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Abstract: Glasses having compositions 30P2O5 (50-x)V2O5 xB2O3 20Fe2O3 (0 ≤ x ≤ 50) mol % are prepared by the normal
conventional melt quenching technique. The glassy state of the as prepared glass samples is characterized using X-ray
diffraction (XRD) and differential thermal analysis (DTA). The density and molar volume of the investigated glass system
decrease with increasing B2O3 contents. The room temperature (303 K) dc conductivity is typically 10 -5 - 10-9 (Scm-1) with
activation energy 0.30 - 0.46 (eV). Two glass transition temperatures, T g1, and, Tg2, are detected at the DTA traces of the
investigated glass system. From the dependence on heating rates of, T g1, Tg2, and Tp, the activation energies for glass
transitions, Eg1, Eg2 and for crystallization, Ec, are calculated. The values determined for Avrami exponent, n, are closed to
3 for the free B2O3 glass sample (volume nucleation, two-dimensional growth) and closed to 2 for the other investigated
glass samples (volume nucleation, one-dimensional growth).
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1 Introduction
Because of their potential applications in various
industrial fields, amorphous materials and glasses are of
special scientific and technological interest. Phosphate
glasses attract great attention due to their properties such
as: low glass transition temperatures, thermal expansion
coefficients and glass formation takes place over a wide
composition range [1, 2]. The most important class of
phosphate based glasses is the one containing transition
metal oxides such as Fe2O3 and V2O5 as an example [3].
Previous studies have shown that, glasses containing
transition-metal oxides (TMOs) exhibit semiconducting
properties. This behavior may be attributed to the existence
of transition-metal ions (TMIs) in more than one valence
state [4]. Also it was found that the interaction between
electron and phonon in these glasses is strong enough to
form small polaron, which contributed to the electrical
conduction mechanism through the hopping of small
polarons between different valence states as proposed by
Austin and Mott [5].
The properties of phosphate based glasses which
containing transition metal oxide such as Fe2O3 have
attracted considerable interest because of their structural,
thermal and electric properties. Recent studies of phosphate
*Corresponding

glasses have shown that the addition of iron has a
significant effect on the glass transition temperature, the
thermal expansion coefficient and the chemical durability
[6, 7]. At the same time studies shown that, dramatically
change in the chemical durability of the phosphate based
glasses with the addition of Fe2O3 which may be attributed
to the replacement of P-O-P bonds by more chemically
durable P-O-Fe2+ and/or P-O-Fe3+ bonds [8-10]. The
formation of P-O-Fe bonds are responsible for the
formation of small polarons and as a result the electric
conduction in these glasses occurs by thermally activated
small polaron hopping from the low valance state Fe2+
(Ferrous ions) to the high valance state Fe3+ (Ferric ions)
[9].
For vanadium phosphate glasses the same conduction
mechanism was found also, where the electric conduction
in these glasses may be attributed to small polarons
hopping (SPH) which occurs from V4+ sites to the
neighboring V5+ sites [10-13].
The present work aims to study the effect of partial
replacement of V2O5 glass network modifier (GNM) by
B2O3 glass former (GF) on the structure, electric
conduction, thermal stability and crystallization kinetics of
the as quenched 30P2O5 (50-x)V2O5 xB2O3 20Fe2O3 (x = 0,
10, 20, 30, 40 and 50 mol %) glass system.
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3 Results and Discussion
3. 1 Density and molar volume
The variation of the density of the investigated glass
samples as a function of B2O3 mol % can be expressed in
terms of apparent volume occupied by 1g atom of oxygen
© 2016 NSP
Natural Sciences Publishing Cor.

𝑽𝒎 = ∑(𝒏𝒊 𝑴𝒘 )/𝝆

(𝟏)

where, Mw, is the molecular weight of oxide, ni, is the
molar fraction and, ρ, is the density of the investigated glass
sample. Fig. 1 shows the variation of the density and molar
volume of the 30P2O5 (50-x)V2O5 xB2O3 20Fe2O3 (x = 0,
10, 20, 30, 40 and 50 mol %) glass system as a function of
B2O3 contents. From the density measurements of all the
30P2O5 (50-x)V2O5 xB2O3 20Fe2O3 (x = 0, 10, 20, 30, 40
and 50 mol %) glass samples it is found that, the density, ρ,
decreases with increasing B2O3 contents as shown in Fig.
1(a). The relative error in these measurements is about ±
0.01 (g/cm3). Fig. 1(b) shows the variation of the molar
volume, Vm, as a function of B2O3 contents. It is found that,
Vm, decreases with increasing B2O3 contents. The decrease
of the density with increasing B2O3 contents may be due to
the lower molecular mass of B2O3 when compared to the
higher molecular mass of V2O5. Similar behavior was found
for some oxide glasses containing B2O3 [15-17]. The values
of the density, ρ, and molar volume, V m, are listed in Table
1.

