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Abstract: The topic of this article concerns the studies of the thermal analysis characterization of the Sn5Gel0Se85-xPbx
(2.5<x<20 at. %) chalcogenide glass using the differential thermal analysis (DTA) technique. Most of the extracted kinetic
parameters in this article focus on the SnsGe10Ses25Pb2 s glass. The obtained DTA thermograms emphasized one endothermic peak
characterizing the glass transition process, one exothermic peak characterizing the crystallization process, and lastly, one
endothermic peak characterizing the melting of the considered glass. The obtained transformation data of the mentioned glasses are
analyzed using the methods of Lasocka and those based on the Johnson-Mehl-Avrami (JMA) formal theory of transformation after
modification. Kissinger, Augis, and Bennett (AB), Matusita-Komatsu-Yokota (MKY), and Gao-Wang (GW) methods, in
particular. Most of the deduced values of the activation energy of crystallization extracted from the used analytical methods are
nearly equal. The crystalline phases of the annealed glass were detected using the X-ray diffraction (XRD) technique. Applying
the GW method, it can be emphasized that, the concerned glass is crystallized in two dimensions by surface crystallization.
Besides, some of the physical parameters for the considered glass have been calculated, which can be used to ascertain the obtained
experimental data. In this context, the average coordination number (Z), the deviation of stoichiometry (r), the fraction of floppy
(f), and the overall mean bond energy (<E>) have been calculated.
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1. Introduction

The physical properties of chalcogenide materials,
especially in their glass form, have attracted much attention
due to their wide technical applications [1]. Their physical
properties, as known, are strongly influenced by their chemical
composition and physical shape [2, 3]. Chalcogenide glass is
well-known infrared transmitting materials [4], with inferred
transparency in the 3-5 and 8-14 m wavelength ranges. It is
recognized that these glass have attracted much attention in the
field of electronics as well as in infrared optics since they
exhibit several specular phenomena, that are applicable to
devices such as electrical switches and/or memory image
storage and photoresistors [4-6].

In general, it is recognized that most of the chalcogenide
glasses show p-type conduction, and their electrical
conductivity is very slightly affected by doping. This
insensitivity is attributed to the presence of charged defects,
which pin the Fermi level near the mid band [7]. Tohge et al.
were the first to point out the role of Bi [8] and Pb [9]
modifiers in the appearance of n-type conduction in
germanium-chalcogenide glasses. In addition, notable
investigations of the electronic conduction processes [10] and
the phenomenon of carrier-type reversal [11] in Pb-Ge-Se
glasses were reported.

In the last decade, many efforts have been carried out on
the physical properties of Pb modification for the ternary Sn-
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Ge-Se chalcogenide glasses [12-17]. Kumar et al. [12] have
studied the effect of Ge addition on the physical properties of
Sng Sezs PbisxGex (X =7, 8, 9, 10 and 11 at. %) chalcogenide
glasses. They were focused on the calculation of the necessary
physical properties, which have an important role in
determining the structure and strength of the mentioned
glasses. In this context they calculated many of the physical
properties of the mentioned glasses. They have calculated the
average coordination number, the deviation of stoichiometry,
constraints, the overall mean energy, the cohesive energy and
the heat of atomization. The authors found that an increasing
trend in the overall mean energy, the cohesive energy and the
heat of atomization with the Ge addition to the considered
glasses. Kumar et al. [13] have studied the basic boundary
arrangement and structure of SngSez4PbisxGex (x =7, 8, 9, 10,
and 11 at. %) chalcogenide glasses. They used thermal analysis
and FTIR tools for their studies. The calculated mean bond
energy and experimental analysis of the far-infrared spectrum
agree with the chemically ordered network model (CONM)
and chemical bond approach [14].

Besides, they found that the effect of increasing the
concentration of Ge-Se bonds enhances the strength of the
glassy network, hence raising the glass transition temperature.
Another glass alloy was prepared by Modgil and Rangra [15],
where they studied the thermal and optical properties of
PbeSe71Ge2o.Shx (x = 8, 9, 10, 11, and 12 at. %) chalcogenide
glasses. The thermal analysis parameters were investigated
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using the differential scanning calorimetry (DSC) technique in
a non-isothermal regime, while the optical parameters were
determined using transmittance and reflectivity measurements.
They have observed that, the phase separation of the annealed
glasses. This observation was confirmed using the x-ray
diffraction technique (XRD).

The authors observed that the studied glasses have good
forming ability, a high value of glass transition temperature,
and glass stability. Besides, they determined many optical
parameters, such as the extinction coefficients, the optical band
gap, and the refractive index. Thermal and optical
measurements revealed that these investigated glasses were
influenced by Ge. substitution with Sn, in which the
substitution enhances the thermal properties and reduces the
optical band gap.

