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ABSTRACT

This paper presents the results of kinetic studies of glass transition and crystallization in SessGeypPby (x =15, 18 & 20)
glasses using differential scanning calorimetry (DSC). It has been observed that these glassy systems exhibit single
glass transition and double crystallization on heating. The crystalline phases have been identified by annealing the sam-
ples at temperatures intermediate between the first and second crystallization peaks. The structural characterization of
the as-prepared and annealed glassy alloy has been done through X-ray diffraction (XRD). The activation energy for
glass transition as well as crystallization region has been calculated using various theoretical models. In addition, the
effect of annealing on various kinetic parameters of transformations has been studied. On the basis of the experimental
results on phase transformations in these glasses, thermal stability of the samples under investigation has been ascer-
tained. It was found that the thermal stability is profoundly affected by annealing since the glass transition as well as
crystallization temperatures are strongly influenced by annealing the samples. The phase transformation study reveals

that the thermal stability of the samples increases with the increase in lead content in the samples.
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1. Introduction

The nature of glassy state and the mechanism of glass
transition are considered as the deepest and most inter-
esting unsolved problems in solid state theory. In addi-
tion to the fundamental scientific interest of the problem,
the practical aspects are of vital importance to the glass
industries as the properties of the glass product depend
strongly on both its composition and thermal history. The
material system in which glass forming kinetics are ob-
served requires supercooling below the melting point,
where the relaxation processes of the supercooled liquids
are much slower than the cooling rate. This leads eventu-
ally to the glass transition where the material is frozen in
an amorphous rather than crystalline state. This amor-
phous state is thermodynamically unstable and crystal-
lizes at elevated temperatures. The transition of amor-
phous state into crystalline state proceeds by nucleation
and growth reactions. Considering that glass formation is
a competing process against crystallization, a systematic
study on the kinetics of the crystal phase remains one of
the most interesting aspects of condense matter physics.
The kinetic behavior associated with a structural change
from an amorphous state to crystalline state is of great
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importance to establish the thermal stability and glass
forming ability (GFA) of glasses and ultimately to de-
termine the useful range of operating temperatures for a
specific technological application before the eventual cry-
stallization takes place. The critical issue for the potential
applications of these glasses is their thermal stability ag-
ainst crystallization. They should be stable against ther-
mal aging during their application. Therefore, it is very
important to investigate the thermal stability of glasses
against crystallization, when they are subjected to re-
heating during the fabrication of glass ceramics.

Thermal analysis tools, in particular differential scan-
ning calorimetry (DSC) have been successfully emp-
loyed [1-4] in studying phase transformations involving
nucleation and growth and continuous grain growth of
pre-existing nuclei and for investigating the crystalliza-
tion kinetics of glass forming liquids. Kinetic data on
first order transformations are often obtained from this
technique in either isothermal or non-isothermal mode.
The isothermal analysis is more definitive, in most cases,
it has been shown that the non-isothermal technique also
have several advantages, in particular that experiments
can be performed quite rapidly. Additionally, many phase
transformations occur too rapidly to be measured under
isothermal conditions because of transients associated
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with the experimental apparatus. For this reason, non-
isothermal methods are frequently used for studying the
kinetics of phase transformations of glasses.

Kinetics of glass transition has been studied [5-8]
widely from the viewpoint of understanding various struc-
tural and thermodynamic properties in the glass transition
region. Also the structural relaxation due to sub-T, an-
nealing of the glass can be studied through the investiga-
tion of kinetics of this region. Moreover, activation en-
ergy of glass transition is a kinetic parameter which can
throw light on the thermal stability of glass and can be
determined through the knowledge of glass transition
temperatures at different heating rates.