3.2
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3
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3.1
3.0
2.9
2.8

3

The glass samples having the general chemical formula
30P2O5 (50-x)V2O5 xB2O3 20Fe2O3 (x = 0, 10, 20, 30, 40
and 50 mol %) have been prepared by the melt quenching
technique. The preparation is carried out by melting
homogeneous mixtures of reagent grade NH4H2PO4, V2O5,
B2O3 and Fe2O3 (with purity not less than 99.8 %) in
porcelain crucibles using an electric furnace at 1000 0C for
2 h. The melts are quenched between two pre-cooled
copper plates to form (2cmx2cmx2mm) glass samples.
X-ray diffraction patterns are recorded to check for
noncrystallinity of the as-quenched glass samples using a
Philips X-ray diffractometer PW/1710 with Ni filtered, Cu
Kα radiation (λ = 1.542A˚ ) powered at 40 (kV) and 30
(mA).
The densities of the as prepared glass samples are
measured by the suspension weight method based on the
Archimedes principle using toluene as an immersion liquid
whose density is (0.868 g/cm3).
The dc conductivity (σdc) of the as prepared glass
samples is measured at the temperature range between 300
and 500 K and under a constant dc voltage. For electric
measurements the as prepared glass samples are polished to
obtain optically parallel surfaces of 1.5 (mm) thickness. In
order to achieve the best electrical contact between the
samples and the electrodes of the sample holder the
measurements are carried out on the silver paste coated
pellets. The value of the current at different temperatures is
measured using a picoammeter (Keithley 485 Autoranging
Picoammeter) and the I-V characteristic between electrodes
is verified.
The calorimetric measurements are carried out using
differential thermal analysis Shimadzu (50) with an
accuracy of ± 0.1 (K). For each heating rate, β, the
calorimeter is calibrated using the well - known melting
temperatures and melting enthalpies of zinc and indium
supplied with the instrument. Twenty milligram powdered
of the investigated glass samples, crimped into aluminum
pans, and scanned at different heating rates, β, (= 5, 10, 15,
20 and 30 K/min). The values of the glass transition
temperature, Tg, the onset temperature of crystallization,
Tcr, and the crystallization peak temperature, T p, are
determined with accuracy
± 2 (K) by using the
microprocessor of the thermal analyzer.

Vm (cm /mol)

2 Experimental Procedures

molar volume, Vm, which can be calculate from the room
temperature measured density and composition using the
following relation[14];
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Fig. 1. Density, ρ, and molar volume, Vm, of the 30P2O5
(50-x)V2O5 xB2O3 20Fe2O3 (x = 0, 10, 20, 30, 40 and 50
mol %) glass system as a function of B2O3 contents.

3.2 Dc conductivity measurements
The effects of temperature and the partial replacement
of V2O5 by B2O3 on the dc electric conductivity are studied
in more details. The temperature dependence of the dc
electrical conductivity, σdc, of the 30P2O5 (50-x)V2O5
xB2O3 20Fe2O3 (x = 0, 10, 20, 30, and 40 mol %) glass

Int. J. Thin. Fil. Sci. Tec. 5, No. 3, 143-153 (2016) / http://www.naturalspublishing.com/Journals.asp

samples is measured. Fig. 2 shows ln(σdc) vs. 1/T [K-1] of
the investigated glass samples. It is clear from this Figure
that the dc conductivity increase with increasing
temperature and decreasing with the partial replacement of
V2O5 by B2O3 in the composition. Also it is found that the
general behavior of the dc conductivity with temperature is
straight line over the temperature range from 300 to 500
(K). The temperature dependence of the dc conductivity,
σdc, obeys Arrhenius relationship;
𝝈𝒅𝒄 = 𝝈𝟎 𝒆𝒙𝒑[−𝑬𝒅𝒄 /𝒌𝑩 𝑻]

(𝟐)

where, Edc, is the activation energy for conduction, σ0, is
the pre-exponential factor, kB, is the Boltzmann constant
and, T, is the absolute temperature in (K). The activation
energies of the investigated glass samples are determined
from the slope of ln(σdc) vs. 1/T. The activation energies are
then evaluated by least squares fitting method of eq. (2).
Fig. 3(a) shows the variation of the dc conductivity of the
investigated glass samples at different temperatures (303,
393 and 463 K) as an example and Fig. 3(b) shows the
variation of the activation energy as a function of
composition (B2O3 mol %). It is found that the dc
conductivity, σdc, increase with increasing temperature and
decreases with increasing B2O3 contents.

