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Abstract In the present report, thermal and physical

characterization of 40TeO2–(60 - x)V2O5–xSb2O3 glas-

ses, prepared by melt quenching method, has been inves-

tigated by differential scanning calorimetry (DSC) and so

discussed in the compositional range 0 B x B 10 mol%.

DSC plots of these ternary glasses have been studied within

the temperature range of 150–500 �C at the heating rates

u = 3, 6, 9, 10 and 13 K min-1. In this work, thermal

stability, glass-forming tendency, the temperature corre-

sponding to the onset of crystallization (Tx), the crystal-

lization temperature (TCr), the glass transition temperature

(Tg), the activation energy of crystallization by using

Ozawa and Kissinger methods, and the crystallization

activation energy using Avrami index (n) have been mea-

sured and reported, to determine the relationship between

Sb2O3 content and the thermal stability in order to interpret

the structure of glass. In conclusion, from the obtained

data, it was found that characteristic temperatures Tg, Tx

and Tcr are increasing with increasing the antimony oxide

content and also with increasing the heating rate; glass with

x = 10 has the highest thermal stability and glass-forming

tendency and so has very good resistance against thermal

attacks; the sample S5 shows a sharp decrease in the

crystallization activation energy, which can be resulted by

the increase in non-bridging oxygens; the crystallization

activation energy calculated from Kissinger’s model is

more accurate, and the trend of activation energy values is

similar in all of Ozawa, Kissinger and Avrami methods;

also the obtained values of n show that it fluctuates around

n & 1, which can be attributed to surface or one-dimen-

sional crystal growth of crystals.

Keywords Amorphous materials � Ozawa method �
Kissinger method � Avrami index � Crystallization

activation energy

Introduction

Transition metal-containing oxide glasses (TMOGs) have

received increased interest due to their technological

advantages in optical fibers nonlinear optical devices [1–3]

and in electrochemical applications [4, 5]. Also, due to the

attractive and unique properties of tellurium-based TMOGs

such as good electrical conductivity, low melting point,

low hygroscopy and appropriate colorimetric properties,

they have been the subject of many works. However, the

change in the mole percentage of the glass components

results in the desirable physical properties of the samples

[6–14]. Differential scanning calorimetry (DSC) is a

powerful and convenient method to study the thermal

behavior of glass at different heating rates. The onset of

crystallization (Tx), the crystallization temperature (TCr),

the glass transition temperature (Tg) are obtained from DSC

measurement [15–23]; these measurements used to calcu-

late the crystallization activation energy from methods

Ozawa, Kissinger and Avrami index [16]. Kinetics of

crystallization process can be described by the activation

energy for crystallization (DE), and the Avrami index

(n) reflects the characteristics of nucleation and the growth

process [17]. It should be mentioned that the present

glasses, TeO2–V2O5–Sb2O3, have been studied in our

previous works, for their optical [24], electrical [25], glass

transition [26] and elastic [26] properties. But there is no
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report on the kinetics of crystallization process and Avrami

exponent of these glassy systems. So, this work aims at:

1. Investigation of the crystallization temperature and

crystallization activation energy in several heating

rates.

2. Determination of DE by using the different approaches

named as Kissinger, Ozawa and Avrami.

3. Study of the compositional dependence of Tcr and DE.

4. Introducing the strong samples with higher thermal

stability, having higher resistance against thermal

shocks in applications.

Materials and methods

The bulk non-crystalline samples of the composition

(60 - x) V2O5–40TeO2–xSb2O3 glasses with 0 B x B 10

(in mol%) were prepared by well-known melt quenching

method; Hereafter, the samples are nominated as

Sx. Reagent grades of starting powders were mixed by

grinding the mixture to provide a fine powder; then, the

mixture was melted in alumina crucible in an electric

furnace under the ordinary atmosphere and so the melt was

poured on a steal block to be quenched. Non-crystallinity

nature of the powdered samples was confirmed by powder

XRD. The details of materials and methods for glass

preparation, structural characterization and also calori-

metric analysis can be followed in our previous works on

the same composition [24–26].

Results

XRD patterns profiles

Powder XRD profiles of Sx samples confirm that the

quenched melts are vitreous, as the patterns can be found in

our previous work on these samples [24].

