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Abstract

Characteristic temperatures, such as Tg (glass transition), Tx (crystallization temperature) and Tl

(liquidus temperature) of glasses from the V2O5–MoO3–Bi2O3 system were determined by means of
differential thermal analysis (DTA). The higher content of MoO3 improved the thermal stability of the
glasses as well as the glass forming ability. The non-isothermal crystallization was investigated and fol-
lowing energies of the crystal growth were obtained: glass #1 (80V2O5·20Bi2O3) EG=280 kJ mol–1,
glass #2 (40V2O5·30MoO3·30Bi2O3) EG=422 kJ mol–1 and glass #3 (80MoO3·10V2O5·10Bi2O3)
EG=305 kJ mol–1. The crystallization mechanism of glass #1 (n=3) is bulk, of glass #3 (n=1) is surface.
Bulk and surface crystallization was supposed in glass #2. The presence of high content of a vanadium
oxide acts as a nucleation agent and facilitates bulk crystallization.

Keywords: glass forming ability, non-conventional glasses, non-isothermal crystallization kinetic,
thermal stability

Introduction

It is well known that V2O5, MoO3 and Bi2O3 oxides belong to non-conventional net-
work formers. Due to their high crystallization tendency it is difficult to vitrify them
individually by standard methods of cooling. However, V2O5 and MoO3 have been
claimed to form glasses by the use of special experimental technique [1]. Many bi-
nary and multicomponent non-conventional glasses with a large amount of V2O5,
MoO3 or Bi2O3 can be obtained by introducing modifiers or other glass formers [2–6].
The glass forming regions in the V2O5–MoO3–Bi2O3 [7] and Fe2O3–MoO3–Bi2O3 [8]
systems have been established and the structure of these glasses has been investi-
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gated. It has been proved that VO4, MoO4 and BiO6 groups participate in the forma-
tion of the glass network.

The present study is an extension of these investigations. It is aimed at clarify-
ing, by DTA, the competing effect of the components for the thermal stability and
crystallization tendency of the glasses under non-isothermal conditions. Three glass
compositions have been selected. V2O5 prevails in the first one, the three components
are approximately in equal amounts, in the second composition, and MoO3, prevails
in the last one.

Theoretical basis

Differential thermal analysis (DTA) and differential scanning calorimetry (DSC) are very
suitable for determination of the kinetic parameters of glass crystallization under
non-isothermal conditions [9–11]. At isothermal conditions the crystallization is de-
scribed by the well-known Johanson–Mehl–Avrami–Kolmogorow–Erofeev (JMAKE)
equation:

–ln(1–�) = (kt)n (1)

where � is the volume fraction crystallized after time t, k is the rate constant for the
whole transformation process, the dimensionless quantity n is the Avrami exponent,
which depends on the crystallization mechanism and n=�+m [9, 10]. The dimen-
sionality of crystal growth is described by m [13], where m=3 for three- dimensional
growth, m=2 for two-dimensional growth, m=1 for one-dimensional growth or sur-
face crystallization (Table 1). The value of � is related to the nucleation process: �=0
for fixed number of nuclei and �=1 when nucleation rate is constant.

Table 1 The values n and m for various crystallization mechanisms ��3�

Mechanism n m

Bulk crystallization

Three-dimensional growth 4 3

Two-dimensional growth 3 2

One-dimensional growth 2 1

Surface crystallization 1 1

The temperature dependence of k in a small temperature range can be presented by an
Arrhenius type equation:

k A
E

RT
� �

�
	




�
�exp – (2)

where E is the effective (apparent) activation energy of the crystallization process, and A
is a frequency factor. The overall effective activation energy E is expressed by [10]:
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where EN and EG are the effective activation energies for nucleation and crystal
growth, respectively. If EN is negligible over the temperature range investigated, then

E
m

n
E G (4)

When the sample is heated with a constant rate b, the temperature in a certain
moment t is given by:

T=To+bt (5)

where To is the initial temperature. In this case, k is a function of time, and the mecha-
nism of the crystallization process is given by the equation [9–11]:
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After solving this exponential integral, using the Doyle approximation [12] the
following equation is obtained [9]:

ln[–ln( – )] – ln( ) – . .1 1052� � �n b
nE

RT
const (7)

In the case of a large number of existing nuclei in the glass (�=0), when it is pos-
sible to neglect the nucleation rate, n=m. Then E=EG and Eq. (7) can be used in this
form to determine the activation energy of crystal growth. When the nucleation pro-
ceeds with constant rate (�=1), n=m+1 and taking into account Eq. 4 (EN is negligi-
ble), the Eq. (7) can be written as:

ln[–ln( – )] – ln – . .1 1052� � �n b
mE

RT

G const (8)

which is the well-known Matusita–Sakka relationship [13, 14]. It allows simple de-
termination of EG and n:

dln[–ln(1– )]

d

�

(ln )
–

b
n

T

� (Ozawa method [15, 16]), (9)
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(modified Ozawa–Chen method [16, 17]), (10)

dln[–ln(1– )]

d(1/ )
b

G�

T R
� – .1052

mE
(Šatavà method [18]). (11)

Another opportunities for EG and n estimation are the equations:
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where �y is the deflection from the base line and Tp is the peak temperature of
devitrification.