the partial replacement of V2O5 by B2O3 can be attributed
to the decrease of the transition metal oxide (TMO) in the
composition and as a result decreasing the number of small
polarons hopping (SPH) which contributed to the electric
conduction [18, 19]. On the other hand the conduction
mechanism of the present amorphous semiconductor
system depends mainly on the electron hopping from V4+
sites to the neighboring V5+ sites. The vanadium ions play
the role of glass network modifier (GNM) and the electric
conduction in this glass system can be attributed to small
polarons hopping (SPH) [12, 13]. Generally, it is known
that, the decreasing in the dc conductivity with decreasing
vanadium oxide can be attributed to decrease of nonbridging oxygen. The room temperature dc conductivity of
the investigated glass system is typically 1.8x10-5 2.99x10-9 (Scm-1) with activation energy 0.30 - 0.46 (eV).
At the same time as shown in Figure 3 the decreases of the
dc conductivity and increases the activation energy with
increasing B2O3 contents may be due to decrease of the
density of the localized states in the band gab near the
Fermi level of the semiconducting glass samples. The
obtained results are in good agreement with the already
available results for different semiconducting glasses [20,
21]. The values of the dc conductivity, σdc, at different
temperatures (303, 393 and 463 K) and activation energies,
Edc, of the investigated glass samples are listed in Table 1.
-3

-4

-8

(a)

303 (K)
393 (K)
462 (K)

-4

8.0x10

-4

6.0x10

-4

4.0x10

-4

2.0x10

0.0

-1

lndc (Scm )

-6

-1

x = 0 mol %
x = 10 mol %
x = 20 mol %
x = 30 mol %
x = 40 mol %

lndc (Scm )

1.0x10
-2

145

0
-10

10

20

30

40

B2O3 contents (mol %)
0.48

-12

0.45

Edc (eV)

-14
-16
-18

(b)

0.42
0.39
0.36
0.33
0.30

-20
0.0021

0.0024

0.0027

0.0030

0.0033

-1

1/T [K ]

Fig. 2. Plots of ln(σdc) vs. 1/T [K-1] of the 30P2O5 (50x)V2O5 xB2O3 20Fe2O3 (x = 0, 10, 20, 30, and 40 mol %)
glass samples.
The increase of the dc conductivity with increasing
temperature may be attributed to the increase of the
thermally activated small polarons hopping (SPH) [18, 19].
The values of, σdc, for the free B2O3 glass sample (30P2O5
50V2O5 20Fe2O3) are 1.8x10-5, 2.63x10-4 and 9.72x10-4
(Scm-1) at temperatures 303, 393 and 463 (K) respectively
(as an example). The decreasing in the dc conductivity with
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Fig. 3. (a) - Dc Conductivity as a function of B2O3 contents
at different temperatures (303, 393 and 463 K) of the
30P2O5 (50-x)V2O5 xB2O3 20Fe2O3 (x = 0, 10, 20, 30, and
40 mol %) glass samples. (b) - The activation energies of
the investigated glass samples as a function B2O3 contents.

3.3 Thermal analysis and thermal stability of
glasses
Using DTA the thermal stability of the investigated
glass system is studied in more details. All the investigated
glass samples exhibit two endothermic minima, T g1 and Tg2.
© 2016 NSP
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The first endothermic minima represent the glass transition
temperature, Tg1, which confirm the glassy nature of the
investigated samples. The second endothermic minima, Tg2,
may be attributed to the ferroelectric transition temperature
[13]. Fig. 4 shows the DTA traces of the 30P 2O5 (50x)V2O5xB2O3 20Fe2O3 (x = 0, 20 and 40 mol %) glass
samples at 20 (K/min) heating rate, β, as an example. The
glass samples with x = 0, 10 and 20 (mol %) exhibit two
glass transition temperatures followed by one
crystallization peak. Also for the glass samples x = 40 and
50 (mol %) two glass transition temperatures are detected
but followed by two crystallization peaks.

30P2O5 (50-x)V2O5 xB2O3 20Fe2O3

Exothermic heat flow

X = 0 mol %

X = 20 mol %

X = 40 mol %

400

500

Tg1

Tp1

Tg2

𝒍𝒏(𝑻𝟐𝒈 /𝜷) = 𝑬𝒈 /𝑹𝑻𝒈 + 𝒄𝒐𝒏𝒔𝒕.