Thermal analysis by DSC

The typical DSC curves of S0 are shown in Fig. 1. The

DSC curves show a glass transition correspond to tem-

perature Tg that we usually just take the middle endother-

mic region. This transition is followed by exothermic peaks

corresponding to crystallization temperatures Tcr; more-

over, the onset temperature of crystallization process is

named as Tx. Also, the base line before Tg can certify the

glassy feature of the understudied samples. The mentioned

characteristic temperatures are listed in Table 1 [20]. It is

known that the area under the crystallization peak is pro-

portional to the heating rate [21, 22]; but as could be seen

in Fig. 1, nevertheless of repeated measurements, it is not

obeyed at the heating rate of 10 K min-1 for S0.

Determination of crystallization activation energy

using Ozawa and Kissinger approaches

Kissinger [27] and Ozawa [28] methods are well-known

methods for the study of calorimetric feature of glasses.

Ozawa formula is as follows [28]:

d ln uð Þ=dð1=TxÞ ¼ �DE=Rg; ð1Þ

which can be used to calculate the crystallization activation

energy (DE); where Tx is the onset temperature of crys-

tallization process and Rg is the universal gas constant [16].

However, in Ozawa method, the slope of the plot of ln(u)

versus 1/Tx results in determination of (DE/Rg) and so

obtaining the DE value. Such plot is shown in Fig. 2 for the

understudied glasses, and the results for all the composi-

tions are scheduled in Table 1.

Also, Fig. 3 shows the plots lnTCr
2 /u - 1/TCr upon Eq. 2

(Kissinger formula), which give the (DE/Rg) values. The

results of DE for all the compositions are shown in Table 1.

ln T2
cr=u

� �
¼ DE=RgTcr

� �
þ const ð2Þ

The activation energy for crystallization was in the range

56.459–141.404 kJ mol-1 and 71.710–119.713 kJ mol-1 in

Kissinger and Ozawa methods, respectively.

The graph of DE versus Sb2O3 content is shown in

Fig. 4, which indicates the similar trend and near values of

DE in both Kissinger and Ozawa approaches.

Calculation of the Avrami index

and the crystallization activation energy by using

modified Kissinger formula

The Kissinger formula is often used for crystallization and

also glass transition data analysis [17, 21–23]. The
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modified form of the Kissinger equations is as follows

[17, 21–23]:

ln un=T2
cr

� �
¼ � m � DEð Þ= Rg Tcr

� �
þ const ð3Þ

where as mentioned before, u is the heating rate, DE is the

activation energy, n and m are the Avrami exponent (in-

dex) and the dimensionality of the crystal growth,

correspondingly. Generally the parameters n and m are

heating rate dependent.

From the curves of ln (un/Tcr
2 ) - 1/Tcr, one can obtain

DE, n and m [17]. Moreover, value of n can be obtained

from Eq. 4 as below [17, 21–23]:

n ¼ �d log � ln 1 � að Þ½ �f g=d logu ð4Þ

In this equation, a is the volume fraction of formed

crystals during the crystallization process. So, a can be

obtained using a software for partial area analysis. Fur-

thermore, at a typical selected temperature a is introduced

by:

a ¼ A=Ao ð5Þ

As depicted in Fig. 5, Ao is the total area under the

crystallization curve between the temperature Tx (as the

onset temperature of crystallization) and temperature T2 (as

the crystallization termination temperature) and A is the

area between Tx and selected T.

The obtained data of a are listed in Table 1. Figure 6

shows typically the plot of log [-ln(1 - a)] versus logu
for S8 sample. As is clear from Eq. 4, the value of n can be

obtained from the slop of log [-ln(1 - a)] versus logu
plots. The obtained values were in the range of

0.83 B n B 1.43. These values are close to n = 1, which is

the feature (can be attributed to) for one-dimensional or

surface crystallization. Selected temperatures are 280, 385,

396 and 426.6 K for S0, S5, S8 and S10, respectively.

However, according to the obtained n values, the crystal-

lization activation energy (DE) can be obtained from

modified Kissinger equation (Eq. 3); it should be noted that

the amount of m is considered equivalent 1 [17]. Figure 7

shows the Plots of ln(un/Tcr
2 ) versus 1000/Tcr.
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According to the obtained values of Avrami index and

using Eq. 3, the activation energy of Sx samples was cal-

culated and the results for all the compositions are listed in

Table 1.

