J Therm Anal Calorim (2012) 110:823-829
DOI 10.1007/s10973-011-1972-0

Non-isothermal Kinetic analysis on the crystallization process

in Se-S glassy system

Nadeem Musahwar - Wasi Khan - M. Husain -
M. Zulfequar - M. A. Majeed Khan

Received: 30 July 2011/ Accepted: 4 October 2011 /Published online: 30 October 2011

© Akadémiai Kiadd, Budapest, Hungary 2011

Abstract In the present study samples of Sejgo _ S, has
been prepared by conventional melt-quenching technique
in the composition range 5 < x < 20 (at.%). The crystal-
lization process in glassy system was investigated under
non-isothermal condition using differential scanning calo-
rimetry (DSC) at 5, 10, 15, and 20 °C/min heating rates
(¢). The DSC traces have been analyzed in terms of acti-
vation energy (AE.) and Avrami exponent (n) using dif-
ferent models viz. the Starink, Flynn—Wall-Ozawa, the
Friedman—Ozawa, Kissinger—Akahira—Sunose equations.
The composition dependence on the glass transition tem-
perature (7,), the crystallization temperature (7¢), and the
peak temperatures (7p) of the samples were also deter-
mined. The analysis shows that the incorporation of sulfur
content has a strong influence on the crystallization
mechanism for the Se-S glassy system.
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Introduction

The thermal behavior of the amorphous alloys plays an
important role in determining the transport mechanism,
thermal stability, and practical applications. For chalco-
genide glasses, crystallization studies are of crucial
importance because of some of technical applications of
these materials, namely optical recording media and
memory switching devices. The differential scanning cal-
orimeter technique have so far been employed to study the
crystallization process in amorphous alloys and proved to
be the most effective method for such characterizing
studies [1]. Recently, in thermal analysis studies several
temperature control modes are used, a diversification has
been considered as an aspect of the development in thermal
analysis [2, 3]. The most commonly used modes are either
isothermal or heating at constant rate. The drawback of the
later is that the analysis of non-isothermal experiments is
generally more complicated than isothermal one [1, 4].
However, in isothermal experiments it is impossible to
reach a test temperature instantaneously [5].

The study of crystallization kinetics in amorphous
materials by differential scanning calorimetry (DSC)
methods has been widely discussed in the literature [6—8].
There is a large variety of theoretical models and theoret-
ical functions proposed to explain the crystallization
kinetics. The application of each of them depends on the
type of amorphous material studied and how it was made.
For glassy materials obtained in bulk form, which is the
case of the alloy Sejgg _ .S, submitted to continuous
heating experiments, the reaction rate of the process can be
expressed as the product of two separable functions of
absolute temperature and the fraction crystallized, thus
satisfactory kinetic parameters: activation energy, E and
reaction order, n, for describing the crystallization
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reactions can be obtained. Despite some reported thermal
studies for the binary Se-S system [9-11], the present
contribution aims at studying the crystallization kinetics in
Se—S system using different preparation method, compo-
sitions, and non-isothermal analysis methods in detail. The
influence of sulfur ratio on the crystallization kinetics is
reported.

Experimental

The melt-quenching technique was adopted to prepare bulk
Seqgo - Sy glasses in the composition range 5 < x < 20
(at.%). Appropriate amounts of high pure elements were
sealed in evacuated quartz ampoules under a vacuum of
10~ Torr. The sealed ampoules were kept inside a furnace,
where the temperature was increased up to 700 °C at the
heating rate of 2-3 °C/min. The ampoules were heated at
this for 10 h; during the melt process these ampoules were
agitated frequently to intermix the constituents and to
insure the homogenization of the melt. Quenching was
done in ice cold water. Amorphous nature of these glasses
was confirmed by X-ray diffraction technique (not shown
here). A differential scanning calorimeter (DSC, Rheo-
metric Scientific) was employed for the thermal behavior
study. Non-isothermal runs were carried out for chosen
heating rates, ¢ = 5, 10, 15, and 20 °C/min. The temper-
ature and enthalpy calibrations of the instrument were
performed using the well known melting temperature and
melting enthalpy of high purity indium supplied with the
instrument. The as-quenched glasses were ground and
typically 10 mg of powdered glasses was placed in a
platinum pan before loading into the calorimeter.