Tp2

Tg1

Tg2

Tg1

600

The activation energies of enthalpy relaxation of the
glass transitions, Eg1, and, Eg2, can be determined using the
Kissinger formula which, was originally derived for the
crystallization process and suggested to be valid for the
glass transition [28-30]. This formula has the following
form;

Tp1

 = 20 K/min

Tp1
Tg2

700

800

900

1000

T (K)

Fig. 4. Typical DTA traces of the 30P2O5 (50-x)V2O5
xB2O3 20Fe2O3 (x = 0, 20 and 40 mol %) glass samples at
20 (K/min) heating rate.
650

Fig. 5(a and b) shows the variation of the glass
transition temperatures, Tg1, and, Tg2, as a function of B2O3
contents at different heating rates (β = 10, 20 and 30
K/min). It is found that, the glass transition temperatures,
Tg1, and, Tg2, are shifted to higher temperatures with
increasing B2O3 contents. The increase in the glass
transition temperatures as a function of B2O3 contents may
be due to the replacement of the weaker O-V-O linkages by
strong V-O-B and O-B-O linkages [22-24] indicates
strengthening of the glass network as V2O5 is replaced by
B2O3. The same behavior of the glass transition
temperature, Tg, as a function of V2O5 contents was found
in previous studies of several vanadate glasses [25-27].

(𝟑)

where R is the universal gas constant, T g, is the glass
transition temperature, Eg, is the glass transition activation
energy and, β, is the heating rate. The values of the glass
transition activation energies, Eg1, and, Eg2, can be
estimated from ln(Tg12/β) vs. 1000/Tg1 and ln(Tg22/β) vs.
1000/Tg2 as shown in Fig. 6(a and b) respectively. The
values of the glass transition activation energies, E g1, and,
Eg2, are evaluated by least squares fitting method of eq. (3)
and the solid lines are guides for eyes.
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Fig. 5. (a and b) - Glass transition temperatures, Tg1, and,
Tg2, as a function of B2O3 at different heating rate (β = 10,
20 and 30 K/min).
© 2016 NSP
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Fig. 6. Plots of (a) - ln(Tg12/β) vs. 1000/Tg1 and (b) ln(Tg22/β) vs. 1000/Tg2 of the as quenched 30P2O5 (50x)V2O5 xB2O3 20Fe2O3 (x = 0, 10, 20, 40 and 50 mol %)
glass samples.
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The dependence of the glass transition temperature, T g,
on the heating rate, β, have been studied using two
approaches. The first approach regarding the dependence
of the glass transition temperature on the heating rate is
based on Kissinger’s method [28]. The second approach to
determine the glass transitions activation energies, E g1 and,
Eg2, is based on a simplified form of eq. (3). According to
Mahadevan et al. [31] Kissinger equation was simplified to
the following form [29-31];

(kJ/mol) respectively. Also from Mahadevan et al. analysis,
the values of, Eg1, and, Eg2, of the glass sample with x = 20
(mol %) are 363 and 423 ± 3 (kJ/mol) respectively.

𝒍𝒏(𝜷) = − 𝑬𝒈 /𝑹𝑻𝒈 + 𝒄𝒐𝒏𝒔𝒕.

𝒍𝒏 (

(𝟒)

This formula has been used to calculate, E g1, and Eg2, as
shown in Fig. 7(a and b) respectively. The values of the
glass transition activation energies, E g1, and, Eg2, is
evaluated by least squares fitting method of eq. (4) and the
solid lines are guides for eyes.

For the evaluation of activation energy of
crystallization, Ec, by using the variation of crystallization
peak temperature, Tp, with heating rate, β, Vazquez et al.
[32] developed the proposed method by Kissinger [28] for
non-isothermal analysis of diversification as follows;
𝑻𝟐𝒑
𝑬𝒄
𝑬𝒄
)=
+ 𝒍𝒏 (
)
𝜷
𝑹𝑻𝒑
𝑹𝒌𝟎

(𝟓)

Fig. 9(a) shows the relation ln(T p2/β) vs. 1000/Tp of the
as quenched 30P2O5 (50-x)V2O5 xB2O3 20Fe2O3 (x = 0, 10
and 20 mol %) glass samples. Fig. 9(b) shows the relation
ln(Tp2/β) vs. 1000/Tp of the as quenched 30P2O5 (50x)V2O5 xB2O3 20Fe2O3 (x = 40 and 50 mol %) glass
samples.
From the slope of the straight line fitting of the
experimental data the crystallization activation energy, E c,
is evaluated by the least squares fitting method of eq. (5)
and the solid lines are guides for eyes.
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Fig. 7. Plots of (a) - ln(β) vs. 1000/Tg1 and (b) - ln(β) vs.
1000/Tg2 of the as quenched 30P2O5 (50-x)V2O5 xB2O3
20Fe2O3 (x = 0, 10, 20, 40 and 50 mol %) glass samples.