Kumar et al. [16] have studied both, the kinetic properties
of SngSe74PbisxGex (x= 7, 8, 9, 10 and 11 at. %) bulk glasses
using the DSC technique and the optical properties of thin
films of the mentioned glasses using the spectrophotometry
tools. The thermal measurements of the present glasses showed
high glass transition temperature and thermal stability. The
increase of Ge content in the present glassy matrix caused
enhancement in the cross-linking, increased the density of
stronger bonds in network and thus offers material applications
in high temperatures, such as in thermal imaging and solar
cells. The optical properties of the studied glasses reveal the
dependence of the optical parameters on matrix composition,
their bonding structures and film thickness. All caused a
considerable variation of band structure. This is due to the
increase of the degree of disorder, density of localized states,
and band tailing parameters. Hence, they concluded that the
mentioned factors play a pivotal role in tuning the optical
properties of the present glasses.

Kumar et al. [17] investigated the dielectric dispersion
behaviors of quaternary SngSezsPbis.xGex (x = 7, 8, 9, 10, and
11 at.%) glassy alloys in the frequency range 500 Hz-1 MHz
and temperature range room temperature to below the glass
transition temperature in a notable work. Besides, they studied
the temperature variation of DC and AC conductivities and the
dielectric parameters of the investigated glasses. They found
that the temperature variation of ac conductivity obey the
power law ®s where ® is the angular frequency and s is a
parameter near unity that decreases or increases according to
the ac conduction mechanism. The authors observed a decrease
in both dc and ac conductivities with the increase of Ge
content. This was attributed to the decrease in the density of
localized states and band tailing. In conclusion, they observed
the correlation between the dielectric and conductivity
behavior of the investigated glasses. The obtained results were
interpreted on the basis of the theory of hopping of the charge
carriers proposed by Elliot [18]. Because of the importance of
chalcogenide alloys in many applied fields mainly
optoelectronics, a new series (SnsGeioSess«xPby, where x = 2.5,
5, 10, 15, 17.5, and 20 at.%) of the material is considered in
this article. The DTA technique was used to investigate
thermal transformation behaviors.

In this context, some of their physical parameters were
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calculated such as, the average coordination number (Z), the
deviation of stoichiometry (r), the fraction of floppy (f), and
the overall mean bond energy (E) were calculated. For
extracting the kinetic parameters under the non-isothermal
regime, the methods of Lasocka [19] and those based on the
Johnson-Mehl-Avrami (JMA) formal theory of transformation
[20-22] after modification were applied. More specifically, the
methods of Kissinger [23], Augis and Bennett (AB) [24],
Matusita-Komatsu- (MKY) [25], and Gao-Wang (GW) [26]
were utilized.

2. Experimental techniques
2.1 Bulk Pb-modified.

The usual melt quench technique was used to prepare Sn-
Ge-Se (SnsGeioSess-xPbyx; where x = 2.5, 5, 10, 15, 17.5, and 20
at%) chalcogenide glasses as described in ref [9]. High-purity
element constituents (5N Aldrich) were sealed in an evacuated
(10-5 Torr) quartz ampoule. The sealed ampoule was placed in
a muffle furnace. To achieve good mixing of the elemental
constituents, the furnace temperature was raised with a
temperature ramp of about 3 K/min and then held at 1173 K for
about 24 hours with continuous rocking. The ingot was finally
quenched in ice-cold water. The prepared alloys' glassy nature
and crystallised phases of the annealed ingots were
investigated using an x-ray diffractometer (Bruker D8
Advance, Germany) with Cu as a target and Ni as a filter (Cu
k1; = 1.5406) at 30 kV and 30 mA with a scanning speed of
2.5 °/min. A calibrated differential thermal analyzer (DTA 50 —
Shimadzu Differential Thermal Analyzer - Japan) was used to
record the thermograms of the present glassy alloys. For
calibration, the melting temperatures and enthalpies of high-
purity indium, tin, and lead standards (powder of particle size
54 m supplied with the apparatus) were used. The calorimetric
sensitivity was 10 uW/ cm and the temperature precision was +
0.1 K. For each calorimetry measurement (at heating rates § =
5, 10, 20 30, and 40 K min™) typically 3 mg of sample in
powder form (54 pum) was sealed in a standard aluminum pan
and scanned over a temperature range from room temperature
to about 800 K. High purity nitrogen gas was used as an inert
atmosphere. The values of the glass transition temperature (Ty),
the onset temperature of crystallization (Tc), the peak
temperature of crystallization (T,), the end temperature of
crystallization (T.), and the melting temperature (Tm) of the
studied glasses were determined by using the software of the
user apparatus.

