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A calorimetric study of Te15(Se100�xBix)85 glassy alloys (x¼ 0, 1, 2, 3 and 4
at. %) is reported. Differential thermal analysis (DTA) was performed at
heating rates of 10, 15, 20 and 25K/min. The spectra were used to
determine the glass transition temperature, Tg, the crystallisation temper-
ature, Tc and the melting temperature, Tm. All these parameters shift to
higher values with increasing heating rate, �. The glass transition
temperature and the melting temperature increase, and the crystallisation
temperature decreases, with increase in the Bi content, x. The activation
energy of the glass transition, Eg, was evaluated using the Moynihan and
Kissinger methods. The activation energy of crystallisation, Ec, was
calculated using modified Kissinger and Matusita approaches. The thermal
stability of these glasses has been studied and found to decrease with
increase in Bi content. The results obtained are explained on the basis of
a chemically ordered network model and an average coordination number.

Keywords: differential thermal analysis; glass transition temperature;
activation energy; chalcogenide glass

1. Introduction

Amorphous semiconductors containing elements of Group VI of the Periodic Table
are known as chalcogenide glasses. These glasses have applications in optics,
optoelectronics, holography and as IR lenses [1]. Amorphous Se in its pure form
is useful in applications like switching, memory and xerography [2,3] but it has
disadvantages due to its low photosensitivity, low crystalline temperature and short
lifetime. Addition of Te to Se produces higher photosensitivity, slower ageing effects,
higher crystallisation temperature and greater hardness [4,5]. Te addition initially
retards crystallisation but at higher contents this trend is reversed. The properties of
binary alloys can be varied by adding a third element from Group IV or V of the
Periodic Table so that the new materials can be tailor-made for specific purposes.
The glass transition temperature and the glass forming ability of the Se–Te matrix
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can be increased by adding a third element [6–8], which also produces compositional
and configurational disorder in the system.

In the present study, Bi was chosen as the third element because it produces
remarkable changes in the thermal and optical properties of the Se–Te chalcogenide
glasses. Bi addition causes a p-to-n transition in the conductivity [9–12]. Bi addition
also increases the glass transition temperature, indicating a hardening of the Se–Te
host. Applications based on the amorphous to crystalline photo-induced phase
transition and vice versa require understanding of the glass-forming tendency and
crystallisation kinetics. Crystallisation kinetics has been studied by various workers
[13–15]. Non-isothermal differential thermal analysis (DTA) study has been used for
this purpose. In DTA, the glass transition is exhibited by an endothermic peak
and crystallisation by an exothermic peak due to a change in the specific heat of
the sample.

In the present work, the effect of Bi addition on the crystallisation kinetics of
Te15(Se100�xBix)85 (x¼ 0, 1, 2, 3 and 4 at. %) glassy alloys was studied using DTA.
Characteristic temperatures, such as the glass transition temperature, Tg, and
the crystallisation temperature, Tc, were recorded as a function of the heating rate,
�, and the Bi content, x. The activation energies of the glass transition and
crystallisation were calculated using different approaches. The glass-forming ability
has also been calculated using Hruby’s number, Kgl, and reduced transition
temperature, Trg.

2. Experimental details

Glassy alloys of Te15(Se100�xBix)85 (x¼ 0, 1, 2, 3 and 4 at. %) were prepared by melt
quenching. Se, Te and Bi of high purity (99.999%) were weighed according to their
atomic percentages and sealed in quartz ampoules evacuated to 10�3 Pa. The sealed
ampoules were kept inside a vertical furnace where the temperature was raised up
to 1073K at a heating rate of 3–4K/min. The ampoules were heated at the highest
temperature for 12 h, during which time the ampoules were frequently rocked to
make the melt homogenous. After quenching in ice cold water, the samples were
obtained by breaking the ampoules. The amorphous nature of the glasses was
confirmed by the absence of any prominent peaks in their X-ray diffraction profiles
(see Figure 1). The glasses were ground into fine powder for DTA studies.
The thermal behaviour of the samples was recorded using a Shimadzu DTG-60
system. In each study, approximately 20–25mg bulk material was used. Four heating
rates of 10, 15, 20 and 25K/min were chosen for the present study to obtain
the characteristic temperatures Tg, Tc and Tm.