Many authors used the so-called Kissinger model [9]
or Ozawa model [10] directly to examine the kinetics of
crystallization of amorphous materials. These methods,
however can not be directly applied to the crystallization
of amorphous materials and the physical meaning of the
activation energies thus obtained are obscure because the
crystallization is advanced not by the n™ order reaction
but by the nucleation and growth processes. On the
other hand, some authors [11-15] have applied the John-
son-Mehl-Avrami (JMA) equation to the non-isothermal
process. Although sometimes they appeared to get rea-
sonable activation energies, this procedure is not appro-
priate because the JMA equation was derived for iso-
thermal crystallization [16]. Matusita and Sakka [17-19]
have proposed method for analyzing the non-isothermal
crystallization kinetics on the basis of nucleation and
growth processes, and emphasized that the crystallization
mechanism such as bulk crystallization or surface crys-
tallization should be taken into account for obtaining the
meaningful activation energy.

Authors [20] have studied the thermodynamic proper-
ties of this system and confirmed that the stability of the
system increases with the increase in lead content. In the
present paper, kinetics of phase transformation as well as
thermal stability of SessGesPby (x = 15, 18 & 20)

glasses under non-isothermal conditions has been studied.

The Se-Ge-Pb system is of interest and has been investi-
gated because very few attempts have been made to
study chalcogenide glasses with Pb as one of the com-
ponent. It is due to the fact that lead is the last element in
radioactive series, which is more stable, or lead is one
with which it is difficult to form a glass. Moreover, the
charge reversal from usual p-type to n-type [21,22] has
created an additional interest in the thermal properties of
these glasses.

In view of this, kinetics of phase transformations and
related thermal properties of SesgGeqPby (x =15, 18 &
20) glasses have been studied using Differential Scan-
ning Calorimetry (DSC). The results obtained from DSC
have been interpreted using many theoretical models.
These models were used to extract the kinetic parameters
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of the phase transformation. The effect of annealing on
the phase transformation of the system under investiga-
tion has also been reported in this paper. Besides these,
thermal stability of the samples has been evaluated using
the kinetic parameters. Effect of increasing lead content
on the crystallization and thermal stability of these
glasses has also been investigated in detail in this paper.

2. Experimental Details

Glassy alloys of SesgGesPby (x = 15, 18 & 20) have
been prepared by melt-quenching technique discussed
elsewhere [20]. The amorphous nature of the alloys was
ascertained through X-ray diffraction pattern of the sam-
ples using Bragg-Brentanno geometry on Panalytical X’-
pert Pro differactometer in 26 range of 20° - 90° with
CuKa radiation source (4 = 1.5406 A). The X-ray tube
was operated at 45 kV and 40 mA.

Rigaku Model 8230 of DSC is used to measure the
caloric manifestation of the phase transformation and to
study the crystallization kinetics under non-isothermal
condition. The accuracy of heat flow measurement is
+0.01 mW and the temperature precision, as determined
by the microprocessor of the thermal analyzer, is £0.1 K.
DSC runs have been taken at five different heating rates,
i.e. 10, 15, 20, 25, 30 K/min on accurately weighed sam-
ples taken in aluminum pans under non-isothermal con-
ditions. The temperature range covered in DSC is from
room temperature (300 K) to 753 K.

3. Results and Discussion
3.1. Structural and Thermal Analysis

Figure 1 shows the X-ray diffraction patterns of as-pre-
pared SesgGeypPby (x = 15, 18 & 20) glassy alloys. The
absence of any sharp peak in the diffraction patterns con-
firms the amorphous nature of these samples. Figure 2
shows the DSC curves of as-prepared SesgGes,.<Pby (x =
15, 18 & 20) samples at a heating rate of 20 K/min. The
glassy alloys under consideration show an endothermic
step corresponding to its glass transition temperature (T,)
and two exothermic peaks corresponding to crystallization.
The double stage crystallization observed in SesgGeyyPby
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Figure 1. X-ray diffraction patterns of the as-prepared
samples of SesgGey,Pby (X =15, 18 & 20) glassy alloys.
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(x =15, 18 & 20) glassy alloys may be due to the fact
that in the present selenium rich glass system, germa-
nium atoms gets tetrahedrally bonded with selenium at-
oms to form a loose packed structure and the excess se-
lenium atoms forms a complete disordered segregated
matrix with increasing Pb content. Therefore, in Sesg-
G627Pb15, Se5gG€24Pb|g and Se5gG€22Pb20 glaSSGS, the first
crystallization is due to the GeSe, phase while the second
crystallization correspond to PbSe phase. The occurrence
of these phases is confirmed from XRD patterns of an-
nealed samples of SessGeyrPby (X 15, 18 & 20)
glasses shown in Figure 3.

