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Abstract The crystallization kinetics of the TeO2/TiO2/

As2O3 glassy system was studied under nonisothermal

conditions. The method was applied to the experimental

data obtained by differential thermal analysis (DTA), using

continuous-heating techniques. In addition, two approaches

were used to analyze the dependence of glass transition

temperature (Tg) on the heating rate (b): One is the

empirical linear relationship between (Tg) and (b); The

other approach is the use of straight line from the plot of

ln T2
g=b

� �
vs: 1=Tg for evaluation of the activation energy

for glass transition. The crystallization results are analyzed,

and both the activation energy of crystallization process

and the crystallization mechanism are characterized.

Introduction

In the last two decades, tellurite glasses have attracted a

great deal of interest due to their high refractive index, and

high phonon energy which enlarges the transmission

infrared spectra range up to %6 lm [1–3]. Tellurite glasses

have been considered as promising materials for both fiber

amplifiers and nonlinear optical devices [4]. These prop-

erties, due to high polarizability of Te4? ions (with a sol-

itary electron pair 5s2) can be even more enhanced by

means of the incorporation of other heavy metal oxides that

can be easily polarized (e.g., those of sixth period, like Tl?,

Bi3?, Pb2?) or with empty d orbital (e.g., W6?, Zr4?, Ti4?,

and Nb5?) [5]. Three structural entities of TeO2 have been

reported [6] as follows: (1) TeO4 trigonal bipyramids (tbp)

group with two axial and equatorial oxygen atoms; (2)

TeO3?1 asymmetric polyhedron in which one Te–O axial

bond shortens while the other elongates; and (3) TeO3

trigonal pyramids (tp) with three short Te–O distances.

Among the modifiers TiO2 is of special interest. Moreover,

the recent ab initio studies of [TeO2]p clusters provide

arguments to associate the above mentioned extraordinary

optic properties with the essential nonlocality of the elec-

tron dielectric response, which is found to be characteristic

of the [TeO2]p chainlike polymers [7]. Actually, the X-ray

diffraction patterns and the Raman spectra show that no

[TeO3]2- pyramids and thus no [TepOq]-2(q-2p)- anions

appear in crystalline or glassy structures within the TeO2–

TiO2 system [8] which would keep the framework nature of

such compounds, thus favoring their high polarizability and

hyperpolarizability. Other advantages of such glasses are

their good thermal and chemical stabilities, low tendency

to crystallization, and their ability to host rare earth ions

[2]. When As2O3 is present in TeO2 glass network, it is

quite possible for a cross linking of a part of TeO4 units to

combine with As2O3 unit to form As–O–Te bonds in the

glass network [9]. Earlier, arsenic oxide was being used as

a fining agent to remove air bubbles in the glasses [10].

Chung and Mackenzie [11] have suggested that a small
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number of V4? ions would be reduced to V3? state, as per

the following equation:

As2O3 þ V2O5 ! As2O5 þ V2O3;

Therefore, we can suggest that, during the melting of the

present glasses at higher temperature, there is a possibility

that the following redox equilibrium takes place:

As2O3 þ TeO2 ! Te0 þ As2O5. The aim of this article is

to evaluate the activation energy for glass transition and

crystallization for these glasses.

Theoretical background

The formal theory of transformation kinetics is the one was

developed by Avrami [12]. This theory supposes that the

crystal growth rate in general is anisotropic, and in the case of

an as quenched glass where a large number of nuclei already

exists and no new nuclei are formed during thermal treatment,

the volume fraction crystallized, v, is expressed in terms of the

crystal growth, u, as function on time (t) is as follows:

v ¼ 1� exp �g

Z t

0

uðt0Þdt0

0
@

1
A

m2
4

3
5 ð1Þ

where g is a geometric factor and, m, is an exponent related to

the dimensionality of the crystal growth. In the considered

case (i.e., site saturation) [13] the kinetic exponent is n = m,

and assuming an Arrhenian temperature dependence for, u

[14], and a constant heating rate b = dT/dt, the extended

volume fraction, ve, becomes

ve ¼ gN0

u0

b

� �n ZT

T0

e�EG=RT 0dT 0

0
B@

1
CA

n

¼ QIn ð2Þ

where, T0 is the initial temperature of the non-isothermal

process, EG is the effective activation energy for crystal

growth, and N0 is the number of pre-existing nuclei per unit

volume. Substituting for z0 ¼ EG=RT 0; the integral, I, can

be represented by an alternating series where it is possible

to use only first term without making any appreciable error,

and by assuming that T0 � T [15, 16] we obtain I

I ¼ RT2

EG

exp �EG

RT

� �
ð3Þ

Substituting Eq. 3 into Eq. 2, introducing the parameter,

L = (R/EG)n, and defining the reaction rate constant as Km ¼
gN0ð Þ1=nu0 expð�EG=RTÞ; with an Arrhenian temperature