3. Results

The DTA curves of Te15(Se100�xBix)85 for x¼ 3 at. % (as reference) at different
heating rates of 10, 15, 20 and 25K/min are shown in Figure 2. In DTA, the glass
transition appears as an endothermic peak or a shift in the base line due to change
in the specific heat as the glassy system relaxes quickly due to a decrease in viscosity.
The position of the peak represents the strength of the glassy structure.
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Figure 3 shows the DTA thermograms for Te15(Se100�xBix)85 (x¼ 0, 1, 2, 3 and 4

at. %) at a heating rate of 10K/min. It is clear from the figure that the glass

transition temperature, Tg, and the melting temperature, Tm, both increase and the

crystallisation temperature, Tc, decreases with increase in Bi content.
The characteristic temperatures Tg, Tc and Tm were recorded from the DTA data

and are listed in Table 1 for different heating rates, �. It can be seen that Tg increases

with heating rate and obeys the empirical relation [16]

Tg ¼ Aþ B ln�, ð1Þ
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Figure 1. X-ray diffraction profiles of Te15(Se100�xBix)85 (x¼ 0, 1, 2, 3 and 4 at. %)
glassy alloys.

Figure 2. DTA thermograms for Te15(Se100�xBix)85 glassy alloys for x¼ 3 at. % at heating
rates of 10, 15, 20, 25K/min.

Philosophical Magazine 3909

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
S
h
a
r
m
a
,
 
P
a
n
k
a
j
]
 
A
t
:
 
0
3
:
3
4
 
1
9
 
A
u
g
u
s
t
 
2
0
1
0



Table 1. Values of Tg, Tc, Tm, (Tc�Tg), (Tm�Tc), Kgl and Trg for Te15(Se100�xBix)85 (x¼ 0,
1, 2, 3 and 4 at. %) glassy alloys at heating rates of 10, 15, 20 and 25K/min.

Composition � (K/min) Tg (K) Tc (K) Tm (K) Tc�Tg (K) Tm�Tc (K) Kgl Trg

Te15(Se100)85 10 341.15 407.66 520.42 66.51 112.76 0.589 0.655
15 344.15 418.31 527.42 74.16 109.11 0.679 0.653
20 347.71 423.82 530.13 76.11 106.31 0.715 0.656
25 349.95 430.22 530.72 80.27 100.52 0.798 0.659

Te15(Se99Bi1)85 10 342.11 404.61 521.91 62.50 117.30 0.533 0.655
15 345.09 415.00 529.16 69.91 114.16 0.612 0.652
20 348.36 420.91 532.13 72.55 111.22 0.652 0.654
25 350.37 427.28 532.48 76.91 105.20 0.731 0.658

Te15(Se98Bi2)85 10 343.17 403.51 522.00 60.34 118.49 0.509 0.657
15 346.05 413.95 530.81 67.90 116.86 0.581 0.652
20 349.22 419.99 533.97 70.77 113.98 0.621 0.654
25 351.11 427.18 536.15 76.07 108.97 0.698 0.654

Te15(Se97Bi3)85 10 344.19 401.47 526.31 57.28 124.84 0.459 0.653
15 346.97 411.97 530.01 65.00 118.04 0.551 0.654
20 350.03 420.16 537.75 70.13 117.59 0.596 0.651
25 351.81 425.36 541.69 73.55 116.33 0.632 0.649

Te15(Se96Bi4)85 10 345.10 399.10 527.96 54.00 128.86 0.419 0.653
15 347.77 409.46 532.00 61.69 122.54 0.503 0.653
20 350.73 419.01 542.74 68.28 123.73 0.551 0.646
25 352.38 423.86 543.07 71.48 119.21 0.599 0.648

Figure 3. DTA thermograms for Te15(Se100�xBix)85 glassy alloys for x¼ 0, 1, 2, 3, 4 at. % at
a heating rate of 10K/min.
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where A and B are constants. A represents the value of Tg for a heating rate of

1K/min, whereas B is related to the cooling rate of the melt and to the response

of configurational changes in the glass formation region. Different values of B

indicate that the system has undergone structural changes with different Bi

compositions.
Figure 4 shows the variation of Tg with ln(�) for the glassy alloys. Tg is found

to increase with the Bi content. The structural relaxation theory developed by

Moynihan and others [17–19] was used to analyse the kinetics of the glass transition

from its heating rate dependence. The activation energy of the glass transition Eg has

been calculated using Moynihan’s theory. The dependence of Tg on heating rate

is given by [18,19];

d ðln�Þ

d ð1=TgÞ
¼ �

Eg

R
, ð2Þ

where R is the gas constant. The plot of ln(�) vs. 1000/Tg is a straight line, as shown

in Figure 5 and the activation energy of the glass transition was calculated from

the slope of this plot. The activation energy was found to increase with Bi content.
The activation energy of the glass transition was also calculated from the

