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Abstract Glasses with compositions 60B2O3–40PbO,

60B2O3–40Bi2O3, and 60B2O3–30Bi2O3–10PbO have been

prepared and studied by differential thermal analysis. The

crystallization kinetics of the glasses was investigated

under non-isothermal conditions. From dependence of the

glass transition temperature (Tg) on the heating rate, the

activation energy for the glass transition was derived.

Similarly the activation energy of the crystallization pro-

cess was determined. Thermal stability of these glasses

were achieved in terms of the characteristic temperatures,

such as the glass transition temperature, Tg, the onset

temperature of crystallization, Tin, the temperature corre-

sponding to the maximum crystallization rate, Tp, beside

the kinetic parameters, K(Tg) and K(Tp). The results

revealed that the 60B2O3–40PbO is more stable than the

others. The crystallization mechanism is characterized for

glasses. The phases at which the glass crystallizes after the

thermal process have been identified by X-ray diffraction.

Keywords Borate-based glasses � Thermal stability �
Crystallization kinetics � XRD analysis

Introduction

Over the last decade, borate-based glasses have been

studied from both academic and technological point of

view. B2O3 is one of the most important glass formers

incorporated into various kinds of glass systems as a flux

material in order to obtain materials having specific phys-

ical and chemical properties suitable for technological

applications. The boron atom in borate glasses and crystals

usually coordinates with either three or four oxygen atoms

forming [BO3] or [BO4] structural units. These two fun-

damental units can be arbitrarily combined to form either

the so-called super-structure or different BxOy structural

groups like boroxol ring, pentaborate, tetraborate, diborate

groups, etc. The number of the structural units depends on

the nature and the total concentration of the added modi-

fiers [1–5]. In view of this, borate glasses containing Bi2O3

have attracted a considerable attention because of its wide

applications in the field of glass–ceramics, thermal and

mechanical sensors, reflecting windows, soil environment,

and may be used as layers for optical and opto-electronic

devices, etc. [6–10]. These glasses have a long infrared cut-

off, and high third-order non-linear optical susceptibility

which makes them ideal candidates for applications in

the infrared transmission components, ultrafast optical

switches, and photonic devices [11, 12]. Lead borate

glasses are also of significant scientific and practical

interest. Lead borate glasses are of technological interests

owing to their unique properties such as wide glass for-

mation regions and good radiation shielding properties

[13–16]. During the past two decades, many efforts have

been made to realize the roles of PbO in glass net-

works using different techniques. Honma et al. [17, 18]

discovered the formation of new non-linear optical crys-

talline phases LnxBi1-xBO3 in the crystallized glasses of
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Ln2O3–Bi2O3–B2O3 (Ln = La, Gd, Sm) and found that the

crystallized glasses of Gd2O3–Bi2O3–B2O3 show strong

second harmonic intensities compared with the crystallized

glasses consisting of La2O3 or Sm2O3. Furthermore, they

found that some glasses such as 12.5Sm2O3–30Bi2O3–

57.5B2O3 are crystallized by irradiations of a continuous

Nd:YAG laser with a wavelength of k = 1064 nm, giving

the formation of non-linear optical crystalline dots and

lines [17, 18].

The purpose of this study is to study and compare the

thermal stability and crystallization kinetics of 60B2O3–

40PbO, 60B2O3–40Bi2O3, and 60B2O3–30Bi2O3–10PbO

glasses. Thermal stability of these glasses were achieved in

terms of the characteristic temperatures such as the glass

transition temperature, Tg, the onset temperature of crys-

tallization, Tin, the temperature corresponding to the max-

imum crystallization rate, Tp, of differential thermal

analysis (DTA) curves of different heating rates beside the

kinetic parameters as a function of glass transition tem-

perature K(Tg) and the maximum crystallization tempera-

ture K(Tp). The phases at which the glasses crystallize after

the thermal process have been identified by X-ray

diffraction.