3.2. Kinetics of Phase Transfor mations

Kinetics of phase transformations in these glasses has
been studied through the investigation of glass transition
and crystallization phenomenon over the entire range of
heating with constant heating rates. Understanding of the
glass transition kinetics of chalcogenide glasses is of
great importance to establish their thermal stability and
to determine the effective working temperature limits for
a specific technological application. The knowledge of
crystallization kinetics is also essential to provide various
kinetic parameters in the manufacturing of glass-ceram-
ics and preventing devitrification. Various theoretical mo-
dels have been employed to extract the kinetic parame-
ters of phase transformations using characteristic tempe-
ratures obtained from DSC thermograms. Table 1 shows
the values of the characteristic temperatures (Tg, Tci, Tea,
T, and T,,) of all the as-prepared compositions at a
heating rate of 20 K/min.

From Table 1, it is observed that glass transition tem-
perature (T,) decreases with the increase in lead (Pb)
content. This decrease in T, can be explained on the basis
of the structural change that occurs due to the introduc-
tion of Pb atoms in the Se-Ge system. In SesgGeg, Pby (x
=15, 18 & 20) glasses, substitution of Ge with Pb atoms
results in the reduction of Ge-Se bonds and an increase
in Pb-Se bonds. The single bond energy values [23] of
Ge-Ge, Pb-Pb and Se-Se bonds are 205.2 kJ/mol, 85.7
kJ/mol and 206.1 kJ/mol respectively, while the single
covalent bond energies of Ge-Se and Pb-Se bonds are
234.9 kJ/mol and 231.2 kJ/mol respectively. The intro-
duction of Pb in Se-Ge system reduces the bond energy
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of the system causing the decrease of T, in the system
[24]. Hence SessGexnPbyy has the lowest T, among all
other samples.

Glass transition temperature (T,) is also related to the
rigidity of the network (i.e., it reflects the connectedness
of the network) which is usually associated with the
mean coordination number, <Z>, and/or it is related to
some typical bond energy or cohesive energy between
the atoms or entities of a glass. The average coordination
number <Z> of the studied glasses were evaluated using

a= Se,Ge, Pb
b= Se,Ge, Pb
c=Se,Ge,Pb,,
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Figure 2. DSC thermograms of as-prepared SesgGeyo.Phy (X
=15, 18 & 20) samplesat a heating rate of 20 K/min.
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Figure 3. XRD patterns of annealed samples of SesgGeso.4Pby
(x =15, 18 & 20) glasses.

Table 1. Values of the characteristic temperatures (Tg, Ty, Ter, Tp1 @nd Tpp) of all the samples of SesgGes,.Phy (x = 15, 18 &

20) glassy alloys at a heating rate of 20 K/min.

Sample T, (K) Ter (K) Ty (K) Te (K) Ty (K) <7>
SessGeyPbyis  503.1+0.6 599.4+0.6 614.3 674.7+0.9 693.4 2.54
SessGeuPbiy  492.6+0.7 556.8+0.7 603.8 666.5+1.0 691.1 2.48
SessGenPby  478.3+0.8 5472409 586.8 671.3+0.8 694.2 2.44

Copyright © 2012 SciRes.

NJGC



26 Kinetics of Phase Transformations and Thermal Stability of SesgGes, Pb, (x =15, 18 & 20) Glasses

the standard procedure described by Tanaka [25], using
the co-ordination number of Se, Ge and Pb is 2, 4 and 2
respectively. Thus, for the glassy system Se,Ge,Pb, (a +
b + ¢ = 100), the values of <Z> could be given by the
following relation:

<7>= (aZSe +bZ;, +cZy, )/(a +b+ c)

where Zs., Zg. and Zp, are the co-ordination numbers Se,
Ge and Pb respectively and a, b, ¢ are the atomic weight
percentages of the these elements respectively in the
glassy network. The values of <Z> for Pb = 15, 18, 20
are mentioned in Table 1. The variation of glass transi-
tion temperature (T,) with <Z> and Pb composition is
shown in Figure 4. From Figure 4, it can be observed
that there is a correlation between the average coordina-
tion number <Z> and T, in the studied samples. Figure 4
shows increase in T, with increasing <Z>; an increase in
<Z> is indicative of increase in the rigidity of the net-
work [26]. The higher rigidity of the network corre-
sponds to higher value of T, as more heat is required to
soften a glass having highly rigid (crosslinked) network.
In the present case, value of <Z> is highest for 9 at.wt%
of Pb and correspondingly, highest value of T, is ob-
tained for 9 at.wt% of Pb.

