networks
characterized by strong directional bonds. These
two extreme configurations exhibit very different
molecular motions and configuration changes dur-
ing the glass transition process. The molecular
liquids are usually modeled as continuum char-
acterized by mean isotropic force field in which
an increase of free-volume significantly facilitates
the movement of structural units. On the other
hand, strong liquids have rigid covalent bonds and
well-defined short-range in which breaking of co-
valent bonds dominates the structural units’ mo-
tions [33]. Based on the values of the fragility
parameter, m, previous analyses of the kinetics
of thermally induced processes in the examined
glass [34, 35] and other glasses from the same sys-
tem, it was shown that these glasses do not exhibit
large configuration changes right above the glass
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transition temperature. According to Angell’s the-
ory, they do not belong to the strong liquids, for
which m =~ 16 [36, 37].

2. Experiment

According to the protocol by which the syntheses
of the other glasses from the system were done ear-
lier [34, 35|, the investigated Sbs7Ssslis glass was
prepared using the melt—quenching technique. The
sample was synthesized from elementary compo-
nents of purity starting from 99.99%, manufactured
by Sigma—Aldrich. The measured masses were
based on the calculations for the synthesis of 8 g of
the sample, and analytical balance METTLER B-6
with the accuracy of +5 x 107 kg was used. The
samples were placed and sealed in cylindrical quartz
ampoules, and evacuated to a pressure of 1072 Pa.
They were then exposed to a cascade heating tem-
perature program and air-quenched.

The heating rate in the first stage was 100 K/h.
After heating the elementary components from
room temperature to 473 K, they were maintained
on that temperature plateau for the next 4 h. In all
other stages, heating rates were 50 K/h, and the
next two plateaus were at 673 K and 823 K with
the retention of 3 h. The last plateau corresponds
to a maximum synthesis temperature of 923 K and
at this temperature the ampoule was maintained
for more than 12 h. From this maximum synthesis
temperature, the ampoule was taken out into the
air, and then placed in a thermally inert material
(AlxO3 powder) for annealing and reducing of me-
chanical stresses in the material.

The differential scanning calorimetry (DSC) mea-
surement was done using a Mettler Toledo 822 de-
vice, which is operational from room temperature
to 973 K, with temperature measurement preci-
sion of 0.2 K. Samples with mass of about 10 mg
were placed in aluminium pans (volume of pans
was 40 pl) and measurements were done for four
different heating rates, in the nitrogen atmosphere.
Nitrogen flow during measurement was 50 ml/min.
The samples were selected to have at least one flat
surface, in order to enable contact with the bottom
of the pan, and through it, with the ceramic FRS5
sensor of the device. The obtained DSC curves were
further analyzed using the Star Software. Mathe-
matical analysis of the obtained data was done in
Wolfram Mathematica and Origin programs.

In order to confirm the crystallized structural
units after exposing the sample to the appropri-
ate temperature program, an X-ray diffraction spec-
trum was recorded. The XRD was carried out us-
ing Rigaku MiniFlex 600 instrument, with Cuk,
radiation.

Thermally induced processes by DSC were con-
sidered using the isoconversional analysis. The rela-
tion that describes the rate of thermally stimulated
processes is [38, 39]
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where o stands for the extent of conversion, t is
the time, k(T') is the rate constant and f(«) is the
reaction model. The rate constant can be writ-
ten in the form of Arrhenius equation, where A
is the pre-exponential factor, F, is the activation
energy, R is the universal gas constant, and T is
the temperature. The extent of conversion can
be defined as the ratio of the current change in
heat, and the total heat change during the observed
process.

The basic principle for isoconversional methods
is the following: the rate of the process, for a con-
stant extent of conversion, is a function of tempera-
ture only. This allows the elimination of a reaction
model from the starting equation.

The starting equation (1) can be represented in
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where for temperature raised at a constant rate
T = Ty + St (B is the heating rate, t is the time,
and Tj is the starting temperature for ¢ = 0), the
integration over time can be replaced with integra-
tion over temperature
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where I(E,T) is the temperature integral which is
often approximated in different ways.

The Kissinger—Akahira-Sunose (KAS) isoconver-
sional method [40, 41] uses an approximation of the
temperature integral (3) given by Coats and Red-
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where a linear function between In (8;/(T72;) and
1/T,; is gained for each «. The index i identifies
an individual heating rate. The slope of the func-
tion is equal to the current activation energy value.

The Vyazovkin isoconversional method is based
on finding the minimum of the difference between
two terms of the equation [43, 44]
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where n is the number of different heating rates.
The difference moves towards a minimal value when
the left term of the equation reaches minimum

ED(7TOt74 6
ZZ T T8

= 1175 EaaT,J)ﬂz

—n(n—1)| = min

(5)

= min.

(6)

237

20 K/min

15 K/min

10 K/min

T T T
500 600 700

TIKI

T T
300 400

Fig. 1. DSC curve for Sbs7S4sli5 glass system at
four different heating rates.