dependence, the volume fraction crystallized is expressed as

ve ¼ L KmT2b�1
� �n ð4Þ

The relation between the actual fraction, v, and the

extended, ve, can be written as [17]

dv ¼ ð1� vÞdve ð5Þ

and so the Eq. 4 can be rewritten as follows:

v ¼ 1� exp �L KmT2b�1
� �n

h i
ð6Þ

Differentiating Eq. 6 with respect to time, the crystallization

rate is obtained as

dv
dt
¼ nL 1� vð Þ KmEGR�1 þ 2KmT

� � KmT2

b

� �n�1

ð7Þ

The maximum crystallization rate is found by making
d2v
dt2 ¼ 0, and thus obtaining the relationship from Eq. 7 as

follows [18]:

Yb ¼ � lnð1� vPÞ ¼ L
KmT

2
P

b

� �n

;

¼ 1� 2

n
1þ EG

RTP

� �
2þ EG

RTP

� ��2

;

ð8Þ

where the subscript, P, denotes the magnitude values

corresponding to the maximum crystallization rate. In most

crystallization reactions, EG

RTP
�� 1; and the logarithmic

form of Eq. 8 is written as

ln
T2

P

b

� �
¼ EG

RTP

� ln L1=nKm

� �
ð9Þ

From the linear relationship of Eq. 9, it is possible to

calculate the kinetic parameters EG and L. At the same

time, if the expression L1=nðKmÞPT2
P=b ¼ 1 is introduced

into Eq. 7, then one obtains

n ¼ dv
dt

� �

P

RT2
P 0:37bEGð Þ�1 ð10Þ

which makes it possible to calculate the kinetic exponent, n.

Experimental details

The glass systems TeO2/(1 - x) TiO2/0.03 mol% As2O3

where (x = 0.06, 0.12, and 0.15 mol%), were prepared by

mixing specified weights of tellurium oxide (TeO2, 99.9%

purity, Ferak), Titanium oxide (TiO2, 99.99% purity,

Sigma-Aldrich), and Arsenic oxide (As2O3, 99.9% purity,

Aldrich). The powder mixture was heated in a platinum

crucible at 773 K for 30 min to avoid the volatilization of

Arsenic oxide and then heated in a melting furnace to a

temperature of 1173 K for 30 min. The melt which had a

high viscosity was cast in a brass mold. Subsequently, the

sample was transferred to an annealing furnace and kept for
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2 h at 600 K. Then, the furnace was switched off, and the

glass sample was allowed to cool, and the glass formed was

homogenous. The color of these samples is pale yellow,

and it is transparent.

The thermal behavior was investigated using differential

thermal analysis (Shimadzu DTA 50) to determine glass

transition temperature Tg (in K), initial crystallization tem-

perature T0 (in K), and the peak temperature of crystalliza-

tion TP (in K). The temperature and energy calibrations of the

instrument were performed using the well-known melting

temperature and the melting enthalpy of high purity indium

metal. The thermal sensitivity is 10 lv, and the temperature

precision is ±1.0 K. The crystallization thermogram was

increased at a uniform rate b ranging from 5 to 20 K min-1.

Result and discussion

The thermal characteristics of the prepared glasses are

given in Table 1 and Fig. 1. The prepared glasses exhibit

endothermic effects due to glass transition temperature (Tg)

ranging between 620 and 639 K at the rate of 10 K min-1.

It is found that the Tg value increases with increasing

concentration of TiO2 content, thereby indicating the sub-

stitution of the Te–O–Te bridges inherent of pure TeO2 by

the stronger chemical linkage Te–O–Ti. The appearance of

a single peak due to the glass transition temperature in

DTA pattern of all the prepared glasses indicates existence

of the high homogeneity in the glass matrix. The thermal

stability of the glasses was calculated as the difference

between the onset crystallization temperature (T0) and the

glass transition temperature (Tg) DT ¼ T0 � Tg in K
� �

:

Two approaches are used for the analysis of the

dependence of Tg on the heating rate. The first is the

empirical relation that has been suggested by Lasoka [19]

and has the form:

Tg ¼ Aþ B ln b ð11Þ

where A and B are constants. The plots of Tg versus ln b for

all the glasses are shown in Fig. 2. From the linear

regression, values of A and B are obtained. They are

summarized in Table 2—columns 2 and 3. The value of A

indicates the glass temperature for the heating rate of

1.0 K min-1. It has been found by the various researchers

Table 1 Crystallization rate b, glass transition Tg, onset crystallization temperature T0, thermal stability temperature DT, exothermic peak of

crystallization Tp, kinetic exponent and average of kinetic exponent \n[ of studied glasses

Sample name System composition in mol% Rate Tg T0 DT Tp n \n[
b in K min-1 In K In K In K In K