3. Results and discussions
3.1 Calculations of some physical parameters

The change in the heat capacity during the glass transition
(ACy) for the considered glasses has been calculated using the
following equation [27]:

ACy=AH/Bm 1)

where AH is the change in heat flow through the investigated
sample with mass m at a glass transition and B is the heating
rate. The average coordination number Z of the considered
glasses has been calculated using the standard procedures
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described elsewhere [28] using the coordination numbers (CN)
of 4, 4, 2, and 4 for Sn, Ge, Se, and Pb, respectively. Thus, for
SnaGepSecPbq (a + b + ¢ + d = 1) glasses, the values of Z could
be given by:

Z=aCN(Sn)+bCN(Ge)+cCN(Se)+dCN(Pb) )

The calculated values of Z for the studied glasses are recorded
in Table 1. The parameter r which determines the deviation of
the stoichiometry of the studied glasses and is expressed by the
ratio of the covalent bonding possibilities of chalcogen atoms
to those of non-chalcogen atoms has been calculated using the
following formula [29, 30]:

r=cCN(Se)/(aCN(Sn)+bCN(Ge)+dCN(Pb)) ©)

The calculated values of r of the mentioned glasses are
given in Table 1.

The bond energies (Eag) of heteropolar A-B bonds can be
estimated using the following Pauling’s equation [31]:

EAB:0.5(EAA+EBB)+23(XA—XB)2 (4)

where Eaa and Egg and Xa and Xg are, respectively, the
homopolar bond energies and electronegativity of A and B
atoms. The homopolar bond energies and electronegativity are
obtained from Reference [32, 33].

The overall mean bond energy (<E>) of the present glasses,
which were found [30] to depend on the average coordination
number Z, the degree of cross-linking/ atom (P), the type of
bonds, and the bond energy forming a network, has been
calculated as described by Tichy and Ticha [30]. Values of
<E> have been recorded in Table 1 too. Values of the fraction
of floppy (f) of the present glasses, which are recorded in Table
1, have been calculated according to the theory of M.F. Thorpe
[34].

Table 1: shows the relationship between the physical
parameters Z, r, f, and E of SnsGe1oSess«Pbx glasses and their
chemical composition x.

X Z R f <E> <E>
kJ mol-1 eV atom™?
2.5 2.35 | 2.357 0.04167 206.558 2.141
5 2.40 2 0 207.192 2.148
10 2.50 1.500 | -0.08333 207.676 2.153
15 2.60 1.167 | -0.16667 207.052 2.146
175 | 2.65 | 1.038 | -0.20833 206.420 2.140
20 2.70 | 0.929 -0.25 92.560 0.959

Looking at the recorded Z values in Table 1 it can be seen
that, the considered compositions undergo two topological
changes. Really, the topological model is based on the
constraint theory [34, 35] and structural dimensionality
consideration [28]. In this model, the properties can be
discussed in terms of the average coordination number Z,
which is independent of the valence bond species. Two
topological thresholds at the average coordination numbers Z =
2.4 and Z = 2.67 have been predicted by this model. At Z = 2.4
(in the present case, composition with x = 5 at. %) the glass
network has a mechanical threshold or critical composition, at
which the network changes from an elastically floppy
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(polymeric glass) type to a rigid (amorphous solid) type [34,
35]. The recorded data of the fraction of floppy f [34] in Table
1 confirm this glass structure transition. Looking at the
recorded f data, it can be emphasized that, for the glass
composition with x = 2.5 at. % it is observed that this glass has
f=0.04167 meaning value. When x =5 at. %, f =0 and when
X is greater than 5 at. %, f has meaningless value. Extending
the topological model to the medium-range structures, another
topological feature at Z~ 2.67 (compositions with x = 17.5 and
20 at. %) was observed. This feature was attributed to a change
from a two-dimensional (2D) layered structure to a three-
dimensional (3D) network arrangement due to cross-linking
[28]. This information will be used later when we talk about
the results of thermal analysis.