Kissinger equation [20]:

ln
T 2

g

�

 !
þ const: ¼

Eg

RTg
, ð3Þ
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Figure 4. Variation of Tg with ln(�) for Te15(Se100�xBix)85 (x¼ 0, 1, 2, 3 and 4 at. %)
glassy alloys.
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Figure 6. Plot of ln(T 2
g=�) vs. 1000/Tg for Te15(Se100�xBix)85 (x¼ 0, 1, 2, 3 and 4 at. %) glassy

alloys.
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Figure 5. Plot of ln(�) vs. 1000/Tg for Te15(Se100�xBix)85 (x¼ 0, 1, 2, 3 and 4 at. %)
glassy alloys.
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from the slopes of plots of ln(T 2
g=�) vs. 1000/Tg (Figure 6). The calculated values of

Eg are reported in Table 2. The activation energies calculated from both approaches

are comparable and increase with Bi content x.
The activation energy of crystallisation was calculated from the variation of the

peak crystallisation temperature, Tc, with heating rate using the modified Kissinger’s

equation [21,22]:

ln
T 2

c

�

� �
þ const: ¼

Ec

RTc
: ð4Þ

The graph of ln(T 2
c=�) vs. 1000/Tc is shown in Figure 7. The slope of this graph

gives the value of the activation energy of crystallisation, Ec.
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1000/Tc(K–1)

c

Figure 7. Plot of ln(T 2
c=�) vs. 1000/Tc for Te15(Se100�xBix)85 (x¼ 0, 1, 2, 3 and 4 at. %) glassy

alloys.

Table 2. Values of hri, Eg, Ec, n, m and CE for Te15(Se100�xBix)85 (x¼ 0, 1, 2, 3 and 4 at. %)
glassy alloys.

x hri

Eg

(kJ/mol)
(Moynihan)

Eg

(kJ/mol)
(Kissinger)

Ec

(kJ/mol)
(mod. Kissinger) n m

Ec

(kJ/mol)
(Matusita) CE (kJ/mol)

0 2.15 101.45 95.71 53.13 1.39 1 75.15 180.37
1 2.16 107.91 102.15 51.92 1.33 1 74.63 180.12
2 2.17 112.67 106.90 49.50 1.35 1 71.52 179.86
3 2.18 117.87 112.06 46.90 1.24 1 68.39 179.61
4 2.19 123.57 117.79 43.81 1.17 1 67.78 179.07
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The activation energy of crystallisation was also calculated from the Matusita
relation [23]

ln � lnð1� XÞ½ � ¼ �n ln�� 1:052
mEc

RT
þ const:, ð5Þ

where X is the volume fraction of crystalline material precipitated in the glass, Ec is
the activation energy of crystallisation and R is the gas constant. X at a particular
temperature is given by AT/A, where A is the total area under the exothermic peak
and AT is the area under the exotherm between the onset temperature of
crystallisation and the particular temperature; n and m are constants depending on
the nucleation mechanism and the morphology of growth. The slope of a
ln[�ln(1�X)] vs. ln(�) graph (Figure 8) gives the value of n. The mean value of n
for the system is found to be 1.299. It has been shown that value of n may be 4, 3, 2
or 1 depending on the type of nucleation and growth. For as-quenched glasses
containing no nuclei, the constant m is taken to be m¼ n� 1 and m¼ n for glasses
containing a large number of nuclei. The value of m is 1 for all compositions,
indicating one-dimensional growth [24,25]. The slope of a graph of ln[�ln(1�X)] vs.
1000/T (Figure 9) gives the activation energy of crystallisation, Ec. The values of Ec

calculated using the modified Kissinger’s equation and Matusita’s equation are
reported in Table 2. The values of Ec calculated from either method decreases with
increasing Bi content.