Experimental procedures

The glass samples of the general chemical formula 60B2O3–

40PbO, 60B2O3–40Bi2O3, 60B2O3–30Bi2O3–10PbO, and

60B2O3–30Bi2O3–10Gd2O3 glasses have been prepared by

the melt quenching technique. Required quantities of Analar

grade H3BO3, Bi2O3, and PbO were mixed together by

grinding the mixture repeatedly to obtain a fine powder. The

mixture was melted in a Porcelain crucible in an electrically

heated furnace under ordinary atmospheric conditions at

temperature about 1273 K for 2 h to homogenize the melt.

The glass samples, obtained from the quickly melt quench-

ing, were put into preheated stainless-steel mold and

heat-treated at a temperature of about 20 K below their

calorimetric glass transition temperature for 2 h to remove

any internal stresses. The composition refers to the nomi-

nal composition (the starting mixture). To check the

non-crystallinity of the glass samples, X-ray diffraction

measurements were performed using a Philips X-ray dif-

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

(k = 1.542 Å) powered at 40 kV and 30 mA. The results

showed that XRD patterns of the glasses did not reveal dis-

crete or any sharp peaks, but the characteristic broad humps

of the amorphous materials.

The calorimetric measurements were carried out using

a differential thermal analysis calorimeter type Shimadzu

50 with an accuracy of ±0.1 K. 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 powders weighing

20 mg were contained in an alumina crucible and the ref-

erence material was a-alumina powder. The samples were

heated in air at heating rates b of 5, 10, 20, 30, and

40 K min-1. The value of the glass transition, Tg, the

extrapolated crystallization onset, Tin, and the crystalliza-

tion peak temperature, Tp, and melting temperature were

determined with an accuracy of ±1 K by using the

microprocessor of the thermal analyzer.

The criterion parameters of the thermal stability

The criterion parameters are based on characteristic tem-

peratures such as the glass transition temperature, Tg, the

onset temperature of crystallization Tin, the temperature

corresponding to maximum crystallization rate, Tp and the

melting temperature, Tm. Dietzel [19] introduced the glass

criterion, DT ¼ Tin � Tg, which is often an important

parameter to evaluate the glass forming ability. The thermal

stability of glasses according to Sakka and Mackenzie [20]

was achieved by using the ratio Tg/Tm. By the use of the

characteristic temperatures, Hruby [21] developed the Hr

criterion, Hr ¼ DT=ðTm � TpÞ. Saad and Poulain [22]

obtained another two criteria, weighted the thermal stability

H0ðH0 ¼ DT=TgÞ and the S criterion ðS ¼ ðTp � TinÞ
DT=TgÞ. The glass-forming ability can be calculated by

using the relation, kgl ¼ ðTin � TgÞ=ðTm � TgÞ. The higher

values of the criterion parameters reflect the greater thermal

stability of the glass.

On the other hand, the formal theory of transformation

kinetics describes the evolution of the volume fraction

crystallized, v, in terms of the crystal growth, u with time t:

v ¼ 1� exp �g

Z t

0

udt0

0
@

1
A

n2
4

3
5 ¼ 1� expð�In

1Þ ð1Þ

where g is a geometric factor and n is an exponent, which

depends on the mechanism of transformation. Derivation of

Eq. 1 with respect to time and taking into account the

Arrhenian temperature dependence for the crystal growth

rate [18], the crystallization rate is obtained as

dv
dt
¼ nð1� vÞIn�1

1 K0 exp
�E

RT

� �
¼ nKð1� vÞIn�1

1 ð2Þ

where E is the effective activation energy for crystal

growth and K is the reaction rate constant which has an

Arrhenian temperature dependence according to the

relation
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KðTÞ ¼ K0expð�E=RTÞ ð3Þ

Surinach et al. [23] and Hu et al. [24] introduced two

criterion,

KðTgÞ ¼ K0expð�E=RTgÞ ð4aÞ

and

KðTpÞ ¼ K0expð�E=RTpÞ ð4bÞ

The values of last two parameters indicate the tendency

for glass devitrification on heating; whereas the glass

formation is a kinetic process.

Results and discussion

Thermal stability of glasses

Figure 1 shows the DTA thermograms of amorphous

60B2O3–40PbO, 60B2O3–40Bi2O3, and 60B2O3–30Bi2O3–

10PbO glasses recorded at heating rate b = 10 K min-1.