Kinetics of phase transformations of as-prepared as
well samples annealed at temperature intermediate be-
tween first and second crystallization region has been
studied in glass transition and crystallization region. The
details of these investigations are given in the following
sections.

3.2.1. Glass Transition Region

The kinetics of glass transition has been studied only in
first glass transition region as the second glass transition
does not occur under ordinary thermal scanning of the
samples at different heating rates in differential scanning
calorimetry. Two different approaches have been used to
analyze the dependence of glass transition temperature
(T) on heating rate («). The first one is the empirical
relationship of the form:

T,=A+Blna )

where, A and B are constants for a given glass composi-
tion [27]. The value of A depicts the value of glass tran-
sition temperature at heating rate of 1 K/min, while B is
proportional to the time taken by the system to reduce its
glass transition temperature from a value obtained at a
heating rate of 10 K/min to a value which is obtained at a
heating rate of 1 K/min. Table 2 shows the values of A
(K) and B (min) for as-prepared and annealed samples of
SessGeqrPby (x =15, 18 & 20) glasses.

It is observed from the Table 2 that the values of both
A (K) and B (min) decrease in all the glassy samples on
annealing. This decrease on annealing the samples is
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Figure4. Variation of glasstransition temperature (Ty) with
coordination number, <Z>, and Pb composition.

Table 2. The values of A and B for as-prepared and an-
nealed samples of SesgGepPby (X = 15, 18 & 20) glassy
alloys.

As-prepared Annealed
Samples
A (K) B (min) A (K) B (min)
SessGe,7Pbys 474.9 9.37+1.19 434.7 6.61+0.05
SessGersPbig 471.2 7.40 £ 0.56 426.4 4.11£0.64
SessGesaPbag 456.1 7.20 £ 0.50 427.9 4.48+0.20

again due to the onset of crystallization of glass at lower
temperature.

Another approach, which indirectly involves the de-
pendence of T, on heating rate (a) is the Kissinger equa-
tion [9]. This approach is used for the evaluation of the
activation energy of the amorphous-glass transition, E,,
inspite of the fact that this equation was employed for the
evaluation of the activation energy of crystallization. The
Kissinger model is based on peak shift method and if the
shifts in the glass transition peak with heating rate are
almost similar to peak shifts in the crystallization region,
then this equation can be used for the determination of
activation energy of glass transition [28]. This condition
is satisfied in measurements mentioned in this study. The
Kissinger equation relating the peak glass transition
temperature with heating rate is given by:

In (a/ngp ) =-E, /RT,, +Consant )

where T,, is the peak glass transition temperature and R
is gas constant. Figure 5 shows the variation of In (a/ ngp )
with 1000/Ty, for as-prepared and annealed samples of
SessGey7Pb,s glass as a representative case. Figure 5 gives
straight lines and the slope of these lines gives the activa-
tion energy of glass transition (E;). The values of activa-
tion energy for the glass transition, E,, for as-prepared
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and annealed samples of SessGeypPby (x = 15, 18 & 20)
system obtained from Kissinger model are given in Ta-
ble 3.