These are linear dependencies from which slopes EG and n can be easily deter-
mined. The values of n can be calculated by the Ozawa method from the Eq. (9) or by
comparing mEG (Eqs (11), (12)) with (m/n)EG (Eqs (10) and (13)).

By means of DTA and DSC it is also possible to determine the glass characteris-
tic temperatures, such as glass transition temperature Tg, crystallization temperature
Tx, melting temperature Tm (and/or liquidus temperature Tl). These thermal parame-
ters are suitable for a qualitative estimation of the thermal stability of glasses and the
glass forming ability of the compositions.

By Kauzmann, the relationship is proposed for typical single component glass
forming melts, at normal cooling rate [23]:

T
T

T
rg

g

m

�  �
2

3
067. (15)

This rule was confirmed for a number of compositions, and generalized for
multicomponent systems by Sakka and Mackenzie [24], replacing Tm with liquidus
temperature (Tl). According to Turnbull [25], for metallic glasses Trg should be con-
siderably lower than 0.67, which later was confirmed by Donald and Davies [26].
Using the lattice-hole model, Gutzow [27–29] obtained a more common formula for
glass forming systems:

T
T

T
Frg

g

m

�  �
1

2
, (F=0.1�0.2) (16)

James and Zanoto [30, 31] have established a relation between the type of crys-
tallization and Trg. In glasses with Trg<0.58, bulk crystallization occurs, while for val-
ues of Trg>0.58, surface crystallization is typical. This dependency was confirmed by
Wakasugi et al. [32].

There are two other criteria based on temperature differences. One of them is the
so-called Hruby coefficient [33]:

k
T T

T T
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(17)
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The bigger difference �T=Tx–Tg and the smaller temperature interval Tl–Tx make
difficult the processes of crystallization, and hence facilitate glass formation. A sec-
ond one [34] interprets the glass forming ability as the difference �T=Tx–Tg only.

Experimental

The compounds V2O5, MoO3 and Bi2O3 were used as initial raw materials. After ho-
mogenization, the batches were melted in the temperature range of 800–1200oC. The
glasses were obtained at high cooling rates, using roller technique (cooling rate of
104–105 K s–1). The amorphous state of the samples was established by X-ray diffrac-
tion (Dron-3, CoK� radiation). DTA measurements (Paulik–Paulik–Erdey derivato-
graph) were performed at different heating rates (2.5, 5 and 10 K min–1).

Results

Table 2 shows the thermal characteristics of the investigated glasses as well as some
of the glass forming ability criteria. According to the present DTA data, Tg varies be-
tween 240 and 270oC, while the temperature of crystallization lies in the range
275–325oC. The glass #1, with the highest V2O5 content possesses the lowest crystal-
lization temperature. The DTA curve of the glass #3 shows two crystallization peaks
as a result of the formation of two crystalline phases [7]. Both the Hrubi coefficient
and �T increase with the MoO3 content. Trg for the sample #1 is 0.58, in the case of
sample #2 is 0.66 and for the glass #3 this value is a bit smaller –0.63.

Table 2 Composition, glass transition temperature Tg, crystallization temperature Tx, liquidus
temperature Tl, and glass forming ability parameters �T, Trg, kgl

No. Composition Tg/°C Tx/°C Tl/°C Trg �T/°C kgl

�1 80V2O5�20Bi2O3 240 275 610 0.58 35 0.104

�2 40V2O5�30MoO3�30Bi2O3 270 310 550 0.66 40 0.167

�3 80MoO3�10V2O5�10Bi2O3 260 325 570 0.63 65 0.265

405

Figures 1–6 presents the plots from which the kinetic parameters of crystalliza-
tion of the glasses are calculated using the methods mentioned above. Table 3 sum-
marizes the values of the kinetic parameters of crystallization of the sample #2. The
calculations of E=(m/n)EG, are made using Ozawa–Chen method (Eq. (10)), (Fig. 1),
at given value of � (0.3�0.6), obtained at different heating rates (column 1). By ap-
plying the method of �atava (Eq. (11)), (Fig. 2) is determined mEG, and comparing E
and mEG, the value of Avrami exponent n�2 is obtained. The value of EG, is calcu-
lated accepting that nucleation rate is constant (n=m+1), (column 4). In the col -
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Table 3 Kinetic parameters of crystallization of glass �2 (40V2O5�30MoO3�30Bi2O3), calculated by different methods

E=(m/n)EG/
kJ mol–1

mEG/
kJ mol–1 n

EG/
kJ mol–1

E=(m/n)EG/
kJ mol–1

mEG/
kJ mol–1 n

EG/
kJ mol–1 n

mEG/
kJ mol–1

EG/
kJ mol–1

Eq. (10) Eq. (11) Eq. (13) Eq. (12) Eq. (9) Eq. (14)

437�1 437 227�23 – 1.99 454
2.19�0.