3. Results and Discussion:

3.2. X-ray diffraction (XRD) measurements and phase
transition temperatures

The XRD of the bulk SnsGeioSess«Pby (2.5<x<20 at. %)
chalcogenide alloys is shown in Fig. 1. The absence of any
sharp peaks confirms the glassy nature of the considered
alloys. Except for the compositions with x = 15 and 17.5 at.%,
which have small peaks. These emerging characterizing peaks
of the glasses with x = 15 and 17.5 at. were for the Ge, SnSe,
GeSe, and PbSe crystalline phases, respectively. The
mentioned diffractograms of the studied glasses emphasize that
there are three halos; the first two moderate halos are in the 26
range of 10° — 17.5° and 22.5° — 35° and the third, which is
weak, is in the 26 range of 45° — 57.5°. These observations
may give us the impression that the glassy alloys will
crystallize with heat treatment into different crystalline
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Fig. 1: X-ray diffraction patterns of as-prepared

SnsGe1oSess.xPbx (2.5<x<20 at %.) compositions.
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The thermograms of the SnsGeioSessxPbx (2.5 x 20 at%)
chalcogenide glasses were measured using differential thermal
analysis (DTA) at a heating rate of = 5 K min-1. The obtained
DTA thermograms look like the observed standard ones. The
thermograms have three thermal transition events. The first
event is the existence of one endothermic, which characterizes
the glass transition temperature and confirms that the
mentioned glasses have one structural phase. The second event
is the existence of one exothermic peak characterizing the
crystallization process of the studied glasses. This behavior
may mean that the undertaken chalcogenide glasses do not split
into their binary phases. The third event is the existence of one
endothermic peak that characterizes the melting point of these
glasses. These observations give us an impression that the
glasses under study are one-phase alloy. Table 2 contains the
phase transition temperatures of the mentioned SnsGeioSess.
«Phx (2.5<x<20 at %.) chalcogenide glasses (8 = 5 K min") and
some of the extracted thermal parameters.

Snsﬁe Se Pl:r't

157 g5x f=5%Kmin

E=2E
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x=E
—=AD
=18
4 o= ATE
=30

Endo

400 600 800
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Fig. 2: The DTA thermograms measured at heating rate
B =5 K min-1 of the SnsGeipSess-«Pbyx (2.5<x<20 at %.)
chalcogenide glasses.

Fig. 3 shows the dependence of Tq4, Ty and Tm on the
composition of the studied SnsGeioSessxPbx 2.5<x<20 at %.)
glasses. Looking to the presented data in the mentioned graph
gives us an impression that, there are small kink in Tg4 curve at
x=17.5 at. % and for T and Tr curves at the compositions with
x =5 and 17.5 at. %. These observations may be attributed to
the structural changes of the present compositions, where at x
= 5 at. % the network changes from an elastically floppy
(polymeric glass) type to a rigid (amorphous solid) type [34,
35]. The second small kink may be attributed to changes from
a two-dimensional 2D layered structure to a three-dimensional
3D network arrangement due to cross-linking [28].

To detect the emerging crystalline phases of the present
SnsGeipSess.xPhy (2.5<x<20 at %) glasses through the thermal
analysis process, they were annealed at a temperature higher
than the end of the exothermic peak, definitely at 703 K.
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Table 2: Phase transition temperatures and some extracted
Kinetic parameters of the SnsGeipSess«Pby 2.5<x<20 at %.)
chalcogenide glasses, extracted from DTA thermograms
measured at heating rate # = 5 K min .,
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Here — for abbreviation — we only present the x- ray
diffraction patterns of the SnsGeioSegs-xPbx glasses (x = 2.5, 10
and 20 at. %) annealed at 703 K for 2 hrs. The mentioned
diffractograms are shown in Figs. 4, 5, and 6 respectively.
Looking at the data of the diffractograms shown in Figs. 4, 5
and 6 give us an impression that all annealed glasses show the
crystalline peaks of the SnSe, SnSe,, GeSe, GeSe,, PbSe and
PbSe; crystalline phases. Accordingly, the thermal analysis
studies will be abbreviated by considering only one
composition. In this context, the first composition of the
studied glasses is considered, viz; the SnsGe1oSesz.sPbz s glass.

Fig. 7 shows the DTA thermograms of the
SnsGeoSes2sPbys chalcogenide glass, those measured at
different heating rates g in the range of 5 — 40 K mint. The
obtained thermograms have elucidated the usual thermal events
recorded in these studies. The observations reveal that, all
recorded values of Tg, Tc, Tp and Tw behave in the usual
manner, which has increased with the increase of the heating
rate. The obtained values of phase transition temperatures and
some of the extracted thermal Kinetic parameters are recorded
in Table 3. Mainly, the obtained phase transition temperatures
agreed with those obtained previously [15, 16]. Using these
data gives us most of the kinetic parameters concerning the
considered glasses. In this context, it can extract the values of
glass stability, glass forming ability, fragility, the Lasocka
parameters, the activation energy of glass transition, the
activation energy of crystallization, the kinetic exponent and,
the dimensionality of crystallization growth.
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Table 3: Phase transition temperatures and some extracted
kinetic parameters of the SnsGeioSes2sPb2s glass, extracted
from their DTA thermograms, those measured at different
heating rates 8 in the range of 5 — 40 K min.
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Fig. 7. The DTA thermogram of the SnsGeioSes:sPbzs
chalcogenide glass. The thermogram was measured at
different heating rates in the range of 5 — 40 K min.

