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Abstract The present paper reports on the effect of MoO3

on the glass transition, thermal stability and crystallization

kinetics for (40PbO–20Sb2O3–40As2O3)100-x–(MoO3)x

(x = 0, 0.25, 0.5, 0.75 and 1 mol%) glasses. Differential

scanning calorimetry (DSC) results under non-isothermal

conditions for the studied glasses were reported and dis-

cussed. The values of the glass transition temperature (Tg)

and the peak temperature of crystallization (Tp) are found to

be dependent on heating rate and MoO3 content. From the

compositional dependence and the heating rate dependence

of Tg and Tp, the values of the activation energy for glass

transition (Eg) and the activation energy for crystallization

(Ec) were evaluated and discussed. Thermal stability

for (40PbO–20Sb2O3–40As2O3)100-x–(MoO3)x glasses has

been evaluated using various thermal stability criteria such

as DT, Hr, Hg and S. Moreover, in the present work, the Kr(T)

criterion has been considered for the evaluation of glass

stability from DSC data. The stability criteria increases

with increasing MoO3 content up to x = 0.5 mol%, and

decreases beyond this limit.
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Introduction

During the last few decades, antimony-lead based glasses

have been shown to be of interest from both academic and

technological points of view. These glasses were found to

be insoluble in water or nitric and sulphuric acids and

suitable for potential applications in non-linear optical

devices like broad band optical amplifiers operating around

1.5 lm [1–4] and in a number of solid state ionic devices

since these glasses possess large non-linear optical sus-

ceptibility (v3) coefficient [5]. The latter physical property

may be manifest itself from the deformability of the lone

pair of electrons of the structural unit SbO3 of Sb2O3 which

can be viewed as tetrahedrons with the oxygen at three

corners and a lone pair of electrons at the fourth corner

localized in the third equatorial direction of Sb atom [6–8].

On the other hand, it was established that, ions of

molybdenum have high activity and selectivity in a series

of oxidation reactions in the different oxide glasses which

are considered to be good candidates for the study of cat-

alytic properties [9–11]. Syam Prasad et al. [11] supposed

that molybdenum oxide has a dual role in glass-forming

matrices; it is an incipient glass network former and does

not readily form the glass but does so in the presence of the

modifier oxides like PbO with MoO4
2- structural units and

it may also act as modifier with MoO6 and Mo5?O struc-

tural groups [12, 13]. Shah et al. [14] in a study on some

alkali lead borophosphate glasses showed that these glasses

possess low Tg, higher thermal expansion coefficient, and

at low Na2O content, the glass may be suitable for glass-to-

metal seal with Cu–Be alloys. Melting temperatures as

observed on high temperature microscope were found to be

matching with those of DTA studies within acceptable

limits. This type of information is quite important for

deciding intimate contact with metal and the dwell time for
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fabrication of seal, which in turn controls the inter-diffu-

sion at the interface.

Different simple quantitative methods have been sug-

gested in order to evaluate the level of stability of the

glasses. Some of them are based on the characteristic

temperatures [15, 16], and some depend on the activation

energy for crystallization [17, 18]. The characteristic

temperatures such as the glass transition temperature (Tg),

the onset temperature of crystallization (Tc), the tempera-

ture corresponding to the maximum crystallization rate

(Tp), and the melting temperature of crystalline phase (Tm)

are easily and accurately obtained by the differential

scanning calorimetry [19] during the heating processes of

the glass sample.

Dietzel introduced the first glass criterion, DT = Tc - Tg,

to evaluate the glass-forming ability of the glasses. By the

use of the characteristic temperatures, Hruby developed the

Hr criterion, Hr = DT/(Tm - Tp), and the compositional

dependence of the Hruby coefficient were surveyed by

Sestak [20]. On the basis of the Hr criterion, Saad and

Poulain [21] obtained two other criteria, weighted thermal

stability criterion Hg = DT/Tg and S = (Tp - Tc)DT/Tg.