Results and discussion

To investigate the thermal behavior of the Sejgy _ .S,
system, DSC measurements were carried out at heating
rates (¢p) of 5, 10, 15, and 20 °C/min. The DSC traces for
all studied compositions scanned at heating rate of 10 °C/
min along with the results of SegsSs are shown in Fig. la.
All glasses exhibit endothermic slope change because of
the glass transition followed by exothermic crystallization
peak. The observed glass transition temperatures (1), the
onset crystallization temperatures (7.), and the peak tem-
peratures (T},) are given in Table 1 (for ¢ = 10 °C/min).
Figure 1b displays that the three characteristic temper-
atures for composition SegsSs are shifted to higher values
with increase in heating rate. This trend indicates that the
glass transition and the crystallization process behave in
markedly kinetic nature. The shape of glass transition zone
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Fig. 1 aDSC traces for all compositions at a heating rate of 10 °C/min.
b A typical DSC of the SeqsSs glass at different heating rates

becomes broader with increasing heating rate of the DSC
scan. Hence, it is difficult to identify 7|, for fast heating rate
i.e., for 20 °C/min. As for the composition dependence of
T,, it is found that all the samples exhibited comparable
glass transition temperature. In Fig. 2, the variation of T, as
a function of sulfur content is plotted for ¢ = 15 °C/min.
The supercooled region of an amorphous alloy AT = T, —
T, is the widely used criteria to characterize the thermal
stability of such materials. For all of the studied samples
there is no significant effect of heating rate on the calcu-
lated values of AT. The composition dependence of AT is
shown in Fig. 2, where the presented results are the aver-
age values for all scanned heating rates. It can be noticed
that alloys with high sulfur contents (SegsS;5 and SegpS,g
alloy) exhibit the best thermal stability, while the other
compositions show comparable values. The maximum
value of AT for air-quenched Se-S glasses [9] was ~44 °C
for alloy with x = 6.25% and 55 °C was reported for ter-
nary system Se—S—Sn [12].
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Table 1 Characteristic temperature of the Sejoo — .S, glasses

Composition T,/°C T./°C T,/°C
SeogsSs 39 87 103
SegoS10 46 89 93
5635815 37 106 130
Segoszo 36 100 123
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Fig. 2 Compositional dependence of glass transition temperature
(T,), thermal stability (AT), and crystallization enthalpy (AH.)

In non-isothermal kinetics analysis, the results obtained
from the thermogram are represented in terms of the
crystallized volume fraction (x) as a function of tempera-
ture using

j‘ (dHy/dT — dH,/dT)dT

a(T) ==

AH, ()
where T, is the onset crystallization temperature, dHr is the
enthalpy of crystallization released between T and T, dH,
is the enthalpy of the base line of the exothermic peak and
AH, is the total crystallization enthalpy. In Fig. 3, the
behavior of the fraction transformed (x«) for a chosen
heating rate (¢) = 10 °C/min) is represented in time scale,
where T = T — ¢ t. From the results represented in Fig. 3,
it is found that 90% of solid—solid transition is completed at
At = 2.9, 1.6, 5.3, and 3.2 min for alloys with x = 5, 10,
15, and 20, respectively. Hence, the alloys with highest
AT exhibit fast solid—solid transition.

In Fig. 2, the composition dependence of the crystalli-
zation enthalpy AH, is shown. Apparently, AH, decreases
with increase in sulfur content linearly and the alloys with
low thermal satiability, AT exhibit the larger AH.. Since
the release of energy AH, is associated with the metasta-
bility of the glasses [13, 14], with the exception of SegyS20,
large value of AH,. is associated with the least stable
glasses.

For the determination of crystallization activation
energy, AE,., from non-isothermal experiments two types of
kinetic analysis methods are widely applied; isoconversion
and peak methods. In an investigation study of the accu-
racy of known isoconversion methods, Starink [4] reported
that the most accurate methods are Kissinger—Akahira—
Sunose (KAS) [15-17] and the method developed by the
authors [4, 18]. All the isoconversion methods require the
determination of the temperature T(¢) at which a fixed
fraction o of the total amount is transformed. In the KAS
method, the relation between the temperature Ty and the
heating rate ¢ is given by

In(¢/T}) = —AE./RT; + const. (2)

where R is gas constant and AE. is the crystallization
effective activation energy. The method proposed earlier
by Kissinger [19] is a peak method, where the final relation
expressed in terms of T, i.e.,

In <¢/T§) = —AE. /RT, + const. (3)

Plotting of In(¢/T?) versus 1/T¢ enables calculation of AE,
from the linear fits to experimental data. The results for
o =0.6 are shown in Fig. 4a. The most reliable
isoconversion methods as reported by Ozawa [20] are
Flynn—Wall-Ozawa (FWO) [21, 22], KAS and the
Friedman—Ozawa (FO) method [22, 23]. The FWO
model has been developed for non-isothermal analysis of
crystallization in which the final relation was as follows:

In¢ = —1.0518(AE./RT;) + const. 4)

By plotting In¢ versus 1/T, for chosen value of fraction
transformed (o = 0.6), the effective activation energy AE,
can finally be determined and shown in Fig. 4b. Friedman

[23] proposed his method for nth order reaction in 1964.
Later, Ozawa [24] found it is applicable to other solid—solid
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Fig. 3 Transformed fraction versus time
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transition processes. According to the FO method a linear

relationship of In(¢p - %) versus % with slopes proportional to

AE. can be established from different temperature data for
fixed value of fraction transformed «. The results represented
in Fig. 5 shows the variation of do/dT with time for SegsSs
alloy. The FO method gives the following relation:

do AE,
In ((;5 . ﬁ) = + const. (5)

RT
The KAS and FWO method can be expressed in general

form i.e., In(¢/Tf) = —A - E/RT; + const. In the method
proposed by Starink [4, 18] A = 1.0008 and s = 1.92, i.e.,

AE.

In(¢/T}**) = —1.0008 RT:

+ const. (6)

In the present study, the activation energy AE, is found to
vary with o for low and high values of « (results is not
shown), a result have been attributed to the high errors in the
baseline interpolation for peak tails [25]. However, AE, is
found to be independent of o in the range 0.4—0.7. The results
for chosen values of fraction transformed o = 0.4, 0.6, and
0.7 are shown in Fig. 6 for SeqS o (Starink method). It can
be observed, the linear fitting has identical slopes for the
chosen values of o. In the present study, the value of AE, is
calculated for « = 0.4, 0.5, 0.6, and 0.7 for all compositions.
The evaluated values of AE. in Table 2 are the average
values and the absolute error is the corresponding standard
deviation. All the applied isoconversion methods show
comparable regression of the linear least square fitting.
Moreover, the results show that the KAS, Starink, and FWO
methods generate consistent activation energy, AE., and
consistent values of standard deviation as well. With the
exception of SegsS5 alloy, the activation energies calculated
using Friedman method are found to be comparable with
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Fig. 5 Crystallization rate versus time of exothermic peaks

those obtained by other models. Here, it is worth to note that
Friedman method is only recommended if transformation
rates or heat evolution can be measured with high accuracy,
the activation energies calculated using Eq. 5 for alloys with
irregular or overlapping exothermic peaks, Fig. 1a, shows
higher amplitude compared to the other applied methods.
As for the composition dependence of the activation
energy, the average values of AE. calculated using the
equally well predicted methods; KAS, Starink, and FWO
are represented in Fig. 7. For comparison, the obtained
values for some of studied Se-Te alloys are 123.5 and
100 kJ/mol for SegyTe,y and SegsTe;s, respectively [26,
27]. Hence, one can suggest that the effect of sulfur content
increases AE, compared to tellurium content. Kotkata et al.
[9] found that the effect of sulfur incorporation into Se is to
reduce the activation energy from 151 to 80 kJ/mol for
sulfur content ranges from 4.76 to 22.22%. In agreement
with the results presented in Figs. 3 and 7, it is suggested

Fig. 4 Determination of activation -8.8 S 0.9
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Fig. 6 Starink plot for chosen transformed fraction (o)

that crystallization activation energy determines the
dependence of the crystallization rate on temperature, that
is, the lower activation energy gives the wider temperature
range of crystallization [28]. The SegsS;s alloys which
shows minimum activation energy has the widest temper-
ature range of crystallization, 42 °C, and the highest T, as
well.

For the present studied amorphous systems, we have
applied two models, namely Ozawa [29, 30] and Vazquez
model [31], to calculate the order of reactions occurring
during linear heating. The Ozawa method is the most
commonly used method in the literature, while the second
is useful to monitor the heating rate dependence of n which
can be observed as a deviation from linear fitting in Ozawa
model. Assuming that non-isothermal crystallization pro-
cess may be composed of infinitesimally small isothermal
crystallization steps, Ozawa [30, 31] extended the Avrami
equation to the non-isothermal case as follows:

In[—In(l —ar)] =InK(T) —nln¢ (7)

where K(T) is the reaction rate constant, ¢ the heating rate,
and n is the Ozawa exponent which characterizes the
dimensionality of the growth during the transformation.
Plotting In(—In(1 — a)) versus In¢ at given temperature, a

Sulfur concentration/%

Fig. 7 Compositional dependence of activation energy and Avrami
exponent

straight line should be obtained if the Ozawa method is
valid. The results based on Ozawa method are shown in
Fig. 8 and the Ozawa exponents are listed in Table 2. It is
worth to note that Ozawa method shows insignificant
temperature dependence of n.