3.2. Thermal
factors

stability and glass formation

The important parameter which employed to estimate the
glass stability is the thermal stability (47), which is defined as
AT = T. — T4 [36]. The obtained values of AT are recorded in
Tables 2 and 3. Another parameter introduced by Hruby and
Stourac [37] is the glass forming ability (H,) which is defined
by the following relation:

H=AT/(Tn-T¢) 5)

Accordingly [37], when H;< 0.1 good glass forming cannot be
obtained. Looking to the recorded data of H,in Tables 2 and 3,
which they are approximately in the range of 0.35, emphasized
that the studied alloys are good glasses.
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emphasized that, good glass formation and thermal stability of
the considered alloys [37]. Also, there is a glass parameter
which is called the fragility (F). This glass parameter
characterizes and quantifies the anomalous non- Arrhenius
transport behavior of glassy materials as they approach the
ergodicity-breaking glass transition [38-40]. Fragile glasses are
substances with non-directional interatomic/ inter molecular
bonds. Strong glasses are those which show resistance to
structural degradation and usually associated with small 4C,.
The fragility was calculated using the following relation [41]:

F=E/T,In10 @

where E; is the estimated activation energy for glass transition
in units of temperature and evaluated using Kissinger formula
[23]. The extracted values of F for the studied SnsGe1oSegs.xPbx
(2.55x<20 at %) glasses are recorded in Tables 2 and 3. The
recorded values of fragility of the present glasses seem to be
low. Accordingly [42, 43], low values of F mean that the
studied glasses are strong glass-forming liquids.
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3.3. Dependence of Ty on the heating rate

To study the variation of Ty with the heating rate f, it can
be using two methods; the first method which is called the
Lasocka approach [19], which has the following form:

Tg=A+Binf (8)

where A and B are constants for a given glass composition.
Really, the value of the constant A is equal to the glass
transition temperature at heating rate g = 1, while the constant
B determines the response of configurational change within the
glass transition region to the heating rate [19].

The plot of Ty vs. /n p for the studied
SnsGeoSes2 sPhy s glass is shown in Fig.8. The extracted values
of A and B are recorded in Table 4.

Table 4: Values of A, B and Et for the studied
SnsGeioSes25Pb2 5 chalcogenide glass.
Composition A (K) B (min) E¢ (kJ/ mol)
SnsGe1oSes2sPb2s | 460.73 9.88 185.885
405 - Lasolz approach .
490 4
)
=, 4854
480 4
475 4 '

1.5 2.0 1.5 3.0 35 4.0
Lnif

Fig. 8: Lasocka Tg vs. In [ graph for the studied
SnsGeioSes2.5Ph, 5 chalcogenide glass.
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Fig. 9: Kissinger In (B / Tg?) vs. 1/ T4 graph for the considered
SnsGeioSes2 sPba s chalcogenide glass.
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The obtained value of the constant A (the glass transition
temperature at heating rate B = 1) well matches the
experimentally obtained data of glass transition
temperature, that is recorded in Tables 2 and 3. Besides,
the obtained value of B matches those obtained
previously [15,16] for chalcogenide glass series resemble
the present glass. The second method to study the variation
of Ty with the heating rate B, is the application of Kissinger
formula [23] (this formula is derived to calculate the activation
energy of crystallization) to extract the value of the activation
energy of glass transition (Ef. The mentioned Kissinger
formula in this task has the following form:

In (B/ Tg2) = - Et/ (RTg) + const. 9)

where R is the universal gas constant (8.3145 JK*mol!). The
plot of In (B / Tg2) vs. 1/Tg is depicted in Fig. 9. The extracted
Et value from the slope of Fig. 9 is recorded in Table 4 too.
Really, the obtained Et value of the considered glass is
approximately in agreement with those recorded previously for
a resemble chalcogenide glasses [15, 16].

3.4. Activation energy of crystallization

In this part, four standard methods have been used to
determine the activation energy of crystallization (E;) of the
considered SnsGeioSes»sPbos chalcogenide glass.  These
methods were based on the Johnson-Mehl-Avrami (JMA)
formal theory of transformation [20-22] after some
modification. More specifically, the methods of Kissinger [23],
Augis and Bennett (AB) [24], Matusita-Komatsu-Yokota
(MKY) [25] and Gao-Wang (GW) [26] have been used.