The characteristic feature of this thermogram is the

homogeneity of the considered glasses which is confirmed

by the appearance of a small single endothermic peak. This

peak is attributed to the glass transition temperature, which

represents the strength or rigidity of the glass structure.

Also, there is an exothermic peak originating from the

amorphous-crystalline transformation. The exothermic

peak has two characteristic points: the first point is the

onset temperature of crystallization (Tin) and the second is

the peak temperature of crystallization (Tp). This figure

also shows a sharp endothermic peak which is the char-

acteristic of the melting temperatures (Tm).

The characteristic temperatures Tg, Tin, Tp, and T m for

60B2O3–40PbO, 60B2O3–40Bi2O3, and 60B2O3–30Bi2O3–

10PbO glasses are given in Table 1. The glass forming

ability of the studied glasses can be estimated by using

these characteristic temperatures. The existing stability

criterion parameters based on these characteristic temper-

atures Hr, H0 and S for both compositions is listed in

Table 1. It is found that, the values of these criteria are

highest for 60B2O3–40PbO and lowest for 60B2O3–

40Bi2O3, indicating that 60B2O3–40PbO is more thermally

stable. It was previously reported that the higher Bi2O3

content of the alloy, the lower its glass stability [25–27].

The activation energy of the glass transition, Eg, for

investigated glasses has been obtained by using the Kis-

singer formula, which was originally derived for the crys-

tallization process but which is also valid for the glass

transition [28]. The formula has the following form

lnðT2
g= bÞ ¼ Eg=RTg þ const: ð5Þ

where R is the universal gas constant. By fitting the plot

between lnðT2
g=bÞ and 1/Tg to straight line the values of Eg

(see Fig. 2) can be obtained, where the subscript g denotes

the magnitude values corresponding to the glass transition

temperature. The values of the activation energy obtained

for the glasses are found to be 241.2 kJ mol-1 for 60B2O3–

40PbO, 219.1 for 60B2O3–40Bi2O3, and 227 kJ mol-1 for

60B2O3–30Bi2O3–10PbO.

For the evaluation of activation energy for crystalliza-

tion (Ec) by using the variation of Tp with b, Vázquez et al.

[28] developed the proposed method by Kissenger for non-

isothermal analysis of devitrification as follows:

300 400
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60B2O3–40Bi2O3

60B2O3–40PbO
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Fig. 1 Typical DTA trace of 60B2O3–40PbO, 60B2O3–40Bi2O3, and

60B2O3–30Bi2O3–10PbO glasses

Table 1 The values of thermal parameters of glass transition tem-

perature Tg, onset temperature of crystallization Tin, crystallization

temperature Tp, and melting temperature Tm of 60B2O3–40PbO,

60B2O3–40Bi2O3, and 60B2O3–30Bi2O3–10PbO glasses with differ-

ent heating rates b. The characteristic parameters Kgl, Hr, and

S according to the text

Alloy b Tg/K Tin/K Tp/K Tm/K Kgl Hr H0 S/K

60B2O3–

40PbO

5 674 795 817 940 0.83 0.98 0.18 3.94

10 684 806 827 950 0.84 0.98 0.18 3.74

20 696 818 837 962 0.84 0.97 0.17 3.32

30 702 823 843 972 0.81 0.93 0.17 3.44

40 706 828 848 981 0.79 0.91 0.17 3.45

60B2O3–

40Bi2O3

5 667 779 801 926 0.76 0.90 0.17 3.74

10 679 790 811 936 0.76 0.89 0.16 3.48

20 692 802 821 948 0.75 0.87 0.16 3.06

30 697 807 827 958 0.73 0.84 0.16 3.20

40 702 812 832 967 0.71 0.82 0.16 3.17

60B2O3–

30Bi2O3–

10PbO

5 671 787 809 931 0.81 0.96 0.17 3.82

10 682 798 819 941 0.82 0.96 0.17 3.58

20 695 810 829 953 0.81 0.93 0.17 3.15

30 700 815 835 963 0.78 0.90 0.16 3.30

40 705 820 840 972 0.76 0.88 0.16 3.27
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ln½T2
p=b� ¼ Ec=RTp þ lnðEc=RK0Þ ð6Þ