Fig. 8. Glass transition activation energies, Eg1, and, Eg2, as
a function of B2O3 contents.

Fig. 8 shows the variation of the glass transition
activation energies, Eg1, and, Eg2, as a function of B2O3
contents. As shown in this Figure the glass sample with x =
20 (mol %) has the highest values of, E g1, and, Eg2.
From Kissinger analysis, the values of, Eg1, and, Eg2, of the
glass sample with x = 20 (mol %) are 353 and 412 ± 3

Fig. 10(a) shows the variation of the crystallization
activation energy, Ec, of the as prepared glass samples as a
function of B2O3 contents. It is found that Ec, increases with
increasing B2O3 contents up to 20 (mol %) and decrease
after this concentration. Fig. 10(b) shows the variation of
the thermal stability criteria, ΔTx = Tcr - Tg [33] as a
© 2016 NSP
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280

Ec (kJ/mol)

function of B2O3 contents. The thermal stability criteria,
ΔTx = Tcr - Tg, is a rough measure of the glass thermal
stability, where, Tcr, is the onset temperature of
crystallization, so the larger differences between, T cr, and,
Tg, indicating more thermal stable glasses. The thermal
stability criteria, ΔTx, increases with increasing B2O3
contents up to 20 (mol %) and decrease after this
concentration. This meaning that, the thermal stability
increases up to 20 (mol %) of B2O3 and decreases after this
concentration [15].
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The thermal transition data (T g1, Tg2, Tcr, and Tp), the
thermal stability criteria, ΔTx, at 10 K/min heating rate (as
an example) the crystallization activation energy, Ec, and
the pre. exp. factor, k0, are listed in Table 2.

220

Tx (K)

At the same time as shown in Fig. 10 direct relation
could be observed between the crystallization activation
energy, Ec, (nucleation barrier) and the thermal stability
criteria, ΔTx. From the last results one can see that, the
glass sample with x = 20 (mol %) has the highest values of
the, Eg1, Eg2, Ec, and, ΔTx, and this confirmed that, this
glass sample is of the highest thermal stability against
crystallization among all the investigated glass samples.
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Fig. 10. Crystallization activation energy, Ec, and the
thermal stability criteria, ΔTx, as a function of B2O3
contents.

3.4 Crystallization kinetics and kinetic exponent
The crystallization fraction, χ, can be expressed as a
function of time according to the Johnson - Mehl -Avrami
equation [34-36];
𝝌(𝒕) = 𝟏 − 𝒆𝒙𝒑[−(𝒌𝒕)𝒏 ]

(𝟔)

where, n, is the Avrami exponent which depends on the
mechanism of the growth and dimensionality of crystal
growth and, k, is defined as the reaction rate constant and is
given by the following formula;
𝒌 = 𝒌𝟎 𝒆𝒙𝒑(−𝑬𝒄 /𝑹𝑻)

Fig. 9. (a) - Plots of ln(Tp2/β) vs. 1000/Tp of the as
quenched 30P2O5 (50-x)V2O5 xB2O3 20Fe2O3 (x = 0, 10, 20
mol %) and (b) - Plots of ln(Tp2/β) vs. 1000/Tp of the as
quenched 30P2O5 (50-x)V2O5 xB2O3 20Fe2O3 (x = 40 and
50 mol %) glass samples.

© 2016 NSP
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(𝟕)

where, Ec, is the activation energy of crystallization, R, is
the universal gas constant, T, is the isothermal temperature
and, k0, is the frequency factor. For the non-isothermal
method the theoretical basis for interpreting DTA results is
provided by the formal theory of transformation kinetics,
which was developed by Johnson et al. [34] and Avrami
[35, 36]. The crystallization fraction, χ, at a given
temperature, T, is given by, χ = AT/A, where, A, is the total
area of the exothermic peak between the temperatures, T i,
and, Tf, and, AT, is the area between, T i and T, as shown in
Fig. 11. The temperatures, T i, and, Tf, are the crystallization
is just beginning temperature and the crystallization is
completed temperature respectively.
The graphical representation of the volume fraction of
crystallization of the investigated glass samples at different
heating rate, β, is shown typical sigmoid curve as a function
of temperature in crystallization reactions [37, 38]. The
crystallization rate is given from the ratio between the
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(𝒅𝝌/𝒅𝒕)𝒑 = 𝒏(𝟎. 𝟑𝟕𝜷𝑬𝒄 )/(𝑹𝑻𝟐𝒑 )