3.4.1 Kissinger method

The first method, which has been used to determine the
activation energy of crystallization E; is Kissinger method
[23]. In this method the peak temperature of crystallization T,
is related to the heating rate S according to the following
relation :

In(BIT,?)=-Ed/(RTp)+IN(E/RKo) (10)

where Ko is the frequency factor which measures the
probability of effective molecular collisions for the formation
of the activated complexes in each case. From Kissinger In (8 /
Tp?) and 1/ T, plot shown in Fig. 10, the values of Ecand Ko
were evaluated by least squares fitting method. The extracted
values of Ecand Ko are recorded in Table 5.

Table 5: The extracted values of the E; and the frequency
factor Ko deduced from Kissinger and Augis-Bennett methods
of the considered SnsGe1oSes2 sPb2 s chalcogenide glass.

Composition E. - Ko (K) Ec — Augis
Kissinger and Bennett
(kJ-mol™?) (kJ-mol™)
SnsGelosesz,spbz,s 257.710 5.786 x 10'15 257.423

sjsci.journals.ekb.eg
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Fig.10:  Kissinger  In(B/Tp2)vs.1/Tp  plot  for the

SnsGe1Sesz sPh2 s chalcogenide glass.
3.4.2. Augis and Bennett’s method

The second method, which has been used to determine the
activation energy of crystallization, is the most precise method
[44], viz; the Augis and Bennett method [24]. This method
relates the peak temperature of crystallization T, with the
heating rate 8 according the following relation:

In[A (Tp— To) = -Eo/ RTp + const.] (11)

where T is the room temperature (300 K). Fig. 11 shows the
Augis and Bennett In [/ (Tp — To)]vs. 1/ T, plot for the
SnsGeioSes2sPh2 s chalcogenide glass. Fitting the data in the
mentioned figure give us the value of E. which is recorded in
Table 5 too. Mainly it is clear that, the deduced E. values from
the Kissinger and Augis-Bennett methods are approximately
equal and in agreement with those recorded previously for a
resemble chalcogenide glasses [15, 16].
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Fig. 11: Augis-Bennett In /8/(Tp-T0)] vs. 1/Tp plot for the
SnsGe1oSes2sPh2.5 chalcogenide glass.
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3.4.3. Matusita-Komatsu-Yokota (MKY) method

The theoretical basis for interpreting the thermal analysis
data in non-isothermal kinetics- as mentioned previously- is
provided by the formal theory of transformation Kinetics
developed by Johnson-Mehl-Avrami (JMA) [20-22]. It is
known that, the volume fraction crystallized (x) at a given
temperature T, is given by x = At/ A, where A is the total area
of the exotherm between the temperature of beginning of
crystallization T, and the temperature at which the
crystallization process is completed Te and Ar is the area
between T. and T. According to Handerson [45] and Malek
[46] the check of the validity of JMA formal theory of
transformation kinetics in non-isothermal regime is the volume
fraction crystallized x at the peak temperature of crystallization
Tp should be in the range of 0.62 — 0.64 and it weakly
dependent on the heating rate. In the present thermal analysis
study the x values change in the range of 0.55- 0.65 and
slightly dependent on the heating rate. Accordingly, one of the
methods based on JMA formal theory of transformation
kinetics now have been applied. Here, the method of Matusita
et al. (MKY) [25] is chosen to analyze our obtained thermal
analysis data.

In MKY method - for non-isothermal kinetics - the volume
fraction x of the crystal precipitated in the glass heated at a
uniform heating rate g is related to E. through the following
relation [25]:

In[-In(1-x)]=-ninf-1.052 m E/ RT, + const.] (12)

where n and m are numerical factors depending on the
nucleation process and growth morphology of the crystal [25].
It’s known that, the values of n may be 4, 3, 2 or 1, which are
related to the different glass-crystal transformation
mechanisms. In the other side, values of m must be 3, 2 and 1
which corresponds to three-dimensional, two dimensional and
one-dimensional growth, respectively [36]. When nuclei
formed during the heating at constant rate are dominant n =
(m+1) and when nuclei formed in the previous heat treatment
before thermal analysis are dominant n = m [47]. Then, for the
present study n = (m+1).