According to Vazquez method [31] it is possible to
calculate the kinetic parameters using the following
relations:

d ~ T2 E
n= (d_‘:)pRT]f(oswE) "In (i’) “RT, Ing (8)

with the exception of SegsS;s alloys, the calculated values
of Avrami exponent, 7, remain insensitive to the operating
heating rate ¢. The value of n in Table 2 is the average
value at all heating rates for particular composition and the
absolute error is the corresponding standard deviation.
The Fig. 7 shows that the calculated values of exponent
n using Ozawa and Vazquez models are in good agreement,
except for 10% sulphur concentration, which indicates
small deviation. Moreover, both models show the same
trend of composition dependence. It is worth to note that
the kinetic parameters, n and AE, have the same compo-
sition dependence and the calculated values of AE. for
alloys with sulfur content x < 20% is less than the energy
of self diffusion of selenium 222 kJ/mol and the bonds

Table 2 The average values of overall kinetic parameters determined using different non-isothermal models and calculated as prescribed in the

text
Composition AE /kJ/mol n

Starink FWO FO KAS Vazquez Ozawa
SegsSs 101.6 £ 3.5 102.4 £ 3.3 92.1 £53 101.5 £ 3.5 1.73 £ 0.18 1.61 £+ 0.03
SegoS10 175.6 £5.2 172.7 £ 5.0 161.7 £ 5.3 1755 £ 5.2 2.29 £+ 0.06 1.82 £ 0.27
SegsSis 94.1 £3.8 957 £3.6 213.1 £ 89 939 £338 1.51 £ 055 1.66 £ 0.05
Seg0S20 3364 £+ 31.1 326.1 + 29.6 347.7 £ 279 3364 £+ 31.1 0.49 £+ 0.01 0.55 £ 0.17
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Fig. 8 Determination of Avrami exponent using Ozawa method

energies (2.48 eV for Se-Se bond and 2.13 eV for S-S
bond). The activation energy for the overall reaction will
generally be related to activation energy for the physical
process that determines the rate of the reaction. The
Avrami exponent obtained using Ozawa method cannot be
related to the corresponding activation energy for SegsSs
and SegsS;s alloys. Hence, one can conclude that the
Ozawa method is not applicable for the present studied
system.

From the results represented in Fig. 7 and Table 2 it can
be noted that the Avrami exponent calculated using Eq. 8 for
SegsSs alloy lies in the range from 1.6 to 1.9. Since the cal-
culated AE, for SegsSs alloy is less than the energy of self
diffusion of selenium, the possible mechanisms are diffu-
sionless two dimensional with constant nucleation or diffu-
sionless one dimensional growth with constant nucleation
rate. For the SeqsSio and SegyS,o alloys, the diffusion
mechanism can be considered, hence, the crystallization
process in SeqpS g alloy is governed by diffusion-controlled
two or three dimensional growth mechanism with Constant
nucleation rate and it is governed by one dimensional dif-
fusion-controlled mechanism with constant nucleation for
SegpSyo alloy. Finally, the obtained Avrami exponent for
SegsSys alloy is 1.5. For n = 1.5, there are two possible
crystallization mechanisms [32]; one is three dimensional
diffusion-controlled process with constant nucleation and
the other is one dimensional diffusionless process with
constant nucleation rate. Recalling that the calculated acti-
vation energies for the mentioned alloy is less than the energy
of self diffusion of selenium, one can rule out the possibility
of diffusion-controlled mechanism. In conclusion, the sulfur
content has a strong influence on the crystallization mecha-
nism for the Se-S glassy system, alloys with low sulfur
contents have two or three dimensional growth mechanism
results suggests the existence of crosslinks between the
selenium chains while alloys with high sulfur content have
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one dimensional growth mechanism which can be attributed
to the accumulation of sulfur in the selenium matrix. The
irregular shape and overlapping of the exothermic peaks for
high sulfur content alloys support this suggestion.

Conclusions

The DSC has been used to determine the non-isothermal
crystallization kinetics of the amorphous Se-S system.
With the exception of Friedman method all the applied
isoconversion methods give consistent values of the cal-
culated activation energy. The Avrami exponent has been
evaluated on the basis of the Ozawa and Vazquez models.
The values obtained using these models cannot be related
to the kinetics of amorphous-crystalline transformations.
The variation in the kinetics parameters with sulfur content
suggests that the addition of low sulfur content creates
crosslinks between selenium chains while high amounts of
sulfur results in accumulation of sulfur in the selenium
matrix.
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