(𝟖)

The kinetic exponent, n, was deduced on the basis of
the mechanism of crystallization [43]. From the average
value of the kinetic exponent, n, it is possible to postulate a
crystallization reaction mechanism for the 30P 2O5 (50x)V2O5 xB2O3 20Fe2O3 ( x = 0, 10, 20, 40 and 50 mol %)
glass samples. Mahadevan et al. [31] shown that the kinetic
exponent, n, may be 4, 3, 2 or 1, which are related to
different glass-crystal transformation mechanism: n = 4,
volume nucleation, three-dimensional growth; n = 3,
volume nucleation, two-dimensional growth; n = 2, volume
nucleation, one-dimensional growth; n = 1, surface
nucleation, one-dimensional growth from surface to the
inside. The kinetic exponent, n, of the investigated glass
system for each of the experimental heating rates is found
to be closed to 2 (n~2) except for the free B 2O3 glass
sample, n, is closed to 3 (n~3). This means that, the growth
kinetics of the free B2O3 glass sample is volume nucleation,
two-dimensional growth and the growth kinetics of the
glass samples with (x = 10, 20, 40 and 50 mol %) is
volume nucleation, one-dimensional growth.
The maximum crystallization rate, (dχ/dt), the kinetic
exponent, n, of the glass samples with (x = 0, 10, 20, 40 and
50 mol %) at 10 K/min heating rate (as an example) and the
average kinetic exponent 〈𝑛〉 are listed in Table 3. To
confirm the last results for the crystallization activation
energy, Ec, which calculated from eq. (5) and Avrami
exponent, n, which calculated from eq. (8) the next
approach applied by Matusita et al. [44] for non-isothermal
crystallization process. This approach state that the volume
fraction of crystallites, χ, precipitated at a given
temperature, T, in a glass heated at constant rate, β, can be
related to the activation energy of crystallization, Ec, and to
the Avrami exponent, n, through the following expression
[44];
𝑬𝒄
𝒍𝒏[−𝒍𝒏(𝟏– 𝝌)] = −𝒏 𝒍𝒏(𝜷)– 𝟏. 𝟎𝟓𝟐𝒎 ( ) + 𝒄𝒐𝒏𝒔𝒕 (𝟗)
𝑹𝑻
where n is the Avrami exponent depending on the
nucleation process and m is an integer which depends on
the dimensionality of the crystal. Where n = m + 1 is taken
for as quenched glass containing no nuclei and n = m for a
preheated glass containing sufficiently large number of
nuclei [29, 30].
Fig. 12 show plots of ln[−ln(1− χ)] vs. ln(β) at four
fixed temperatures for the 30P 2O5 (50-x)V2O5 xB2O3
20Fe2O3 glass samples with (x = 0, 10 and 20 mol %). The
values of Avrami exponent, n, are determined from the

slope of these curves at each temperature. It is found that,
the average value of Avrami exponent, n, for the free B 2O3
glass sample (x = 0 mol %) is 2.8 closed to 3 (n~3) and m =
2 which meaning that, the growth kinetics of the
investigated glass sample with x = 0 (mol %) is volume
nucleation, two-dimensional growth. Also it is found that
the average values of Avrami exponent, n, of the glass
samples with x =10 and 20 (mol %) are 2.25 and 2.33
respectively. These results revealed that, the average values
of Avrami exponent, n, closed to 2 (n~2) and m = 1 this
meaning that, the growth kinetics of the investigated glass
samples with x = 10 and 20 (mol %) is volume nucleation,
one-dimensional growth.

 = 10 K/min

30P2O5 (50-x)V2O5 xB2O3 20Fe2O3
x = 0 mol %

Tp

A

Exothermic heat flow

ordinates of the DTA curve and the total area of the peak
from which it is possible to build the curves of the
exothermic peaks. It is found that the values of (dχ/dt)p
increase with increasing heating rate, β, which is a property
that has been widely discussed in the literature [37-39]. The
kinetic exponent, n, can calculate from the experimental
values of (dχ/dt)p using the following equation [40-42];
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Ti

Tf

Tcr

780

790
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800
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830