Fig. 12 displays the In [-In (1-x)] vs. 1/ T, plot, at different
heating rates in the range of 5-40 K min- %, for the exothermic
crystallization peaks of SnsGeioSes2sPb2s chalcogenide glass.
The observation of the present data indicating that, saturation
of nucleation sites in the final stage of crystallization [48] or
restriction of crystal growth by small size of the particles [49].
Accordingly [36], the data analysis, where there is a change in
the slope, is confined to the initial linear region. The values of
mE; at different heating rates can be obtained from the slope of
Fig. 12. The values of mE; seemed to be slightly dependent on
S. Hence, it can be considered the average value of mE.,
calculated and recorded in Table 6.

To find the kinetic parameter n, the elucidated data in Fig.
12 can be used to calculate the dependence of In [-In (1-x)] on
the Inf. This was done at two different temperatures namely
574 and 576 K. Hence, the last collected data are plotted in the
form of In [-In (1-X)] vs. InP as shown in Fig. 13.
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Fig. 13. The plot of In [-In (1-x)] vs. Inf for the
SnsGe1oSes»sPb2.5  chalcogenide glass at the temperatures
574 and 576 K.

The extractraced n value determined from the slope of the
last figure, at temperatures 574 and 576 K, are equal to 4.06
and 3.49, respectively. It has been observed that these values
are not integers. Then it has been recognized that more than
one mechanism participate in crystal growth [25]. The mean
value of n = 3.78 = 4, hence the value of m = 3. Accordingly,
the crystal growth of the present glass is grown in three
dimensions. Using the obtained value for m, the value of Ec
can be extracted from the MKY method. The values of n, m
and Ec are recorded in Table 6. The extracted Ec value from
the MKY method is more than twice of the obtained values
from the Kissinger and Augis-Bennett methods. This may be
attributed to that, the used relations in these three methods
apply different approximations in their derivations, or the
deviation of our thermal analysis data from Handerson [45]
and Malek [46] criterion to the validity of the modified IMA
formal theory of transformation kinetics in non-isothermal

©2023 Sohag University
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regime (specifically the MKY method). Therefore, at this
stage of our study, we exclude the obtained results from the
MKY method.

Table 6: The values of the average of m Ec, n, m and Ec
deduced from the MKY method of the considered
SnsGeioSes2sPb2 s chalcogenide glass.

Composition The average n m Ec -
of mEc JMA
kJmol? kdmol?

SnsGeioSes2.5Pb2.s 2018.40 3.78~4 ~3 | 672.80

sjsci.journals.ekb.eg

3.4.4. The method of Gao-Wang (GW)

In this part, the method of Gao-Wang [26] is applied to our
obtained thermal analysis data. The important graph needed in
this method is the plot representing the variation of the
crystallization fraction x with the temperature, at different
heating rate, which is shown in Fig. 14. This reveals the typical
sigmoid curve as a function of temperature. In the other side, it
is known that the ratio between the ordinate, at any
temperature, of the exotherm of the thermal analysis curve and
its total area gives the corresponding crystallization rates (dx/
dt)T, which makes it possible to build the curves of the
exothermic peaks [26]. These curves are shown in Fig. 15.

L0 — 5

0.8
0.6 -

0.4 4

0.0

550 560 570 580 590 600 610 620
T(K)
Fig. 14. The crystallization fraction x as a function of
temperature, at different heating rates, for the

SnsGeiSes2 sPh2 s chalcogenide glass.
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Figure 15. The crystallization rate (dx/ dt)T as a function of
temperature, at different heating rates, for the
SnsGeioSes2 sPby s chalcogenide glass.
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Now, it can be use the graph shown in Fig. 15 to calculate
the corresponding values of crystallization rates at a peak
temperature of crystallization (dx/dt),. Hence, these data can be
used to apply the Gao-Wang relation, which can be written in
the following form [26]:

In(dx/ dt), = (-E¢/ RTp) + const. (13)

Applying the Gao-Wang relation to the obtained thermal
analysis data give us the graph shown in Fig. 16a. The
extracted E. value from this graph is equal to 7.228 kJ-mol™,
which is recorded in Table 7. It is clear that the obtained E.
value is too small compared to those obtained previously in
this article, using the methods of Kissinger and Augis and
Bennett. Now, another two methods based on the Gao-Wang

SOHAG JOURNAL OF SCIENCES
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Figure 16a: The Gao-Wang In(dx/dt)pvs.1/ Tp plot for the
SnsGe1oSes2 5P s chalcogenide glass.