The glass transition activation energy is the amount of
energy that is absorbed by a group of atoms in the glassy
region so that a jump from one metastable state to an-
other is possible. In other words, this activation energy is
involved in the molecular motions and rearrangements of
the atoms around the glass transition temperature. When
the sample is heated in the DSC furnace, the atoms un-
dergo infrequent transitions between local potential
minima separated by different energy barriers in the con-
figuration space where each local minimum represents a
different structure. The most stable local minimum in the
glassy region has lowest internal energy. Accordingly,
the atoms in a glass having minimum activation energy
have higher probability to jump to the metastable (or
local minimum) state of lowest internal energy and hence
is most stable. From Table 3, it is observed that activa-
tion energy of glass transition (E;) decreases with the
increase in Pb content in the samples. When Pb is intro-
duced in the Se-Ge system, it tries to satisfy its coordina-
tion requirements by making bonds with Se. As more and
more Pb-Se bonds are formed, the internal energy of the
glass increases and inturn glass transition activation en-
ergy decreases [29-31]. Therefore it may be concluded
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Figure 5. Variation of In(a/TZ) with 1000/T, for as-pre-

pared and annealed samples of SessGe,;Pbs glass.

Table 3. Values of activation energy for the glass transition

E; for as-prepared and annealed samples of SesgGeyoPby (X
=15, 18 & 20) system obtained from Kissinger model.

Activation energy of glass transition (E;) (kJ/mol)

Sample
As-prepared Annealed
SessGeyrPbys 230.82+7.73 646.13 £4.68
SessGe4Pbig 196.68 + 1.55 309.65 +3.96
SessGexnPbayg 185.90 + 1.55 347.09 £2.20

Copyright © 2012 SciRes.

that SesgGey,Pb,y glass is most stable among all the sam-
ples and stability increases with the increase in Pb con-
tent in SessGeyrPby (x = 15, 18 & 20) glassy system.
Further, it is also observed that there is an increment in
the values of activation energy, E,, after annealing as the
local minimum lowers down. Therefore one can say that
after annealing, atoms require large amount of energy to
make transitions between local minima’s and therefore
systems become less stable.

3.2.2. Crystallization

The kinetic analysis of crystallization reaction is related to
the knowledge of the activation energy of crystallization
(E.), Avrami exponent (n) and the frequency factor (K,).
The activation energies to be considered in a amorphous—
crystalline transformation process are the activation en-
ergy for nucleation (E,), activation energy for crystal
growth (Eg) and that for the whole process of crystalliza-
tion, called the activation energy for crystallization de-
noted by E.. The thermal analysis methods enable the
determination of E [32,33]. It has been pointed out [34]
that in non-isothermal measurements, the crystallization
exotherm mainly characterizes the growth of the crystal-
line phase from the amorphous matrix; nucleation is more
or less calorimetrically unobservable at temperatures be-
low the crystallization exotherm. In other words, the nu-
cleation takes place very rapidly and immediately after
heating of the material in the initial stages of the crystal-
lization exotherm. Consequently, the obtained values of
E. can be taken to represent the activation energy of
growth, Eg or E. = Eg.

The activation energy of crystallization (E.) for the
phases of the investigated glasses has been estimated
using different models of Kissinger, Augis and Bennett
and Matusita and Sakka.

3.2.2.1. Kissinger Model

The activation energy of crystallization (E,) for the first
and second crystallization stages of SesgGey,Pby (x =15,
18 & 20) glasses is determined using the following equa-
tion proposed by Kissinger [9]:

In (oz/Tp2 ) =-E,/RT, + Const.

where, T, is the peak crystallization temperature. Figure
6 show the variation of ln(a/ T]D2 ) with 1000/T, for
as-prepared and annealed sample of SessGe,;Pb;s glass as
a representative case. The variation of In a/ sz with
1000/T,, is straight line for all the samples. The slope of
these straight lines gives the activation energy of crystal-
lization (E.).

3.2.2.2. Augis-Bennett Approximation

The activation energy of crystallization, E., can also be
determined by an approximation method developed by
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Augis and Bennett [35]. The relation used by them is of
the form:

In(e/T,)=-E_/RT, +InK 4)

where, K, is the frequency factor and R is gas constant.

The variation of In(e/T,) with 1000/T, gives a
straight line and the slope of this straight line gives the
value of activation energy of crystallization (E.). Figure
7 shows the variation of In(e/T,) with 1000/T, for as-
prepared and annealed samples of SesgGe,;Pb,s glass as a
representative case. Table 4 shows the values of activa-
tion energy of crystallization (E.) obtained from Kiss-
inger and Augis and Bennett model.