Sample 1 0.94TeO2 0.06TiO2 0.03As2O3 5 614 668 54 681 0.77 1.07

10 620 674 54 689 1.25

15 626 677 51 693 1.15

20 630 682 52 696 1.11

Sample 2 0.88TeO2 0.12TiO2 0.03As2O3 5 623 675 52 691 0.6 0.845

10 629 682 53 700 0.9

15 633 686 53 705 0.9

20 638 690 52 708 0.98

Sample 3 0.85TeO2 0.15TiO2 0.03As2O3 5 634 687 53 702 0.73 0.925

10 639 695 56 709 0.98

15 643 699 56 716 1.01

20 648 705 57 720 0.98
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Fig. 1 DTA traces for prepared glasses at heating rate 10 K min-1.

(a) sample 1, (b) sample 2, and (c) sample 3
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that the slope B in the Eq. 11 is related to the cooling rate

of the melt (i.e., the lower the value of B the lower cooling

rate of the melt). The physical significance of B seems to be

related with the response of configurational changes within

the glass transformation region.

The second approach concerns the use of the Kissinger’s

linear dependence [20] in the form:

ln
b
T2

g

 !
¼ �E

RTg

þ constant ð12Þ

In addition, a straight line between ln b
T2

g

� �
and 1=Tg

� �
; the

slope of which yields a value of E and where the subscript

g denotes magnitude values corresponding to Tg.

Given that the variation of ln T2
g

� �
with b is negligibly

small compared with the variation of ln bð Þ; it is possible to

write [20, 21]

ln b ¼ � E

RTg

þ constant ð13Þ

The plots of ln b=T2
g

� �
in K�1 s�1
� �

and ln bð Þ in K�1 s�1
� �

vs: 103=Tg in K�1
� �

for the prepared glasses are shown in

Figs. 3 and 4, respectively. Using the slopes of these plots, the

activation energy values of the glass transition process are

calculated for various glasses and are given in Table 2. This

shows that one can use either of the Eqs. 12 and 13 for the

1.6 2 2.4 2.8 3.2

ln(β) K. s-1

610

620

630

640

650
T

g
( K

)
sample 1
sample 2
sample 3

Fig. 2 Glass transition temperature Tg versus ln(b) in K min-1

Table 2 A and B are constants for a given glass composition, activation energy for glasses transition E, and activation energy for crystallization

EG for prepared glasses

Sample name Tg ¼ Aþ B ln b E in (cal mol-1) EG in (cal mol-1) \EG[ in cal mol-1

A B By Eq. 12 By Eq. 13 By Eq. 14 By Eq. 15 By Eq. 16

Sample 1 594.76 11.5 63.17 65.55 84.34 87.08 85.71 85.71

Sample 2 605.67 10.43 71.64 74.15 75.76 78.5 77.15 77.14

Sample 3 617.7 9.7 78.61 81.21 72.87 75.62 74.23 74.24

1.54 1.56 1.58 1.6 1.62 1.64

1000/Tg (K-1)

9.6

10

10.4

10.8

11.2

11.6

ln
(T

g
2 /

β)

sample 1

sample 2

sample 3

Fig. 3 Plot of ln(Tg
2/b) versus 1000/Tg of studied glasses

1.54 1.56 1.58 1.6 1.62 1.64

1000/Tg (K-1)

1.6

2

2.4

2.8

3.2

ln
( β

) (
Κ

 s-
1 )

sample 1
sample 2
sample 3

Fig. 4 Plot ln(b) versus 1000/Tg of studied glasses
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evaluation of E. The glass transition activation energy, E, is

the amount of energy absorbed by a group of atoms in the

glassy region, which makes a jump from one metastable state

to another possible. This means that E is involved in the

molecular motions and rearrangements of atoms in the glass

transition region. In the prepared glasses, the glass transi-

tion activation energy increased from 63.17 to 78.61 (in

cal mol-1) when TiO2 content increased from 6 to 15 mol%

see Table 2—(column 3) .

According of Kissinger [20], the peak crystallization

temperature, TP (in K), in terms of the heating rate b, can

be expressed as

ln
b

T2
P

� �
¼ � EG

RTP

� �
þ constant ð14Þ

This equation is used to calculated the activation energy

of crystallization by plotting ln b=T2
P

� �
in K�1 s�1
� �

vs:

103=TP in K�1
� �

:

Also, EG, can be calculated by the following equation:

ln bð Þ ¼ � EG

RTP

� �
þ constant ð15Þ

The activation energy of crystallization can also be

determined by an approximation method developed by

Augis and Bennett [21]. The relation used by them is of the

form:

ln
b
TP

� �
¼ � EG

RTP

þ ln K0 ð16Þ

The activation energy of crystallization can be evaluated by

this equation using the plots of ln b=TPð Þ in K�1 s�1
� �

vs:

103=TP: This method has an extra advantage in that the

intercept of ln b=TPð Þ vs: 103=TP; gives the value of pre-

exponential factor K0 (in s-1) of Arrhenius equation.