idea are applied which are depicted as follows.
1.0 4 -
0.5 4
Table 7: The values of the E¢, n and m deduced from Gao- _
Wang method, for the SnsGe10Ses2 sPb2 s chalcogenide glass. £ 0.0
£
Composition | Ec-G-W Ec-G-W Ec-G-W n m - —
(15t (2”d method) (Srd method) ’ Ec=1000.R Slope
method) 104 Ec= 277.7498 (kJ/mol)
SnsGeoSes2.s 7.23 277.75 277.71 3.175= 2 "
-1 .mol- .mol- A5 . . . . . .
Pbas kimol kJ-mol”! kd:mol” 3 168 160 170 171 1.72 173 1.74

Firstly, the (dx/ dt)p values using the sigmoid curve are
extracted. In this method, we determine the slope of the
sigmoid curve ((dx/ dT)p) at the corresponding Tp. Hence, it
can be calculate (dx/ dt)p by multiplying (dx/ dT)p by the
heating rate; ((dx/ dt)p= (dx/ dT)p x B). Applying the Gao-
Wang relation to the obtained thermal analysis data, the graph
shown in Fig. 16b is obtained. Hence, using the slope of the
obtained figure, it can be determine the Ec value. The obtained
Ec value was found to be equal 277.75 kJ-mol™. This last Ec
value is recorded in Table 7.

Second, using the total area curves shown in Fig. 16¢
the (dx/ dt)p values can be extracted. In this method, we
calculate (dx/dt)p by taking the slope of the mentioned curve
at Tp. Hence, (dx/dt)p can be calculated using the formula
(dx/dt)p = ((The slope at Tp.B)/(total area)). The obtained Gao-
Wang graph in this case is shown in Fig. 16.d. Hence, the value
of Ec can be determined using the slope of the obtained graph.
The calculated E; value is equal 277.71 kJ-mol™?, which is
recorded in Table 7 too. Regarding to the obtained E. values
from the application of Gao-Wang method, reveal that, the last
two values were approximately had the same quantity and
agree with those obtained previously using Kissinger and
Augis-Bennett methods. This infers that, the last applied two
methods are correct.

Now, it can use the E. value (277.75 kJ-mol™) deduced
from the method of Gao-Wang [26] (the sigmoid curve data)
and from the corresponding experimental data of (dx/dt),, to
calculate the kinetic parameter n by using the following
relation [26]:

(dx/ dt)p = n(0.37 B Ed (RTR?) (14)

The (dx/ dt), vs. B / Tp? graph for the SnsGeioSes2sPbas
chalcogenide glass is shown in Fig. 17.
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Fig 16b: The Gao-Wang In (dx/ dt)p vs. 1/ Tp plot, obtained
from the sigmoid curve, for the SnsGeioSes2sPb2s
chalcogenide glass.
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Fig. 16c: The total area curves vs. T for the SnsGe1pSes25Pba s
chalcogenide glass.
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Fig. 16d: The Gao-Wang In (dx/ dt)p vs. 1/ Tp graph, that
obtained from the total area curves, for the SnsGe10Ses» sPb2s
chalcogenide glass.
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Figure 17: The (dx/ dt)p vs. B / Tp2 graph for the
SnsGe1Sesz sPh2 s chalcogenide glass.

The slope of the last figure (Fig. 17) gives us the value of
the kinetic parameter n = 3.175. This value of n is not integer,
which is meant that there is more than one mechanism for
crystallization process [25]. In this case it can be approximate
n = 3, then the dimension parameter m = 2. Accordingly, the
crystallization process of the SnsGeioSes2sPbas chalcogenide
glass is happen in two-dimensions. This observation may be
agreed to the previously calculated Z data, where the first
composition (SnsGeioSes2sPh2s) network has a mechanical
threshold or critical composition, at which the network changes
from an elastically floppy (polymeric glass) type to a rigid
(amorphous solid) type [34, 35]. Besides, this conclusion
agreed with the previously calculated fraction of floppy data f
in this text. Where for SnsGeioSes2 sPb25 glass composition it is
observed that, the glass has f = 0.04167 meaning value. When
x =5 at. %, f = 0 and when x is greater than 5 at. %, f has no
meaningless value.

4. Conclusions

The data from the analysis of thermal transformation were
analyzed using a variety of analytical methods. These methods
are related to the modified Johnson-Mehl-Avrami formal
theory of transformation. The analyses are confined to some
standard and more familiar methods, viz; Kissinger, Augis and
Bennett, Matusita-Komatsu-Yokota and Gao-Wang methods.
The data analysis of the mentioned glasses emphasized that the
thermal stability AT and glass-forming ability Kgl decreased
with increased Pb content. On the other side, both AT and Kgl
decreased with the increase of the heating rate p up to 20 K
mint and then increased with a further increase of B. Besides,
the heat changes at glass transition ACp and fragility F
decreased with the increase of the heating rate.
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