This equation represents a straight line between ln(Tp
2/b) and

1/Tp, for different compositions whose slopes yield a value of

Ec (see Fig. 3). The values of the activation energy obtained

for the glasses are found to be 375.7 kJ mol-1 for 60B2O3–

40PbO, 361.8 for 60B2O3–40Bi2O3, and 368.7 kJ mol-1 for

60B2O3–30Bi2O3–10PbO. The intercept of Eq. 6 is ln

(Ec/RK0). Then, one can obtain Ec and K0.

After knowing the values of Ec and K0, the kinetic

parameters K(Tg) and K(Tp) of studied glasses were cal-

culated using Eq. 4a and 4b, respectively. These calcula-

tions were carried out in order to compare the stability

sequence of the studied glasses from the quoted parameters

with the corresponding sequence deduced from the stability

criteria based on characteristic temperatures. The values

of K(Tg) and K(Tp) of the temperatures Tg and Tp are cal-

culated at different heating rates b as shown in Fig. 4a and

b, respectively. According to the literature [29, 30], the

smaller the values of K(Tg) and K(Tp) criteria, the better

should be the glass forming ability of the material. So, the

data for both K(Tg) and K(Tp) in Fig. 5a and b indicate that

the thermal stability of 60B2O3–40PbO glass is higher than

other glasses.

Crystallization rate and kinetic exponent

The theoretical basis for interpreting DTA results is pro-

vided by the formal theory of transformation kinetics as

developed by Johnson et al. [31] and Avrami [32, 33]. The

fraction, v, crystallized at a given temperature, T, is given

by v = AT/A where A, is the total area of the exothermic

between the temperature, Ti (crystallization is just begin-

ning) and the temperature, Tf (the crystallization is com-

pleted), and AT is the area between Ti and T, as shown in

Fig. 6. The graphical representations of the crystallized
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for the analyzed materials
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Fig. 4 a Plots of K(Tg) versus Tg for the different glass compositions.

b Plots of K(Tp) versus Tp for the different glass compositions
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volume fraction of 60B2O3–40Bi2O3 at different heating

rates show the typical sigmoid curve as a function of

temperature as shown in Fig. 7a [34, 35].

The ratio between the ordinates of the DTA curve and

the total area of the peak gives the corresponding crystal-

lization rates, which makes it possible to build the curves

of the exothermal peaks represented in Fig. 7b for 60B2O3–

40Bi2O3 sample. The crystallization rate, (dv/dt)p values

increases with increasing the heating rate, which has been

widely discussed in the literature [27, 30].

From the experimental data, Tp, and (dv/dt)p, listed in

Tables 1 and 2, and the above mentioned values of the

activation energies of crystallization process for the crys-

tallization peaks, it makes possible to determine the kinetic

exponent, n, at different heating rates using the following

relation:

ðdv=dtÞp ¼ nð0:37bEcÞ=ðRT2
p Þ ð7Þ

The values of n are listed in Table 2. The average

kinetic exponent for different glasses is listed in Table 2.

Taking into account the experimental error, the value of hni
is close to 2 for the two binary systems of 60B2O3–40PbO

and 60B2O3–40Bi2O3 glass and close to 3 for the ternary

system of 60B2O3–30Bi2O3–10PbO. The kinetic exponent
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Fig. 5 a Plots of Kr(Tg) versus b for the different glass compositions.

b Plots of Kr(Tg) versus b for the different glass compositions
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was deduced based on the mechanism of crystallization

[36]. According to Mahadevan et al. [37] n may be 4, 3, 2

or 1 which are related to the different glass-crystal trans-

formation mechanisms: 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. Therefore,

hni = 2 and hni = 3, crystallization mechanism proceeds

by one and two-dimensional growth, respectively, with

volume nucleation in both cases.