2
436�34 436

196�18 (�=0.3) 2.23 392 – 451�25 – 451 – – –

200�25 (��0.4) 2.18 400 – – – – – – –

217�22 (��0.5) 2.01 434 – – – – – – –

203�15 (�=0.6) 2.15 406 – – – – – – –
*The calculation of EG was made using the nearest theoretical value of n, i.e. n=2 and m=1 (Table 1)



umns 5�8 are presented the data for the same parameters calculated according to
(Eqs (13) and (12)) (Figs 3, 4). The last data (columns 9�11) are obtained using
Ozawa method for determination of n and Eq. (14) for estimation of mEG (Figs 5, 6).
Analyses of the obtained data show that activation energy of crystal growth and geo-
metrical factor n of glass #2 calculated by different methods are compatible. That is
why in Table 4 are presented only the generalized results of the kinetic parameters of
crystallization for all investigated glasses.
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Fig. 1 Ozawa–Chen plot (lnb vs. 1/T�) for determination of E=(m/n)EG at different val-
ues of � for glass #2

Fig. 2 Determination of mEG according to the Šatava method by plotting ln[–ln(1–�)]
vs. 1/T at a heating rate b=5 K min–1



Table 4 Kinetic parameters of glasses from the V2O5–MoO3–Bi2O3 system. The present
parameters are average of the values obtained by different methods

No. Composition
E=(m/n)EG/ EG/

n
kJ mol–1

�1 80V2O5�20Bi2O3 187�9 280�7 2.9�02

�2 40V2O5�30MoO3�30Bi2O3 208�12 422�22 2.1�0.2

�3 80MoO3�10V2O5�10Bi2O3 305�15 305�15 1.1�0.1

243�8 324�11 3.9�0.2
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Fig. 3 lnb vs. 1/Tp (Marrota–Buri method) for determination of E=(m/n)EG

Fig. 4 ln�y vs. 1/T (Piloyan method) for determination of mEG at heating rate
b=5 K min–1



Discussion

From the obtained data for the kinetic criteria �T, kgl (Table 2) and the activation energies
(Table 4) it is possible to make some conclusions for the competitive role of V2O5, MoO3

and Bi2O3 as a conditional network formers. It can be seen (Table 2) that an increase in
amount of MoO3 leads to an increase in glass forming ability. The apparent activation en-
ergy have the highest value with glass #3 (Table 4). It is useful to compare the obtained
activation energies with the data known for other glasses. For pure TeO2 glass,
E=184 kJ mol–1. obtained by the Kissinger method has been reported [35]. For
2TeO2�V2O5 EG=203 kJ mol–1 [36], and for 30Li2O�70TeO2 EG=429 kJ mol–1 [37] have
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Fig. 5 Determination of n by plotting ln[–ln(1–�)] vs. lnb (Ozawa method) for glass #2
at a temperature of 330oC

Fig. 6 Determination of mEG according a modified Kissinger method by plotting
ln( / )b Tn

p
2 vs. 1/Tp



been found from the equation of Matusita–Sakka. The activation energy values for
Bi-base glasses, calculated by different methods, vary between 200 and 500 kJ mol–1

[38–44]. For alkali-silicate glasses these values are between 180–400 kJ mol–1

[13, 14, 20, 21, 45–47]. The data for CaO–P2O5 glasses [48, 49] are of the same order.
The highest activation energy values (E600�800 kJ mol–1) are reported for
2CaO·Al2O3�SiO2 glass [50]. The data obtained in our experiments tend to the lower val-
ues (Table 4) in comparison with the data of traditional glasses. This is in accordance
with their lower glass forming ability. Of course it is necessary to be careful at such com-
parison of the data because the experimental details affect the mechanism of nucleation
and crystal growth, even for glasses of the same composition [51]. A suggestion about
the probable crystallization mechanism can be made from the values of n, m and Trg pre-
sented in Tables 1, 2 and 4. Following this scheme, the crystallization of glass #1 is bulk,
and the crystal growth is controlled by two-dimensional growth (n=3, Trg=0.58). The
crystallization mechanism for sample #2, corresponds to one-dimensional growth. On the
other hand, Trg for this glass is 0.66 and following James–Zanotto criteria, surface crystal-
lization should occur. Hence, the possibility of simultaneous bulk and surface crystalliza-
tion should be discussed. For glass #3, where Trg=0.63 and n=1, surface crystallization
should take place. The second exo-effect of this glass corresponds to the three dimen-
sional crystal growth.

A more detailed discussion of the problem about the n values, depending on the
crystallization mechanism is given in [52, 53]. However, direct microscopy observa-
tions on nucleation and crystal growth are needed for more precise interpretation.

Conclusions

The glass forming ability (thermal stability) was investigated by non-isothermal crys-
tallization of model compositions of glasses from the V2O5–MoO3–Bi2O3 system.
Generally, all glasses crystallize easily at low temperatures (Tx�325oC). A higher
MoO3 content improves the thermal stability of the glasses and the glass forming abil-
ity. The presence of a high concentration of vanadium oxide acts as a nucleation
agent and facilitates bulk crystallization.

* * *
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