Figure 4 shows the Avrami activation energy changes

with Sb2O3, and the sample S5 shows a sharp decrease in

the crystallization activation energy, which can attributed

to the increase in non-bridging oxygens (NBOs). It should

be noted that in the sample preparation, glasses with higher

amounts of antimony oxide were not formed and colori-

metric analysis was done merely by four.

Thermal stability

The glass thermal stability is often defined as

DT = Tcr - Tg [29]. The thermal stability of the glass is a

very important parameter of fundamental and technological

aspects and is a scale of the degree of disorder in glass

structure. In the process of making optical fibers, materials

affected temperatures higher than the Tg; If the glass is a

weak and has low thermal stability, crystallization occurs

during the heating process; therefore, the formed crys-

talline phases can scatter input signal and signal transport

cannot perform with good efficiency [29, 30]. According to

the data Tg, Tcr and DT in Table 1, Fig. 8 shows the

increasing trend of thermal stability versus Sb2O3 content;

therefore, glass with x = 10 has the highest thermal sta-

bility and glass-forming tendency and so has very good

resistance against thermal attacks, which is an excellent

criteria for technological advantages [26].

Discussion

In this study, the linear correlation coefficient of plots (R2)

was closer to 1 in Kissinger method, in comparison with

Ozawa and modified Kissinger approaches. Therefore, Kis-

singer method is more suitable for the study of these samples.

Despite the difference in the amount of activation energy in

all three models, the results are nearly same. (see Fig. 4;

Table 1). The difference in the amount of DE may be due to

differences in determining the exact amount of Tx and Tcr. In

general, the crystallization activation energy calculated from

Kissinger’s model is more accurate and the trend of activa-

tion energy values is similar in all of Ozawa, Kissinger and

Avrami methods. All three methods are physically equiva-

lent and have a good validation for the crystallization pro-

cess. The sample S5 shows a sharp decrease in the

crystallization activation energy, which can be attributed to

the increase in non-bridging oxygens (NBOs); this means an

increase in glass fragility. To certify the above statements

Lo
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slope of the plot as 1.0486. The related data of other samples are

presented in Table 1
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Fig. 8 Dependence of thermal stability to Sb2O3 content at a typical

heating rate of 10 K min-1

Calorimetric analysis of non-crystalline TeO2–V2O5–Sb2O3 605

123



and in comparison between the results of S0 and S5, one can

observe that although the crystallization temperature

increases, the activation energy decreased and S5 has the

minimum activation energy among the other samples; it

seems that one can attribute this result to the molar volume of

the present glasses (taken from ref. [26]); as listed in Table 1,

S5 has maximum molar volume, denoting its more opening

and loose structure, probably due to dangling bonds and

NBOs affecting the thermal properties. Also, according to

the data from Table 1, samples S8 and especially S10 have

the highest thermal stability and crystallization activation

energy; thus, S10 has the highest stability and so lowest

fragility.

Conclusions

From the investigation of glass transition temperature, the

temperature corresponding to the onset of crystallization

(Tx), melting temperature (Tm) crystallization temperature

(TCr) at the different heating rates (u), thermal stability

(DT = Tcr - Tg), the crystallization activation energy from

Kissinger method (DEKissinger), the crystallization activa-

tion energy from Ozawa method (DEOzawa), Avrami index

(n) and the crystallization activation energy from modified

Kissinger (Avrami) method (DEAvrami) of (60 - x)V2O5–

40TeO2–xSb2O3 Ternary glasses, one can present the fol-

lowing conclusions:

1. The samples are amorphous in nature.

2. Glass with x = 10 has the highest thermal stability and

glass-forming tendency, the lowest fragility and so has

very good resistance against thermal attacks; also, the

glass S8 has relatively good stability.

3. The sample S5 shows a sharp decrease in the

crystallization activation energy, which can be a result

of the increase in non-bridging oxygens.

4. The crystallization activation energy calculated from

Kissinger’s model is more accurate, and the trend of

activation energy values is similar in all of Ozawa,

Kissinger and modified Kissinger (Avrami) methods.

5. According to the results, the amount of the Avrami

index was 0.830 B n B 1.432 and activation energy

obtained in this way is 85.69 kJ mol-1 B DEAvrami B

115.872 kJ mol-1, respectively.

6. The n values show this value is close to n = 1 which is

characteristic for one-dimensional or surface crystal-

lization growth.
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