840
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Fig. 11. DTA traces for 30P2O5 (50-x)V2O5 xB2O3 20Fe2O3
glass sample x = 0 (mol %) at 10 (K/min) heating rate; the
lined area, AT, shows between, Ti, and, Tf, of the peak. Ti,
Tf, and, T, are according to the text.
Fig. 13 show the plots ln[-ln(1-χ)] vs. 1000/T [K-1] of
the glass samples with x = (0, 10 and 20 mol %) and it is
cleared from this Figure that, these plots are not straight
lines. This suggests that, there is a variation in, Ec, and, n,
during the crystallization process of glass [45, 46].
According to some previous articles the crystallization
activation energy for different crystallization volume
fractions is not constant in the whole transformation due to
the change of nucleation and growth behaviors during the
crystallization process [46].
The variation of the activation energy, Ec, and Avrami
exponent, n, can be expressed by the local activation
energy, Ec(χ), and the local Avrami exponent, n(χ), [45, 47,
48]. From non-isothermal DTA results the local activation
energy, Ec(χ), is determined using the proposed method by
Ozawa according to the following equation [49, 50];
𝒅(𝒍𝒏 (𝜷))
𝑬𝒄 (𝝌)
[
] = −
𝒅(𝟏/𝑻) 𝝌
𝑹

(𝟏𝟎)
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Fig. 14 show the plots of ln(β) vs. 1000/T [K ] at
various values of, χ, (0.1 < χ < 0.9) for the glass samples
with x = 10 and 20 (mol %) (as an example). From the
slopes the local activation energies, Ec(χ), are calculated as
a function of crystallization fraction, χ. From the calculated
values of the local activation energies, Ec(χ), for a nonisothermal crystallization process the local Avrami
exponents, n(χ), are determined as a function of
crystallization fraction, χ, using the following equation [29,
45, 51];
-1

𝒏(𝝌) = −

𝐑
𝝏[𝐥𝐧(− 𝐥𝐧(𝟏 − 𝝌))]
(
)
𝐄𝐜 (𝛘)
𝝏(𝟏/𝑻)

the mean values of the local Avrami exponent, n(χ), of the
investigated glass samples are 3.05, 2.40 and 2.25
respectively. This meaning that, the local Avrami exponent,
n(χ), closed to 3 and m = 2 for the glass sample with x = 0
(mol %) and closed to 2 and m = 1 for the glass samples
with x = 10 and 20 (mol %). These results are in a good
agreement with the average values of Avrami exponent 〈𝑛〉
which calculated from eq. (8) (Table 3) and which
calculated from eq. (9).

(𝟏𝟏)

Fig. 13. Plots of ln[−ln(1−χ)] vs.1000/T [K-1] for the glass
samples 30P2O5 (50-x)V2O5 xB2O3 20Fe2O3 with x = 0, 10
and 20 (mol %).
4.0

Fig. 15 shows the change of, Ec(χ), as a function of
crystallization fraction, χ, and, n(χ), as a function of
crystallization fraction, χ, at 10 (K/min) heating rate of the
glass samples with x = 0, 10 and 20 (mol %). For the glass
sample with x = 0, 10 and 20 (mol %) it is found that the
local activation energies at the initial stage of crystallization
process (χ = 0.1) are equal to 211, 275 and 307 ± 3 (kJ/mol)
which decrease slowly until 155, 230 and 252 ± 3 (kJ/mol)
for, χ = 0.9 respectively.
The mean values of, Ec(χ), for the glass samples with x
= 0, 10 and 20 (mol %) are 183, 252.5 and 279.5 (kJ/mol)
respectively. These results are in a good agreement with the
results which calculated from Kissenger equation (eq. 5) for
the crystallization activation energy, Ec, which are equal to
162, 234 and 266 ± 3 (kJ/mol) for the glass samples with x
= 0, 10 and 20 (mol %) respectively. Also it is found that,
© 2016 NSP
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(a) x = 10 (mol %)
Ec() = 252.5 kJ/mol

3.5

ln()

3.0
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(b) x = 20 (mol %)
Ec() = 279.5 kJ/mol

3.5

ln()

Fig. 12. Plots of ln[−ln(1− χ)] vs. ln(β) at different fixed
temperatures for 30P2O5 (50-x)V2O5 xB2O3 20Fe2O3 glass
samples with x = 0, 10 and 20 (mol %).
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Fig. 14. Plots of ln(β) vs. 1000/T [K-1] at various values of,
χ, (0.1 < χ < 0.9) for 30P2O5 (50-x)V2O5 xB2O3 20Fe2O3
glass samples with x = 10 and 20 (mol %).
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Fig. 15. (a) - Local activation energy for crystallization, Ec(χ), and
(b) - Local Avrami exponent, n(χ), as a function of crystallization
fraction, χ, at 10 K/min heating rate for 30P2O5 (50-x)V2O5 xB2O3
20Fe2O3 glass samples with x = 0, 10 and 20 (mol %).
Table 1. Density, ρ, Molar volume, V m, Dc conductivity, σdc, at different temperatures (303, 393 and 463 K)
and activation energy, Edc, of the 30P2O5 (50-x)V2O5 xB2O3 20Fe2O3 glass samples with (x = 0, 10, 20, 30,
and 40 mol %).
B2O3
(mol %)