In the present work, the effect of addition of MoO3

(0, 0.25, 0.5, 0.75 and 1 mol%) on the thermal stability and

crystallization kinetics for the new (40PbO–20Sb2O3–

40As2O3)100-x–(MoO3)x glasses is investigated. The

above-mentioned criteria have been applied to the present

glasses. In addition, a kinetic parameter, Kr(T), with an

Arrhenian temperature dependence, is introduced to the

stability criteria.

Experimental details

In the present study, (40PbO–20Sb2O3–40As2O3)100-x–

(MoO3)x (x = 0, 0.25, 0.5, 0.75 and 1 mol%) glasses have

been prepared with the conventional glass melting tech-

nique. Appropriate amounts of reagent grades of PbO,

Sb2O3, As2O3 and MoO3 were mixed thoroughly in an

agate mortar and melted in a covered platinum crucible in

an electrically heated furnace under ambient atmospheric

conditions at temperature about 1,073 K for 1 h to

homogenize the melt. Glasses in frits form were produced

by quenching of glass melts in air.

The non-crystalline nature of the annealed glasses was

confirmed by X-ray diffraction using a Philips X-ray dif-

fractometer PW/1710 with Ni-filtered Cu-Ka radiation

(k = 1.542 Å) operating at 40 kV and 30 mA. The pat-

terns (not shown) revealed broad humps characteristic of

the amorphous materials and did not reveal discrete or any

sharp peaks.

The calorimetric measurements were carried out using a

differential scanning (Shimadzu 50 with an accuracy of

±0.1 K) calorimeter. The calorimeter was calibrated, for

each heating rate, using well-known melting temperatures

and the melting enthalpies of zinc and indium supplied

with the instrument. The glass powder (after crushing them

into powder form) weighing 20 mg were contained in an

aluminum crucible and the reference material was a-alu-

mina powder. The samples were heated in air at uniform

heating rates (a = 4, 8, 16, 24 and 32 K min-1). The

values of the characteristic temperatures (Tg, Tc, Tp and Tm)

were determined with an accuracy of ±1 K.

Theoretical background

The theoretical basis for interpreting kinetic data is pro-

vided by the formal theory of transformation kinetics. This

theory describes the evolution with time (t) of the volume

fraction crystallized (v) by Johnson, Mehl and Avrami

equation [22]:

v ¼ 1� expð�ðktÞnÞ ð1Þ

where n is an integer or half integer depends on the

mechanism of growth and the dimensionality of the crystal,

k is the effective (overall) reaction rate constant,

which obeys an Arrhenius expression for the absolute

temperature:

kðTÞ ¼ k0 exp � E

RT

� �
ð2Þ

where k0 is the frequency factor, T is the absolute

temperature and E is the effective activation energy

describing the overall crystallization process [22–24].

Thus, it easy to deduce the Kissinger formula in the form

of;

ln Tp
2=a

� �
¼ Ec=RTp � ln k0R=Eð Þ ð3Þ

where Ec is the activation energy for crystallization and the

quoted approximation might introduce a 3% error in the

value of Ec/R in the worst cases. For crystallization

processes with spherical nuclei, it has been suggested [22,

23] that the dependence of the glass transition temperature

on a may be written as:

ln Tg
2=a

� �
¼ Eg=RTg þ const: ð4Þ

where Eg is the activation energy for glass transition and R

is the gas constant.

In order to evaluate the thermal stability of glassy

materials, Surinach et al. [25] and Hu and Jiang [26]

introduced two criterion k(Tg) = k0 exp(-E/RTg) and

k(Tp) = k0 exp(-E/RTp) respectively. Thus, the values of

these two parameters indicate the tendency of glass to

devitrify on heating. The larger their values, the greater are

the tendency to devitrify. The formation of glass is a
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kinetic process, so, it is reasonable to assess the glass

stability by a kinetic parameter, k(T) taking in to account,

the Hr parameter as;

krðTÞ ¼ k0 exp
�Hr E

RT

� �
ð5Þ

where T is any temperature between Tg and Tp. The

theoretical background for the definition of the parameter

kr(T) would be based on the analysis of the relation

between the parameters k(T) and kr(T). Differentiating

Eqs. 2 and 5 with respect to temperature and rewrite each

parameter per Kelvin we get:

Dkr

krDT
¼ Hr E

RT2
and

Dk

kDT
¼ E

RT2
ð6Þ

The above mentioned variation of the parameter kr(T) is

Hr times the variation in parameter k(T), which could

justify the accuracy of the parameter kr(T). Just like the

k(T) criteria, the smaller the values of kr(T), the greater is

thermal stability of the glass. The obvious advantage of this

method is that it can evaluate the glass stability over a wide

temperature range. Results

Thermal analysis

Figure 1 shows the compositional dependence of the DSC

curves including the characteristic temperatures (Tg, Tc, Tp,

and Tm) for the studied glasses recorded at a heating rate

8 K min-1. It is clear that, the whole glasses exhibit a

single endothermic peak attributed to the glass transition

temperature range which represents the strength or rigidity
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Fig. 1 Typical DSC traces with the characteristic temperatures (Tg,

Tc, Tp, and Tm) for (40PbO–20Sb2O3–40As2O3)100-x–(MoO3)x

(x = 0, 0.25, 0.5, 0.75 and 1 mol%) glasses recorded at heating rate
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of the glass structure. At higher temperatures, there is a

single exothermic peak attributed to the full crystal growth.

The last peak has two characteristic points: the first is the

onset temperature of crystallization (Tc) and the second is

the peak temperature of crystallization (Tp). This exother-

mic peak was followed by another endothermic effect

attributed to the melt of the crystalline phase which is

denoted by Tm. The appearance of a single peak due to the

glass transition temperature in DSC pattern indicates the

high homogeneity of the studied glasses. It is found that,

the characteristic temperatures (Tg, Tc, Tp and Tm) increase

with increasing the MoO3 content up to 0.5 mol%, and

decrease beyond this limit. The analysis of the glass tran-

sition temperature dependence on the heating rate (a) will

be performed in terms of Eq. 4 to obtain the activation

energy for glass transition (Eg), as shown in Fig. 2. From

the experimental data, a plot of ln(Tp
2/a) has been drawn

for different compositions showing a straight regression

line. From the heating rate dependence of Tg and Tp,

(Figs. 2, 3 respectively), the values of the activation energy

for glass transition (Eg) and the activation energy for

crystallization (Ec) are evaluated and their composition

dependence is depicted in Fig. 4. Accordingly, both Eg and

Ec increase with increasing MoO3 content up to

x = 0.5 mol% and decrease beyond this limit.
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Fig. 4 Activation energies for glass transition (Eg) and for crystal-

lization (Ec) as a function of MoO3 content for (40PbO–20Sb2O3–

40As2O3)100-x–(MoO3)x (x = 0, 0.25, 0.5, 0.75 and 1 mol%) glasses

Table 1 The values of Tg, Tc, Tp, Tm and thermal stability criteria (DT, Hr, H0 and S) for the different heating rates for (40PbO–20Sb2O3–

40As2O3)100-x–(MoO3)x (x = 0, 0.25, 0.5, 0.75 and 1 mol%) glasses

x (mol%) a (K min-1) Tg (±1) (K) Tc (±1) (K) Tp (±1) (K) Tm (±1) (K) DT (±1) (K) Hr Hg S (K)

