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The chalcogenide glass system Sb, Te

20.17770.8

reported.

Se,, . was studied by differential
scanning calorimetry (DSC) under non-isothermal conditions. The analyses
were focused on the endothermic peaks of the DSC curves. The models
used for calculation of the crystallization kinetics from the exothermic
peaks were applied to obtain the pre-crystallization kinetics. A comparison
of different methods of analysis is presented. The effect of heating rate
on the activation energy of glass transition E, and the Avrami index # are
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INTRODUCTION

The study of the crystallization kinetics of amor-
phous materials has been widely discussed in the lit-
eraturel™®. Different methods have been proposed
for obtaining crystallization kinetics from the exo-
thermic peaks of differential scanning calorimetry.

The pre-crystallization kinetics is the parameters
that control the amorphous-glass reaction!”. Analy-

ses of endothermic (glass-transition) peaks could be
made in the same way as those made of the exother-
mic (crystallization) peaks to obtain the pre-crystal-
lization kinetics, but only a few studies have been
petformed on pre-crystallization kinetics™®. In the
present work, the pre-crystallization kinetics process
was investigated under non-isothermal conditions for
the chalcogenide glass Sb, Te
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Theoretical basis

The theoretical basis for interpreting DSC data
is provided by the classical Johnson—Mehl-Avrami
(JMA) model®™_ in which the crystallized fraction X
can be described as a function of time #according to
the formula

X(t)zl—exp[—(Kt)”} 6))
Here K is defined as the effective overall reac-

tion rate, which is usually assigned by an Arrhenian
temperature dependencel™:

K =K,exp(-E,/RT) 2)

Where R is the universal gas constant, E_is the
effective activation energy describing the overall
crystallization process and K is the frequency fac-
tor, which describes the rate constant.

Opver a limited range of temperatures the nucle-
ation frequency per unit volume / and the crystal
growth rate # can be expressed according tol™*!

Ex
1, ~(1,), exp(—ﬁj 3)
and
u, g exp(—E—Gj 4)
RT

where E and E_ are the effective activation en-
ergies for nucleation and growth, respectively.

The overall effective activation energy for crys-
tallization is expressed according to!

P :EN+mEG

©)

where 7 is an integer or non-integer, depending
on the mechanism of growth, and # is a numerical
factor depending on the nucleation processes. When
/ =0, then n=m+1; and when / #0, then n=m""\,

Various theoretical methods have been sug-
gested for understanding the crystallization process
using non-isothermal DSC data. It is therefore inter-
esting to use these theoretical methods for studying
the pre-crystallization process. So, analyses will be
made on the endothermic (glass-transition) peaks in
the same way as those made on the exothermic (crys-
tallization) peaks to obtain the pre-crystallization
kinetics. An outline of these methods is described

n

as follows.
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(i) To evaluate the activation energy of glass tran-
sition E the useful Kissinger’s relation is com-
monly used, which is given by!"!

o Eg
In — | = constant ——= (6)
T, RT,

where T, is the peak temperature of pre-crystal-
lization and O is the heating rate.

Kissinger’s equation can be written in a simpli-
fied form!™ as

E g
Ino = constant ———

- ™
(if) The value of E is also calculated using the varia-
tion-of-onset crystallization temperature T, with
heating rate O according to the relation given by

Augis and Bennett!":

E
In| —> =K, ——> 8)

(iii) Matusita e /™ suggested a method specifically
for non-isothermal experiments. The volume frac-
tion of crystallites X precipitated in a glass heated
at constant rate O can be related to the activa-
tion energy of glass transition Eg through the
relation

E
In[~In(1-%)]=-nIna-1.052 ";Tg +constant  (9)

If the crystallization fraction X is determined at
a fixed temperature, at different heating rates, then
the Avrami exponent # can be obtained from the slope
of the following equation:

d{ln[—ln(l - x)]}‘

d(lnoc)

- (10)

T

For a quenched glass containing no nuclei, then
n=m+1, and for a glass that has sufficiently large
nuclei before the DSC experiment, #n=»"\. In this
work the values of the indices # and  are consid-
ered to be equal because the amorphous-glass reac-
tion occurs in one stepl”.