Density
D (g/cm3)

Molar volume
VM (cm3/mol)

σdc (Scm-1)
303 (K)

σdc (Scm-1)
393 (K)

σdc (Scm-1)
463 (K)

Edc (eV)
± 0.011

3.08

53.66

1.80x10-5

2.63x10-4

9.72x10-4

0.30

50.40

6.70x10

-6

1.31x10

-4

6.90x10

-4

0.37

8.29x10

-7

2.59x10

-5

1.59x10

-4

0.40

5.37x10

-8

2.03x10

-6

1.38x10

-5

0.42

2.99x10

-9

1.77x10

-7

1.34x10

-6

0.46

x = 0.0
x =10
x = 20
x = 30
x = 40

3.06
2.90

49.33

2.86

46.10

2.81

43.00

Table 2. The values of thermal transition parameters; glass transition temperatures, T g1, and, Tg2, onset temperature of
crystallization, Tcr, crystallization peak temperature, T p, thermal stability criteria, ΔT x, at 10 K/min heating rate, β, the
crystallization activation energy, Ec, and Pre-exp. factor, k0, of 30P2O5 (50-x)V2O5 xB2O3 20Fe2O3 glass system.
B2O3
(mol %)

β
(K/min)

Tg1
(±2K)

Tg2
(±2K)

Tcr
(±2K)

Tp
(±2K)

ΔTx
(K)

Ec
±3(kJ/mol)

Pre-exp. factor, k0
(S-1)

x = 0.0

10

603

701

796

819

193

162

7.92E+7

x = 10

10

611

729

828

848

217

234

11.54E+12

x = 20

10

615

740

836

853

221

266

6.62E+13

x = 40 (First peak)

10

641

741

797

836

156

166

1.21E+8

x = 40 (Sec. peak)

10

174

1.08E+8

x = 50 (First peak)

10

642

742

798

173

5.73E+8

x = 50 (Sec. peak)

10

164

5.43E+8

873
818
903

156
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Table 3. Maximum crystallization rate (dχ/dt), kinetic exponent, n, at 10 K/min heating rate, β, and average kinetic
exponent 〈𝑛〉 of 30P2O5 (50-x)V2O5 xB2O3 20Fe2O3 glass system.
Β
(K/min)

(dχ/dt) X 10-3
s-1

n

<n>

x = 0.0

10

4.78

2.57

2.58

x = 10

10

4.66

1.908

1.91

x = 20

10

4.14

1.533

1.55

x = 40 (First peak)

10

3.79

2.113

2.10

x = 40 (Second Peak)

10

3.78

2.214

2.21

x = 50 (First peak)

10

3.76

1.909

1.90

x = 50 (Second Peak)

10

3.67

2.408

2.41

B2O3
(mol %)

4 Conclusions

[6] A. Moguš-Milanković, A. Šantić, A. Gajović, D.E. Day, J.
Non-Cryst. Solids 325 (2003) 76.

The effect of partial replacement of V2O5 by B2O3 on
the density, molar volume, dc conductivity, thermal
stability and crystallization kinetics of the 30P 2O5 (50x)V2O5 xB2O3 20Fe2O3 (x = 0, 10, 20, 30, 40 and 50 mol
%) glass system is studied in more details. It is found that
the density and the molar volume are decrease with
increasing B2O3 contents. The dc electrical conductivity,
σdc, decreases with decreasing V2O5 contents (TMO).
From the DTA results it is found that, the glass transition
temperature, Tg, increase with the partial replacement of
V2O5 by B2O3 which indicating the strengthening of glass
network. At the same time it is found that, the activation
energy of crystallization, Ec, (nucleation barrier) is directly
related to the width of the super-cooled liquid region, ΔTx.
The glass sample with x = 20 (mol %) has the highest
values of the, Eg1, Eg2, Ec, and, ΔTx, and this confirmed that
this glass sample is of the highest thermal stability of the
investigated glass system. The growth kinetics of the free
B2O3 glass sample is volume nucleation, two-dimensional
growth (n~3) and the growth kinetics of the glass samples
with x = 10, 20, 40 and 50 (mol %) is volume nucleation,
one-dimensional growth (n~2).

[7] S.T. Reis, D.L.A. Faria, J.R. Martinelli, W.M. Pontuschka,
D.E. Day, C.S.M. Partini, J. Non-Cryst. Solids 304 (2002)
189.
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