0.0 4 515 589 616 670 74 1.367 0.144 3.858

8 520 596 625 680 76 1.368 0.146 4.167

16 526 604 633 690 78 1.381 0.148 4.300

24 529 608 639 696 79 1.382 0.149 4.570

32 531 611 642 700 80 1.385 0.151 4.673

0.25 4 530 611 639 689 81 1.616 0.153 4.261

8 535 618 648 699 83 1.621 0.155 4.578

16 540 624 657 708 84 1.635 0.156 5.078

24 543 628 662 714 85 1.642 0.157 5.278

32 545 631 666 718 86 1.647 0.158 5.488

0.5 4 550 640 677 713 90 2.461 0.163 6.089

8 555 647 686 723 92 2.477 0.165 6.487

16 559 654 696 734 95 2.481 0.169 7.165

24 562 659 701 740 97 2.486 0.172 7.243

32 565 663 705 744 98 2.498 0.173 7.296

0.75 4 539 624 652 698 85 1.838 0.158 4.343

8 544 631 661 708 87 1.841 0.160 4.679

16 549 638 670 718 89 1.848 0.163 5.238

24 552 642 675 724 91 1.852 0.165 5.363

32 554 646 679 728 92 1.856 0.166 5.489

4 528 608 636 689 80 1.503 0.151 4.238

1.0 8 533 615 644 698 82 1.501 0.153 4.506

16 538 621 653 709 84 1.509 0.155 5.018

24 541 626 658 714 85 1.512 0.157 5.142

32 543 629 662 719 86 1.515 0.158 5.266
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Thermal stability

The thermal stability for (40PbO–20Sb2O3–40As2O3)100-x

–(MoO3)x (x = 0, 0.25, 0.5, 0.75 and 1 mol%) glasses can

be estimated in terms of the stability criteria parameters

DT, Hr, Hg and S which are based on the characteristic

temperatures of the glasses (Table 1). The variation of DT,

Hr, Hg and S criteria with the concentration of MoO3 shows

a maximum value at x = 0.5 mol%. These observations

indicate that the glass at x = 0.5 mol% has the highest

resistance against crystallization, the highest glass-forming

ability and is the most stable one.

Discussion

Thermal analysis

According to the single peak of the full crystallization,

there is one most probable crystalline phase can be detec-

ted. According to the ICDDVIEW 2006 identification cards

[27], the phase can be identified as AsSbO4 which

crystallizes in monoclinic system with lattice parameters

a = 4.79 nm, b = 6.93 nm, c = 5.3 nm and volume of the

unit cell = 175.85 Å3.

The increase in Eg with the increase in MoO3 content up

to 0.5 mol% may be attributed to the higher bond strength

of MoO3 relative to that of PbO, Sb2O3, and As2O3 [28],

and to the higher coordinated structural unit MoO6 com-

pared with PbO4, SbO3, and AsO6. The raise in Eg values

suggests the former role of MoO3 with creating bridging

oxygens up to 0.5 mol%. Beyond this limit, the former role

may be converted into a modifier role with the creation of

non bridging oxygens which decrease the Eg values. The

former/modifier role of MoO3 on the lead arsenate glasses

was discussed earlier [14]. According to the resemblance of

the physical properties of MoO3 and WO3 [29], so, it is

expected that their effect on the same glassy matrix may be

the same. Little Flower et al. [4] studied the role of

increasing WO3 content in lead arsenate antimony glasses

and found a similar behavior to our study.

The trend of Ec can be attributed to the difference in the

ionic radii of Mo6? and its coordination with oxygens with

the ionic radii and coordination with oxygens of Sb2O3,

Table 2 The K(Tg), Kr(Tg), K(Tp) and Kr(Tp) criteria for different heating rates for (40PbO–20Sb2O3–40As2O3)100-x–(MoO3)x (x = 0, 0.25, 0.5,

0.75 and 1 mol%) glasses

x (mol%) a (K min-1) K(Tg)/10-8 ± 1% K (Tp)/10-2 ± 1% Kr(Tg)/10-16 ± 1% Kr(Tp)/10-11 ± 1%