From Table 4, it is observed that values of activation
energy of crystallization (E.) increases with the increase
in lead content in the samples and is highest for
SessGey,Pbyg glass. Since it is well known that activation
energy of crystallization (E.) is the energy required by
the atoms in the glassy region to go to crystalline region,
therefore one may infer that the sample with the highest
value of E, will be the most stable sample. Further, it is
also observed that activation energy of crystallization
“E.” decreases after annealing. This means that group of
atoms in the glassy state requires less amount of energy
to jump to crystalline state hence, making the sample less
stable and prone to crystallization, a conclusion similar to
glass transition activation energy “E,”. This is again an
indication of the fact that annealing of glass leads to
crystallization at lower temperature.

The Augis and Bennett method has an extra advantage
over the other methods employed in the literature for the
determination of activation energy of crystallization.
Here, the intercept of In(a/T,) against 1000/T, gives
the value of pre-exponential factor K, (frequency factor)
of Arrhenius equation (Equation (5)), which is defined as
the number of attempts made by the nuclei per second to
overcome the energy barrier. This also provides informa-
tion for the calculation of number of nucleation sites,
present in the material for crystal growth. The Arrhenius
equation is given by:

K =K, exp(~E, /RT) )

where, K is the crystallization rate factor.

Knowing the value of In K, from Equation (4), the
value of frequency factor (K,) has been evaluated. The
frequency factor (K,) for as-prepared and annealed sam-
ples of SessGeyyPby (x = 15, 18 & 20) glassy system are

m  As-prepared : | peak
® As-prepared : Il peak
9.4+ A annealed
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-10.2 1
-10.4

-10.6

-10.8 T T
1.40 1.45 1.50 1.65

1000/Tp(K'1)

Figure 6. Variation of In(/T?) with 1000/T, for as-pre-
pared and annealed sample of SesgGe,,Phys glass.
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Figure 7. Variation of In(a/T,) with 1000/T. for as-pre-
pared and annealed samples of SesgGe,7Pbys glass.

Table 4. Values of activation energy of crystallization (E.) obtained from Kissinger and Augis and Bennett model.

Activation energy of crystallization (E.) (kJ/mol)

Kissinger model

Augis and Bennett model

Sample
As-prepared As-prepared
Annealed Annealed
I phase II phase I phase 1I phase
SessGe,rPbys 21559+£0.70  145.64+1.25 13593 +£0.75 20426+1.68 191.77+11.80 124.80+ 1.65
SessGeasPbys 22217+ 1.51  206.89 +1.28 15091 +£047 219.19+1.67 197.89+£3.19 167.87+0.79
SessGexnPbyy  235.00+2.28  262.34+1.38 103.35+0.64 290.60+1.32 220.50+8.41 200.38£0.77

Copyright © 2012 SciRes.
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given in Table5.

From Table 5, it is observed that the value of fre-
quency factor (K, of as-prepared samples decreases with
the increase in lead (Pb) content in the samples. These
values are indicative of the fact that the barrier to crystal-
lization increases with increase in lead content, which
inturn decreases the attempts made by the nuclei’s to
overcome the crystallization barrier. The decrease in
number of attempts to cross crystallization barrier also
decreases the tendency of crystallization and hence makes
the sample more stable against crystallization. The num-
ber of attempts made by the nuclei’s to cross the barrier
and hence the tendency to crystallization is lowest for
SessGey,Pbyg glass, which indicates the higher stability of
this glassy composition. The higher value of activation
energy of crystallization (Table 4) of this sample also
confirms the same fact. It is also observed that there is an
increase in the value of frequency factor (K,) after an-
nealing, which infers that the number of attempts made
by the nuclei’s to cross the crystallization barrier are
higher in this case.