(iv) The activation energy of glass transition Eg can
be determined at constant X from the slope of
the Kissinger-Akahira-Sunose method (or the gen-
eralized Kissinger method)™ as
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d[ln(a/Tz)] E,
dr) | R 11)

x
(v) The fifth method that we used to evaluate E
was using the rate isoconversion method derived
by Friedman!"®! as

E
In (dxj =__£
dt ) RIT,

where (dX/d?) is the transformation rate, T the
temperature at any fixed stage. E can be obtamed
from the slope of plots of In(dX/ df) versus 1/7T.
(vi) The sixth method that we used to evaluate E,
was using the newly derived equation introduced
by Starink[! as:

+ constant

(12)

1nT(l)_L92 =-1.0008 £ + constant 13)

£ RT;

E, is determined from the slope of plots

ln(oc/T“’z) versus 1/T.

(vi) The final method that we used to evaluate E
was using the JMA relation directly (Egs. 1 and
2). It should be noted, however, that Eq.(1)
strictly applies only to isothermal experiments!'l.
On the other hand, Eq.(1) has been used to
evaluate the crystallization kinetics for non-iso-
thermal conditions!™:

1/n
=(1/t)[-In(1-y)] (14)
Taking the logarithm of Eq. (2) gives
InK =InK, —E,/RT (15)

It is possible to use Eqgs. (14) and (15) to calcu-
late the pre-crystallization kinetics, and the value of
n that corresponds to each heating rate can be ob-
tained from Eq. (10).

EXPERIMENTAL TECHNIQUE
Glassy alloy of Sb, Te, Se. . was prepared by
the quenching technique. High-purity materials
(99.999%) were weighed according to their atomic
percentages and were sealed in quartz ampoules un-
der a vacuum of 10 Torr. The contents were heated

inside a furnace at a maximum temperature of 950
K for 24 h. To make the melting homogeneous, the

ampoules were shaken frequently. The ampoules were
quenched in ice water to obtain the material in a
glassy state. The glassy nature of the alloys was ex-
amined by scanning electron microscope-EDX us-
ing Shimadzu Superscan SSX-550 apparatus.

Thermal behavior was investigated using a
Shimadzu DSC-60 apparatus with an accuracy of
10.1K, under dry nitrogen supplied at a rate of 35
ml min™. Typically, 3 mg of the sample in powder
form was sealed in standard aluminum pans and heated
at different rates, ranging from 2 to 80 K min™. To
minimize the temperature gradients the samples were
granulated to form uniformly fine powder and spread
as thinly as possible on the bottom of the sample
pans, and the weight of sample was kept very low.
Temperature and enthalpy calibrations were checked
with indium (T =156.6°C, AH_=28.55 ] g') as the
standard material supplied by Shimadzu.

RESULTS AND DISCUSSION

Figure 1 shows a typical DSC thermogram for
the chalcogenide Sb, Te, Se . alloy heated at a rate
of 20 K min". Similar thermograms were obtained
for other heating rates. The circled part shows the
area of interest. The values associated with the four
characteristic temperatures - the on-set temperature
T, the glass transition of crystallization temperature
Tg, the peak of pre-crystallization (endothermic peak)
temperature T, and the temperature T_ - where the
glassy state was completed are shown on figure 1.

Figure 2 shows the variation of the endothermic
peaks with temperature. The area under the DSC
curve is directly proportional to the total amount of
alloy crystallized, and the plot of this area against
heating rate is shown in figure 3.

It is easily seen that the peak temperature for
pre-crystallization T, increased with increasing heat-
ing rate. Figure 4 shows the variation of T, against
heating rate 0. As shown on the figure, the experi-
mental data fit two different curve types: exponen-
tial for low heating rate (2 < 0 < 25 K min") and
linear for high heating rate (2 < o0 <80 K min™), with
a transition point at about 0=26.3 K min™.

The fraction X transformed into the glassy state
at any temperature 1'is given as X=-1../A, where A
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Figure 1: A typical DSC thermogram for the chalcogenide Sb,,Te, Se
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Figure 2: The variation of the endothermic peaks with temperature.
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Figure 3: The variation of the area under the endothermic peaks with heating rate.

—— P et ly %ma&
A Judian Yowrnal



28 Sbm Tezmsems

MSAIJ, 2(1) February 2006

Full Paper

ey

390 F

385 -

380 -

375 -

< 370 -

365 -

360

355 L L

Exponential fit.
----- Linear fit.

increasing heating rate.

40 60 80
o (Kmin™)

Figure 4: The variation of the peak temperature for pre-crystallization T, with
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Figure 5: The variation of In (0/7T,?) and In O against 10>/ T, for three adjacent
heating rates of =5, 7.5, and 10 K min™.
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is the total area of the endothermic peak between
the glass transition temperature T and the final tem-
perature of the glassy state T .