0.0 4 37 0.53 1.876 8.873

8 65 1.04 3.639 20.517

16 126 1.98 4.482 27.880

24 174 3.00 6.331 45.532

32 215 3.85 7.500 58.002

0.25 4 19.8 0.52 2.124 9 10-8 29.222 9 10-6

8 34.6 1.00 3.845 9 10-8 65.797 9 10-6

16 59.8 1.97 4.284 9 10-8 104.311 9 10-6

24 82.7 2.86 4.881 9 10-8 137.581 9 10-6

32 102.0 3.82 5.091 9 10-8 172.438 9 10-6

0.5 4 4.264 0.497 1.438 9 10-31 4.213 9 10-24

8 7.448 0.957 2.082 9 10-31 9.395 9 10-24

16 11.551 1.962 4.770 9 10-31 45.162 9 10-24

24 15.989 2.743 7.886 9 10-31 81.298 9 10-24

32 22.056 3.639 8.771 9 10-31 94.168 9 10-24

0.75 4 14.8 0.510 1.582 9 10-13 3.422 9 10-10

8 25.9 0.985 3.650 9 10-13 9.875 9 10-10

16 42.3 1.982 5.887 9 10-13 25.283 9 10-10

24 58.3 2.818 8.602 9 10-13 40.613 9 10-10

32 76.0 3.754 11.084 9 10-13 56.894 9 10-10

4 21.084 0.5249 1.852 9 10-20 0.750 9 10-13

1.0 8 36.937 0.9969 4.701 9 10-20 2.116 9 10-13

16 60.638 2.0074 6.519 9 10-20 4.293 9 10-13

24 84.000 2.8761 8.501 9 10-20 6.134 9 10-13

32 109.908 3.8562 10.746 9 10-20 8.299 9 10-13
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PbO, and As2O3. Little Flower et al. [4] reported that PbO

enters the glass network by breaking up the As–O–As,

Sb–O–As bonds and introduces coordinate defects known

as dangling bonds along with non-bridging oxygen ions.

However, PbO may be participated in the glass network

with PbO4 structural units when lead ion is linked to four

oxygens in a covalent bond configuration. On the other

hand, the ionic radii of Pb2?, Sb3?, As3?, and Mo3? are

91.5, 90, 72, and 73 pm, respectively [29]. Thus, the

increase of MoO3 content up to 0.5 mol% into PbO–

Sb2O3–As2O3 glass matrix may strengthen its structure as it

occupy structural glass-forming positions. This occupancy

may be due to its small ionic radii and its higher cross-link

density. Beyond x = 0.5 mol%, there will be a gradual

conversion of MoO6 structural unit into MoO4 structural

unit in the glass network which act as a modifier. So, the

structure will be weakened, and the trend to crystal for-

mation will be decreased. The decrease in Ec trend is in

accordance with previous work [30].

Thermal stability

The kinetic parameters K(T) and Kr(T) of the studied

glasses were calculated according to Eq. 6. These calcu-

lations were carried out in order to compare the stability

sequence of the studied materials from the quoted param-

eters with the corresponding sequence deduced from the

stability criteria based on the characteristic temperatures.

The values of K(Tg), Kr(Tg), K(Tp) and Kr(Tp) for the

temperatures Tg and Tp are listed in Table 2. Their data

indicates also, that the glass at x = 0.5 mol% is the most

stable one. Accordingly, one can notice that, the Kr(T) at

x = 0.5 mol% varies slowly with increasing the tempera-

ture, indicating a relatively high stability, while Kr(T)

varies more rapidly with increasing T for the other glasses,

indicate less stability.

Conclusions

The addition of MoO3 at the expense of Pbo–Sb2O3–As2O3

glasses results in an apparent increase in the characteristic

temperatures (Tg, Tc, Tp and Tm), the activation energy for

glass transition and the activation energy for crystallization

up to MoO3 = 0.5 mol%. Beyond x = 0.5 mol%, there

will be a remarkable decrease in these parameters. This

behaviour was attributed to former/modifier role of MoO3.

The thermal stability for these glasses has been evaluated

by using various criteria. The results of the criteria K(Tg),

Kr(Tg), K(Tp) and Kr(Tp) agree satisfactorily with the other

criteria DT, Hr, Hg and S for the studied glasses. Based

on results of the thermal stability criteria, the glass at

x = 0.5 mol% is the most stable one.
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