The plots of ln b=T2
P

� �
; ln bð Þ; and ln b=TPð Þ vs: 103=TP

for prepared glasses are shown in Figs. 5, 6, and 7,

respectively. Using the slopes of these plots, the activation

energy of the crystallization process is calculated for the

prepared glasses and is given in Table 2. It is clear from

this table that the mean value of hEGi decreased from 85.71

to 74.24 (in cal mol-1) when TiO2 content increased from

6 to 15 mol% in the prepared glasses. In order to identify

1.38 1.4 1.42 1.44 1.46 1.48

1000/Tp (K-1)

-11.6

-11.2

-10.8

-10.4

-10

ln
(β

/Τ
2 p)

sample 1
sample 2
sample 3

Fig. 5 Relation between ln(b/TP
2) and 1000/TP for prepared glasses
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.  s

-1
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Fig. 6 Relation between ln(b) and 1000/TP for prepared glasses
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-4.4

-4

-3.6

-3.2
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( β

/Τ
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Fig. 7 Relation between ln(b/TP) and 1000/TP for prepared glasses
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the possible phases that crystallize during the thermal

treatment applied to the sample, Udovic et al. [22] had

already reported on the synthesis of the crystalline phase

TiTe3O8 in the TeO2/TiO2 glasses. Actually, the formation

of those glasses with increasing, x, would change the

coordination polyhedrons neither around Ti atom nor

around Te atom but would result in the following altera-

tions (a) the disappearance of the interchain Te–O–Te

linkages which are weak since they involve the weak axial

Te–O bonds &2.15 Å and the formation of stronger

Te–O–Ti bridge (made of two relatively, strong bonds

having 1.95 Å in length) replacing the just mentioned

Te–O–Te. Therefore, in our opinion, the crystalline phase

of prepared glass can be specified as TiTe3O8.

The area under the DTA curve is directly proportional to

the total amount of amorphous crystallized. The ratio

between the coordinates and the total area of the peak gives

the corresponding crystallization rates, which make it is

possible to plot the curves of the exothermal peaks (see

Fig. 8a–c). It is observed that the (dx/dt)p as well as the

heating rate values increase, a property which has been

widely discussed in the literature [21].

Based on the EG value it is possible to determine,

through relationship (Eq. 10), the kinetic exponent, n, for
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Fig. 8 a Crystallization rates versus temperatures of the exothermal

peaks at different heating rates for sample 1, b crystallization rates

versus temperatures of the exothermal peaks at different heating rates

for sample 2, c crystallization rates versus temperatures of the

exothermal peaks at different heating rates for sample 3 glass
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each experimental heating rate for exothermic peak of

crystallization, whose values are also given in Table 1; the

mean value hni changed from 1.07 to 0.925 with different

compositions in our prepared glasses.

The graphical representation of the volume fraction

crystallized shows the typical sigmoid curve as a function

of temperature for different heating rates for crystallization

peak of prepared glasses (see Fig. 9a–c).

The value of Avrami exponent can be evaluated from

the relation between ln � ln 1� vð Þ½ � and ln(b) at constant

temperature and can be written as [23, 24],

d ln � lnð1� vÞ½ �½ �
d lnðbÞ ¼ �na ð17Þ

where, na is an integer depending on the morphology of the

crystal growth. Figure 10 shows the plots of ln � ln 1� vð Þ½ �
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Fig. 9 a Crystallized fraction as a function of temperature of

exothermal peak at different heating rates for sample 1, b crystallized

fraction as a function of temperature of exothermal peak at different

heating rates for sample 2, c crystallized fraction as a function of

temperature of exothermal peak at different heating rates for sample 3
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and ln(b) at different temperatures. From the slopes of this

relation, the values of na are found to be 1.51, 1.58, and 1.99

at 694, 700.5 and 717.5 K, respectively. The calculated value

of the order of the crystallization reaction, n, indicates that

(TeO2–TiO2–As2O3) glasses crystallize two-dimensionally.

Conclusion

The kinetic parameters, activation energy of the glass

transition, activation energy for crystallization process,

kinetic exponent, n, and exponential factor for TeO2/TiO2

glasses with small additive As2O3 oxide have been deduced

depending on the heating rate. The changes of these

parameters can be traced out by continuous variation in the

glasses composition. It is found that the Tg value increases

with increasing concentration of TiO2 content. The glass

transition activation energy increased from 63.17 to 78.61

(in cal mol-1) when TiO2 content increased from 6 to

15 mol%. The mean value of hEGi decreased from 85.71 to

74.24 (in cal mol-1) when TiO2 content increased from 6

to 15 mol% in the prepared glasses.
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