3.2.2.3. Matusita Model

Crystallization kinetics has also been obtained using a
method suggested specifically for non-isothermal ex-
periments by Matusita et al. [17-19]. The volume of frac-
tion crystallized (x), precipitated in a glass heated at con-
stant heating rate (a) is related to the effective activation
energy of amorphous-crystalline transformation, (E.),
through the following expression:

1n[—1n(1— x)] =-nlna-1.052mE, /RT +Const (6)

where m is an integer which depends on the dimension-
ality of growth of the crystal, and n being a numerical
factor depending also on the nucleation process. For as-
quenched glasses containing no nuclei m is taken as (n —
1) and for glasses containing a sufficiently large number
of nuclei, which might occur due to annealing of the as
quenched glass, m is taken equal to n [19]. In order to
investigate the heating rate dependence of the kinetic
parameters, n and E,, the data using Matusita model have
been analysed. Figures 8 and 9 show the variation of
In [—ln(l—x)} with 1000/T at different heating rates
for first and second crystallization peak of as-prepared
sample of SesgGe,;Pbs glass as a representative case.
Figure 10 shows the variation of In [—ln(l—x)} with
1000/T at different heating rates for annealed sample of
SessGeysPbys glass as a representative case.

The straight lines in these curves are linear fit accord-
ing to Equation (6). Figures 8-10 clearly show that the
plots are linear for all the temperatures in the lower tem-
perature range but show a deviation from linearity at
higher temperatures. This deviation from the straight line
behaviour at higher temperatures is attributed to the
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saturation of nucleation sites in the final stages of crys-
tallization [36] or to the restriction of crystal growth by
the small size of the particles [37]. In the curves for an-
nealed sample, one can see that saturation of nucleation

Table 5. Values of frequency factor (K,) obtained from
Augis and Bennett model for as-prepared and annealed
samples of SesgGey,Pby (X = 15,18 & 20) glassy system.

Frequency factor (K,) (sec™')

Sample As-prepared
Annealed
I peak II peak
SessGeyrPbs 2.00 x 10* 8.88 x 107 9.37 x 10
SessGeayPbg 1.21 x 107 1.10 x 10° 1.00 x 10"
SessGeanPbay 1.88 x 10° 1.49 x 10° 1.85 x 10"
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Figure 8. Variation of In[-In(1-x)] with 1000/T at dif-

ferent heating rates for first crystallization peak of as-pre-
pared sample of SesgGe,7Phys glass.
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Figure 9. Variation of In[-In(1-x)] with 1000/T at dif-

ferent heating rates for second crystallization peak of as-
prepared sample of SesgGe,7Pbys glass.
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Figure 10. Variation of In[—In(1-x)] with 1000/T at dif-

ferent heating rates for annealed samples of SesgGe,/Pbys
glass.

sites occurs at lower temperatures as compared to as-
prepared samples which again agrees to our already stated
argument of crystallization at lower temperatures in an-
nealed samples. The values of E. at different heating
rates can be obtained from the slopes of these fitted strai-
ght lines.

The Avrami exponent (n) can also be determined using
Matusita equation (Equation (6)) by plotting In [—1n(1—x)]
against In(a) at different temperatures. Figure 11 shows
the variation of In [—ln(l—x)} with In(a) at different
temperatures for first crystallization peak of as-prepared
sample of SessGe,;Pbis glass as a representative case
while Figure 12 show the variation of ln[—ln(l—x)J
with In(a) at different temperatures for second crystal-
lization peak of as-prepared sample of SessGe,;Pb;s glass
as a representative case. Figure 13 shows the variation of
In [—ln(l - X):| with In(a) at different temperatures for
annealed sample of SessGe,;Pb;s glass as a representative
case.

It is clear from the Figures 11-13 that n is temperature
independent and hence an average value can be calcu-
lated. The value of n has been evaluated from the slopes
of the straight line fit of these relations. For all the
as-prepared samples of SessGeqPby (x = 15, 18 & 20)
glasses, no heat treatment was performed prior to the
DSC scans to nucleate the sample, therefore, n is consid-
ered to be equal to (m + 1) while for the annealed sam-
ples, the value of n is taken to be equal to m, since they
were annealed prior to DSC scans. Table 6 shows the
values of activation energy of crystallization (E,),
Avrami index (n) and dimensionality of growth (m) for
the as-prepared and annealed samples of SesgGeyyPby (x
=15, 18 & 20) glassy systems.