The minimum is found for each extent of con-
version value, which corresponds to the activation
energy. For the calculation of temperature integral,
the Gorbachev approximation is used [45]

T
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3. Results and discussion

E

The obtained DSC curves for Sbs;S4sl15 glass are
shown in Fig. 1. Three different peaks can be ob-
served: endothermic peak at about 450 K, complex
exothermic peak at 560 K and complex endother-
mic peak at about 670 K. These peaks correspond
to, respectively, processes of glass transition, crys-
tallization of different structural units within the
glass, and melting.

3.1. Glass transition

The extent of conversion as a function of tem-
perature was determined (see Fig. 2) and the acti-
vation energies for each values of the extent were
calculated. The calculations were made in Wolfram
Mathematica by using the Kissinger and Vyazovkin
linear isoconversional methods, namely with (4)
and (6), (and the Gorbachev approximation (7)).

Figure 3 shows the decrease of apparent activa-
tion energy with extent of conversion and tempera-
ture and shows a typical behavior for most glasses.
Both methods of calculation give approximately the
same values. Considering the fact that activation
energies are high in the initial stage (in the order
of magnitude of hundreds of kJ/mol), this part of
the glass transition process is described in terms
of a-relaxation (a-processes), which is character-
ized by a cooperative movement of molecules and
structural units. In the second part of the curve,
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Fig. 3. Activation energy change with the extent
of conversion (a) and temperature (b) for glass tran-
sition process.

the activation energies drop to twice lower values.
As the process carries on, free volume grows, the re-
arrangement of structural units becomes easier and
they begin to move in non-cooperative manner.
The use of non-isoconversional methods on the
investigated glass has revealed that the values of
activation energy for onset glass transition temper-
ature are about 300 kJ/mol [34]. Considering that
glass transition temperature defined in this way
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corresponds to a small extent of conversion (it rep-
resents the initial stage of glass transition), the val-
ues obtained through isoconversional methods are
in good agreement.

Dynamic fragility parameter of the glass is also
determined by using

Ly

" T M10RT,’ ®
where E, is the apparent activation energy of glass
transition and T} is the glass transition temper-
ature. The fragility parameter can be estimated
with (8), whereby values that correspond to a con-
version rate of & = 0.5 can be selected for the acti-
vation energy and the glass transition temperature
(see Fig. 3). The obtained value was m = 23.2(10)
and it indicates that this glass does not undergo
significant configuration changes near glass transi-
tion temperature, but still cannot be considered as
a strong melt.

3.2. Crystallization

As it can be seen from the shapes of crystalliza-
tion peaks in Fig. 1, crystallization of this chalco-
genide glass is a complex process. Based on the po-
sition of the melting peaks of the crystallized units
(as it will be shown later) and analyses in similar
systems [46], it can be separated into two differ-
ent processes — crystallization of SbSI and SbySg
structural units. Deconvolution of peaks was made
before isoconversional analysis. The small exother-
mic effect that can be detected at low heating rates
probably corresponds to the change in the crystal-
lization mechanism. The energy of such transforma-
tion is small, i.e., the crystallization of SbSI is ex-
tremely dominant, hence the deconvolution of these
two processes within the first peak was not made.

The dependence of the extent of conversion on
temperature for the first peak (see Fig. 4) was used
to determine T, for each a.

The change of activation energy with the extent
of conversion and temperature for the first peak is
shown in Fig. 5.
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Fig. 4. The extent of conversion as a function of
temperature for the first peak of crystallization.
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Fig. 5. Activation energy change with the extent

of conversion (a) and temperature (b) for the first
peak of crystallization.

The application of different non-isoconversional
models has shown that for this glass, crystalliza-
tion of SbSI structural unit occurs through vol-
ume nucleation and three-dimensional growth, but
the number of centers of crystallization does not
change significantly during the experiment [34].
The change in activation energy is unexpectedly
large considering that most of the energy should be
associated with crystal growth. The increase of F,
with the extent of conversion can be explained by
the influence of the initial stage of parallel crystal-
lization of the new structural unit SboS3. The acti-
vation energy for peak maximum F, = 130 kJ/mol
obtained through other, non-isoconversional meth-
ods [34] is in accordance with the value obtained by
using the Vyazovkin and Kissinger isoconversional
method of E, = 126 kJ/mol (for the extent of con-
version a = 0.5, which approximately corresponds
to crystallization maximum).

The relevant graphs for the second peak of
crystallization of Sb37S4sl15 chalcogenide glass are
shown in Figs. 6 and 7.