According to Kissinger’s formula (Eqs. 6 and 7)

plotting of ln(Ot/T b2) and In a versus 10°/7T,, for
each three adjacent point make it possible to evalu-
ate the variation of E_with heating rate a=3-70 K
min™. Figure 5 shows the vatiation of ln(oc/ T bz) and

In a against 10°/T, for three adjacent heating rates
of 0=5,7.5, and 10 K min"'. However, the variation
of the glass transition energy, Eg, with heating rate,

0, obtained from (Egs. 6 and 7) will be shown later
in figure 11.

From the slope of the linear fit of In(0/T,-T)
against 10°/7T, as shown in Figure 6 for three adja-
cent heating rates of 00=5,7.5, and 10 K min" the
value of the activation energy of glass transition E,
was obtained for heating rate of 00=3-70 K min’
and shown in figure 11 also.

The kinetics of crystallization were obtained
using a method specifically suggested for non-iso-
thermal conditions (Eq. 9). The plot of In[-In(1-X)]
against 10°/T is shown in Figure 7.
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TABLE 1
a(Kmin?) 2 aEmin') 2 oEKminl) n
2 2.46 15 3.57 40 3.35
5 2.85 20 3.89 50 2.81
7.5 3.16 25 3.95 60 2.54
10 3.24 30 3.92 70 2.49

The resulting straight lines on figure 7 have slopes
that vary gradually with heating rate. Using Eq. (10),
the values of the Avrami exponent # were determined
from the slopes of these curves.

We calculated values of the Avrami exponent 7
as a function of heating rate O obtained from Eq.
(10). The calculated values of # were not integers
and showed a variation of 2.5 < # < 4, with a maxi-
mum value of n = 4 at A = 25 K min™. The values of
n obtained are listed in TABLE 1.

The value of E, was obtained by using the
Kissinger-Akahira-Sunose method, which also shown
in Figure 11, the values obtained at X=0.5. Figure 8
illustrates the plot of In(0/T?) versus (10°/T) at three
constant values of the crystallization fraction X at

three adjacent heating rate of 00=5,7.5, and 10 K

min.

The values of E were obtained form Friedman’s
method Hq. (12) by using the experimental data T
and (dX/d7) |, for X=0.5. The variation of dx/dz
versus 1" is shown in figure 8. Figure 9 shows the
variation of In(dX/d4) versus 10°/T.

We used to evaluate E, the newly derived equa-
tion by Starink Eq. (13). Figure 9 shows the varia-

tion of In (a/T W ) against 10°/T. Starink reported!”
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Figure 9: The variation of dX/dt versus T for different heating rates.
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that, the most accurate method and the nearest to
the exact value is Starink’s model Eq. (13).
However, Figure 11 shows the values of Eg ob-
tained from the methods discussed above. It is evi-
dent from this result that the E wvalues obtained from
(Egs. 60,7, 8, 11,
ment. In addition, Figure 11 shows the values of E
obtained directly from the JMA equation (Egs. 14
and 15), with the value of » obtained from Eq. (10).
It is unambiguous that the values of £ determined
by the JMA equation directly in non-isothermal pre-
crystallization agree somewhat with those obtained
from the model of Matusita ¢# 2/, in particular at

and 13) are in a very good agree-

WoiAerialy Stience  mm—

very high heating rate 0>70 Kmin'. Joraid reported®
that, JMA model shows a reasonable agreement with
the experimental results to describe the crystalliza-
tion process for the same system of chalcogenide
glass, but at high heating rates.

So, this indicates that the changing of activation
energy of glass transition as shown in figure 11 means
that the assumptions for all the analysis methods are
not met. The Fiedman method on the one hand and
the Kissinger and Starink like methods on the other
hand, while Matusita method forms a third group.

An Tudian Journal
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Figure 10: The plot of In (dX/d#) and In(a/T,'*?) versus 10°/ T for three
adjacent heating rates of =5, 7.5, and 10 K min.
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Figure 11: The plot of the glass transition crystallization energy E_ versus heat-
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CONCLUSION

A DSC experiment was performed to understand
the process of pre-crystallization kinetics in
Sb9.1T620.1SC7O.8
der parameter # was found to be varied with respect
to heating rates of 2.5 < » < 4, with a maximum
value of 7= 4 at 0 =25 K min™.

The activation energy for glass transition E, was
determined using different models. The values ob-

tained from the Kissinger, Augis and Bennett,

chalcogenide glass. The value of or-

Kissinger-Akahira-Sunose and Starink models were
almost identical. Moreovet, the values of Eg obtained
using the models of Matusita et al. and the Fried-
man were to some extent different. All values mea-
sured decrease exponentially as heating rate increases.
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