From Table 6, it is observed that values of activation
energy of crystallization (E.) increases with increase in

Copyright © 2012 SciRes.

In[-In(1-%)]

22 24 26 28 30 32 34
In (o)
Figure 11. Variation of In[-In(1-x)] with In(a) at dif-

ferent temperatures for first crystallization peak of as
prepared SexgGe,Phss glass.
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Figure 12. Variation of In[-In(1-x)] with In(a) at dif-

ferent temperatures for second crystallization peak of as-
prepared SesgGeyPhys glass.
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Figure 13. Variation of In[-In(1-x)] with In(a) at dif-

ferent temperatures for annealed sample of SesgGeyPbis
glass.
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Table 6. Values of activation energy of crystallization (E), Avrami index (n) and dimensionality of growth (m) for the as-
prepared and annealed samples of SesgGey,.Phy (X = 15, 18 & 20) glassy alloys asabtained from M atusita model.

Activation energy of crystallization (E.) (kJ/mol)

Avrami exponent (n) Dimensionality of growth (m)

Sample As-prepared As-prepared As-prepared
Annealed Annealed Annealed
I phase II phase I phase II phase I phase II phase
SessGe,Pbyis 41571 +1.36  400.83 +£1.21 47874+ 1.26 3.10 5.30 1.28 2 3 1
SessGewuPbis  564.11+£1.51  552.27+1.36 507.87+1.15 1.74 2.81 0.78 1 2 1
SessGexPbyy  596.13+0.88  582.12+0.54  510.02+1.21 0.95 0.40 0.41 1 1 1
lead (Pb) content for both the crystalline phases of the phase.

samples. This suggests that energy barrier to crystalliza-
tion increases with increase in lead content in the sam-
ples and hence making the sample more stable at higher
Pb composition. The results matches with results ob-
tained from Kissinger and Augis and Bennett model. The
activation energy of glass transition, E,, also gives the
same conclusion. Table 6 also clearly indicates that the
values of n are not integer, which means that the crystal-
lization process of as-prepared and annealed samples
occurs with different mechanisms. It is observed that be-
fore annealing all the samples predominantly crystallizes
in one, two and three dimensions suggesting surface and
bulk nucleation while, the annealed samples of the sys-
tem crystallize in one dimension suggesting surface nu-
cleation. Hence, one can say that dimensionality of growth
(m) of all the glassy samples of the series also changes
after annealing i.e. it changes from bulk nucleation to
surface nucleation.

The difference in the activation energy as calculated
with the different models, even for the same sample, may
be attributed to the different approximations used in the
models. Besides, one of the factors influencing the acti-
vation energy may be the temperature gradient, which
may not be the same for all heating rates, when the sam-
ple is placed in the DSC furnace. This arises due to the
error in placing the pan in the DSC furnace with respect
to the position of thermocouple. Another factor influenc-
ing the activation energy is that the models like Kissinger
equation were developed for clays but have been fre-
quently used in literatures [38,39] for determining the
activation energy of the glasses.

4. Conclusions

A systematic study of as-prepared and annealed samples
of SessGeqpnPby (x = 15, 18 & 20) glassy alloys leads to
the following conclusions:

1) The SessGeq, Pb, (x = 15, 18 & 20) glassy alloys
exhibits single glass transition and double crystallization
on heating. The first crystallization is due to the GeSe,
phase while the second crystallization correspond to PbSe

Copyright © 2012 SciRes.

2) The decrease of E; to a minimum value and increase
of E. to maximum value with the increase in lead (Pb)
content in the Ge-Se glassy system is suggestive of the
fact that stability of the glassy samples increases on the
increase of lead content.

3) It can be also be concluded from the values of acti-
vation energy of glass transition “E;” and activation en-
ergy of crystallization “E.” of all the samples that after
annealing the sample at intermediate temperature be-
tween first and second crystallization peaks, glasses be-
come less stable. The values of frequency factor (K,) also
leads to the same conclusion.

4) Dimensionality of growth (m) of crystals decreases
to one dimension from two and three dimensions after
annealing, suggesting a decrease from bulk nucleation to
surface nucleation in annealed samples.
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