In glassy alloys, the glass-forming tendency (GFT) is related to the ease with
which the melt can be cooled with avoidance of crystal formation. The difference
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Figure 8. Plot of ln[�ln(1�X)] vs. ln(�) for Te15(Se100�xBix)85 (x¼ 0, 1, 2, 3 and 4 at. %)
glassy alloys.
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of Tc and Tg is a strong indication of glass-forming tendency and the higher the value
of (Tc�Tg) the greater is the glass-forming tendency. The GFT can be estimated
from Hruby’s parameter [26]:

Kgl ¼
Tc � Tg

Tm � Tc
: ð6Þ

The ease of glass formation is determined by calculating the reduced glass
transition temperature, Trg, given by [27];

Trg ¼
Tg

Tm
: ð7Þ

The calculated values of Trg obey the two-thirds rule, which states that Tg/
Tm¼ 2/3. This holds well for the studied compositions. The values of Kgl and Trg for
different compositions are reported in Table 1.

4. Discussion

The increase in the value of the glass transition temperature, Tg, with increase in Bi
content can be explained to some extent with the concept of the chemically ordered
network model (CONM) according to which the formation of hetropolar bonds is
favoured over that of homopolar bonds. When Bi is added, it is expected to form
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Figure 9. Plot of ln[�ln(1�X)] vs. 1000/T for Te15(Se100�xBix)85 (x¼ 0, 1, 2, 3 and 4 at. %)
glassy alloys.
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bonds with Se because the bond energy of Bi–Se (175.6 kJ/mol) is greater than bond
energy of Bi–Te (121.2 kJ/mol) resulting in a decrease in the number of Se–Se bonds
(184 kJ/mol) [8]. This explains the increase in Tg with increase in Bi content due to
formation of large numbers of hetropolar Bi–Se bonds and a decrease in the
concentration of homopolar Se–Se and Te–Te bonds. The increase in Tg can also be
explained partly on the basis of the average coordination number hri [28], given by

hri ¼
2XSe þ 2XTe þ 3XBi

100
, ð8Þ

where XSe, XTe and XBi are the atomic percentages of Se, Te and Bi, respectively.
On increasing the Bi content the average coordination number increases and
therefore the glass transition temperature also increases. The increase in Tg with
heating rate is explained by the fact that when the heating rate increases, the system
does not have sufficient time for nucleation and crystallisation to occur. The increase
in Tg also results in an increase in the activation energy of the glass transition and is
in good agreement with the report of Cofmenero and Barandiaran [29].

The decrease in activation energy of crystallisation with increase in Bi content can
be explained on the basis of bond energies. The bond energies, D(AB),
for heteropolar bonds have been calculated using the relation [30]

DðABÞ ¼ DðAAÞDðBBÞ½ �
1=2
þ30ð�A � �BÞ

2, ð9Þ

where D(AA) and D(BB) are the energies of the homopolar bonds and �A and �B are
the electronegativities of the atoms involved. The types of bonds expected to occur in
the system are Se–Te (D¼ 184.7 kcal/mol), Se–Bi (D¼ 175.6 kJ/mol) and Se–Se
(D¼ 184 kJ/mol). Knowing the bond energies, the cohesive energy (CE) can
be calculated using the equation [31]

CE ¼
XCiDi

100
, ð10Þ

where Ci and Di are, respectively, the number of bonds expected and the energies of
the corresponding bonds. The cohesive energy has been found to decrease with
increase in Bi content [32]. The decrease in cohesive energy means a lower bonding
strength, which leads to a decrease in the temperature of crystallisation and hence the
activation energy of crystallisation.

The decrease in thermal stability with increase in Bi content has been explained
on the basis of formal theory of transformation kinetics. Surinach et al. [33] and
Hu and Jiang [34] introduced the kinetic parameter

KðTgÞ ¼ K0 expð�Ec=RTgÞ: ð11Þ

The smaller value of K(Tg) implies a better glass forming ability [35–37]. In our
system, the value of K(Tg) increases with increase in Bi content meaning the glass-
forming ability decreases.

5. Conclusions

The glass transition temperature, crystallisation temperature and melting
temperature have been found to increase with the heating rate for
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Te15(Se100�xBix)85 (x¼ 0, 1, 2, 3 and 4 at. %) glasses. The glass transition
temperature and the melting temperature increase, whereas the crystallisation
temperature decreases with Bi addition for the system. The activation energy for
the glass transition has been calculated from the heating rate dependence of Tg using
the Moynihan and Kissinger approaches. The values calculated using both methods
are in good agreement with each other and are found to increase with the Bi content.
The activation energy of crystallisation calculated using the modified Kissinger and
Matusita approaches decreases with an increase in the Bi content. Using Hruby’s
parameter, it is found that glasses with lower Bi content are easier to form
in comparison to those with higher Bi content.
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