Identification of the crystalline phases

The identification of the possible phases, which crystallize

during the thermal treatment, has been carried out by

means of XRD measurements. The X-ray diffraction pat-

terns of 60B2O3–40PbO glass annealed at 825 K for 2 h,

60B2O3–40Bi2O3 glasses annealed at 810 K and also

60B2O3–30Bi2O3–10PbO annealed at 815 K as shown in

Fig. 8. The diffractogram of the transformed material of

60B2O3–40PbO after the crystallization process suggests

the presence of microcrystallites of a single phase of lead

borate, PbB4O7 according to JCPDS (card no. 15-0278),

which crystallizes to the orthorhombic crystal system, with

lattice parameters a = 4.243 nm, b = 10.840 nm, and

c = 4.243 nm. The diffractogram of the transformed

material of 60B2O3–40Bi2O3 after the crystallization pro-

cess suggests the presence of microcrystallites of a single

phase. From the JCPDS files these peaks can be identified as

bismuth borate, BiBO3, (card no. 27-0320), which crystal-

lizes to unknown crystal system. The diffractogram of the

transformed material for 60B2O3–30Bi2O3–10PbO, after the

crystallization process, suggests the presence of microcrys-

tallites of two phases. From the JCPDS files these peaks can

be identified as BiBO3 (card no. 27-0320) and orthorhombic

Bi3B5O12 (card no. 28-0228) with lattice parameters

a = 6.532 nm, b = 7.733 nm, and c = 18.566 nm. No

phases were detected for lead borate.

Conclusions

The non-isothermal devitrification of 60B2O3–40PbO,

60B2O3–40Bi2O3, and 60B2O3–30Bi2O3–10PbO glasses

have been studied at different heating rates. The glass

forming ability of 60B2O3–40PbO, 60B2O3–40Bi2O3 and

60B2O3–30Bi2O3–10PbO glasses have been evaluated by

using various thermal stability criteria, based on charac-

teristic temperatures beside the kinetic parameters, K(Tg)

and K(Tp). It is reasonable to think that the obtained data

from the quoted criteria agree satisfactorily with the values

which result from the existing criteria based on character-

istic temperatures and kinetic parameters K(Tg) and K(Tp)

criteria. A lower value of K(Tg) and K(Tp) means higher

stability of the glass. Glass composition of 60B2O3–40PbO

is more stable than the other glasses. The crystallization

Table 2 Maximum crystallization rate ðdv=dtÞ, kinetic exponent n and average kinetic exponent hni for different composition with different

heating rates b

Composition 60B2O3–40PbO 60B2O3–40Bi2O3 60B2O3–30Bi2O3–10PbO

b/K min-1 ðdv=dtÞ � 10�3=s�1 n ðdv=dtÞ � 10�3=s�1 n ðdv=dtÞ � 10�3=s�1 n

5 4.62 2.2 4.21 2.01 5.46 2.61

10 9.01 2.2 8.21 2.01 10.7 2.61

20 17.6 2.2 16 2.01 20.8 2.61

30 26 2.2 23.7 2.01 30.8 2.61

40 34.3 2.21 31.2 2.01 40.5 2.61

hni 2.212 2.012 2.614
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Fig. 8 XRD patterns of amorphous and crystallized 60B2O3–40PbO,

60B2O3–40Bi2O3, and 60B2O3–30Bi2O3–10PbO glasses
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mechanism was characterized for studied glasses. The

binary 60B2O3–40PbO and 60B2O3–40Bi2O3 glasses have

kinetic exponent n = 2.212 and n = 2.012, respectively.

The crystallization mechanism for ternary glass 40PbO,

60B2O3–30Bi2O3–10PbO has kinetic exponent n = 2.614.

The identification of the crystalline phases was made

by recording the X-ray diffraction pattern of the trans-

formed material. This pattern shows the existence of

microcrystallites of single phase of PbB4O7 in amorphous

matrix for annealed 60B2O3–40PbO glass and single

phase of BiBO3 in amorphous matrix for the annealed

60B2O3–40Bi2O3 glass. However, the diffractogram of

60B2O3–30Bi2O3–10PbO, after the crystallization pro-

cess, suggests the presence of microcrystallites of BiBO3

and Bi3B5O12 phases and no indication for lead borate

phases.
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