The second peak corresponds to crystallization
of the SbyS3 structural unit. Taking into considera-
tion that — at lower values of the extent of conver-
sion — two parallel crystallizations take place, and
analyzing from the moment where only the SbsSg
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Fig. 6. The extent of conversion as a function of
temperature for the second peak of crystallization.
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Fig. 7. Activation energy change with the extent
of conversion (a) and temperature (b) for the second
peak of crystallization.

structural unit crystallizes, the change in activation
energy is under 10%, so the activation energy can
therefore be considered approximately constant.
Earlier analyses of glasses with antimony [34]
have shown that for this composition for crystal-
lization of this structural unit there is, again, a vol-
ume nucleation with a constant number of nu-
clei. The activation energy does not refer to nucle-
ation, but mostly to crystal growth and therefore
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significant changes in the activation energy were
not to be expected [47]. The fact that activa-
tion energy does not change significantly provides
a confirmation of validity of application of dif-
ferent non-isoconversional methods in the analy-
sis of crystallization mechanisms, which are based
on the assumption that the activation energy is
constant. In this case, there is a good accor-
dance of the values of activation energy obtained
through non-isoconversional methods for crystal-
lization peak (~ 170 kJ/mol [34]) and isoconver-
sional methods E,—o5 = 162 kJ/mol.

3.3. Melting

Melting of Sbs7S4glis is, like crystallization,
a complex process, consisting of more than one
transformation. The process was separated into two
different peaks. A small endothermic effect, notice-
able at low heating rates, could be a confirmation
of the observed transformation within crystalliza-
tion of SbSI. In the recorded peaks, at ~ 670 K,
there is a domination of melting of the crystallized
SbSI structural unit.

The relevant graphs for the peak of melting of
SbSI are shown in Figs. 8 and 9. A characteristic,
expected decrease of activation energy with tem-
perature is observed, which is noticed in other ma-
terials as well [48]. Values obtained through both
applied methods are in accordance. The activation
energy changes from E, = 526 ¢V (a = 4%) to
E, = 341 eV (a = 96%). The activation energy
change is 30%, which implies that this is a com-
plex, not a single-step process. If we compare
melting temperatures observed in our experiment
(T = 667.20 (20) K at heating rate of 10 K/min)
and in [49] (T = 665.15K), they are in accordance,
which is a confirmation of crystallization and melt-
ing of this structural unit.

As it can be found in literature [49], melting of
SboS3 occurs at significantly higher temperatures
(T = 823.15 K). However, the thermal decomposi-
tion of the material starts at temperatures higher
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Fig. 9. Activation energy change with the extent
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Fig. 10. Control recording of Sbs7S4sli5 glass.

than 700 K. This was concluded based on the de-
tected mass difference of the samples before and
after DSC measurement. Full analysis of this pro-
cess was not made in order to protect the furnace
and DSC sensors from contamination. Still, a con-
trol measurement was done, with only one heating
rate (see Fig. 10). As it can be seen in Fig. 10,
there is an endothermic peak which corresponds to
melting of the SbeSs structural unit at expected



Isoconversional Model of Kinetics of Thermally Induced Processes. . .

400 +——F———— T

+ ShSl
* Sb,S

2%3

300

w2004 E
C
=]
g
Ko
— 1004
0
T T T T T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60 65 70 75
20°]
Fig. 11. XRD pattern ofSbs7Ssslis glass after
annealing.

temperature. This is an indirect proof that this
structural unit has indeed crystallized during the
crystallization process.

Direct evidence of crystallization of structural
units is the recorded XRD (see Fig. 11) of the sam-
ple annealed at the temperatures where crystalliza-
tion peaks appear on DSC curves. The presence
of two structural units has been confirmed accord-
ing to the JCPDS 42-1393 for SbyS3 and JCPDS
21-0050 for SbSI.

4. Conclusions

Analysis of thermally stimulated processes by
using two different isoconversional methods in
Sb37S48115 chalcogenide glass was made. Activa-
tion energies obtained from both methods and for
all detected processes are in accordance, which is
an indicator of their reliability.

Apparent activation energy change with the ex-
tent of conversion (temperature) for glass transi-
tion is a typical decreasing curve found in most
glasses. This is related to an increase of the free
volume, which enables the structural units to tran-
sit from cooperative movements together with the
closest neighbors, to move freely, in non-cooperative
manner.

The dynamic fragility index is also determined
for the extent of conversion of 0.5, and its value
of m = 23.2(10) indicates that this glass does not
undergo significant configuration changes near glass
transition temperature.

Crystallization of Sb37S4gl15 is complex, consist-
ing of crystallization of at least two structural units,
i.e., SbSI and SbyS3. The increase of activation
energy of SbSI with the extent of conversion has
been explained by the influence of the initial stage
of parallel crystallization of the new structural unit
SboSs. The value of activation energy of crystalliza-
tion does not change significantly during the pro-
cesses which is a consequence of the mechanism
of crystallization characterized by crystal growth
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with a constant number of nucleation centers. The
small changes in activation energy provide a con-
firmation of validity of application of different non-
isoconversional methods in the analysis of crystal-
lization mechanisms.

Isoconversional analysis of melting of crystallized
SbSI structural unit has shown that it is also a com-
plex process and not a single-step one. The activa-
tion energy change from E, = 526 ¢V (a = 4%) to
E, = 341 eV (o = 96%) has been detected. The
values of melting temperatures and XRD pattern of
the annealed sample were the confirmation of crys-
tallized structural units.
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