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Abstract
The changes in crystallization behavior, thermal and some physical properties of lead borate glasses with the addition of 
 Al2O3, ZnO and  TiO2 have been investigated through Fourier-transform infrared spectroscopy, X-ray diffractometry, dilato-
metry and differential thermal analysis. Differential thermal and X-ray diffraction analyses showed that the addition of  TiO2 
leads to an increase in the crystallization capacity of the 70PbO–30B2O3 glass, while  Al2O3 and ZnO mainly inhibit the 
formation of crystalline phases. Fourier-transform infrared spectroscopy results showed that the addition of  Al2O3 to the 
lead borate glass matrix leads to a decrease in the number of bridging oxygen atoms and causes a significant decrease in 
the proportion of tetrahedral borate units. According to dilatometry data, the glass transition temperature (280–320 °C) and 
dilatometric softening point (305–345 °C) increase, while the thermal expansion coefficient (12.0–9.6 ppm/°C) decreases 
with equimolar substitution of PbO by  Al2O3, ZnO or  TiO2. Some physical properties (density, molar volume, and volume 
resistivity) of the glasses were also estimated.

Introduction

Low-melting glasses based on the lead borate system have 
a wide range of applications in many fields, including elec-
trical engineering, electronics, nuclear and solar energy, 
among many others [1–3]. Compared with other oxide sys-
tems, lead borate glasses have a number of attractive proper-
ties, such as low-melting points, wide glass-formation region 
[4], good radiation shielding for γ-rays [5], high refractive 
index and chemical durability [6, 7], and are considered as 
a basis for manufacturing various protective and decorative 
coatings, sealing glasses, semiconductor and acousto-optic 
devices, and as a potential material for radioactive waste 
immobilization [6–10].

Many studies have shown that lead borate glasses con-
stitute an attractive system for studying the structure-com-
position-property relationships of glasses [2–5, 8, 9, 11]. 
The interest in this glass system is primarily due to the fact 
that PbO is not a classical glass former, but due to the high 
polarizability and the low field strength of  Pb2+ ions, in the 

presence of conventional glass former such as  B2O3, it may 
build a glass network of  PbOn polyhedra [11]. Depending 
on the content of lead oxide in the borate network, it can act 
as both a glass former and a modifier, positively affecting 
the glass-forming ability, structure, and properties of glass. 
The lowest-melting eutectic in the PbO–B2O3 system with 
a melting point of 493 °C contains 70% PbO and 30%  B2O3 
[12]. Despite the low melting point of this glass, it cannot be 
used as a sealing and solder glass, primarily due to its rapid 
devitrification. Increasing the thermal resistance of glass to 
devitrification is often achieved by increasing the number 
of components [3]. The addition of a small amount of inter-
mediate oxides, especially  Al2O3,  TiO2 and ZnO, to heavy 
metal borate glasses causes competition between cations to 
compensate for the charge of borate units, thereby changing 
the structure, thermal, optical, electrical and other properties 
critically dependent on the proportion of tetrahedral boron 
units [13–16]. This is expected to stabilize the glass network 
structure and increase the thermal stability of the glass to 
devitrification, henceforth making eutectic lead borate glass 
suitable candidates for practical applications as protective 
and decorative coatings, non-crystallizing low-melting seal-
ing and solder glasses.

Therefore, the aim of this work was to study the influ-
ence of the addition of  Al2O3, ZnO and  TiO2 on the changes 
in crystallization behavior, thermal, and some physical 

 * Yu. S. Hordieiev 
 yuriihordieiev@gmail.com

1 Department of Ceramics, Glass and Construction Materials, 
Ukrainian State University of Chemical Technology, 8 
Gagarin Avenue, Dnipro 49005, Ukraine

http://orcid.org/0000-0001-6425-936X
http://crossmark.crossref.org/dialog/?doi=10.1557/s43580-023-00511-7&domain=pdf


202 Y. S. Hordieiev, A. V. Zaichuk 

1 3

properties of 70PbO–30B2O3 glass using Fourier-transform 
infrared spectroscopy, X-ray diffractometry, dilatometry and 
differential thermal analysis.

Materials and methods

The details of the batch composition of the investigated 
glasses with the corresponding label are given in Table 1. 
Reagent grade chemicals of  Pb3O4,  H3BO3,  TiO2,  Al2O3 and 
ZnO were used as starting raw materials. The glass batches 
were prepared by mixing an appropriate mole fraction of the 
desired oxide ingredients in an agate mortar with a pestle 
to ensure complete homogeneity. An electric furnace with 
silicon carbide elements was utilized to heat the batches in 
50 ml platinum crucibles at 900 °C for 30 min in an air 
atmosphere. The homogeneous melts were quickly cast onto 
a preheated stainless-steel mold. The glass samples were 
annealed in a muffle furnace at 260 °C for 3 h and then 
slowly cooled to room temperature to avoid internal stress.

The glass samples were ground to powder with the use of 
an agate mortar and pestle. The glass powders were sieved 
through a set of standard sieves, and the fraction that passed 
the 270 mesh sieve (53 μm) and retained by the 325 mesh 
sieve (45 μm) was used for differential thermal analysis. 
Thermal properties for the investigated glasses were meas-
ured by differential thermal analysis (DTA) at a constant 
heating rate of 5  °C/min (Derivatograf Q-1500D) from 
room temperature to 800 °C in an air atmosphere. The ref-
erence substance was high-purity alumina powder, and the 
temperature error was ± 5 °C. In this work, the onset of the 
endothermic peak on the DTA curves was taken as Tg. The 
temperature difference between the glass transition (Tg) and 
the first exothermic peak (Tc), indicating a measure of the 
thermal stability (ΔT) against crystallization, was calculated 
[17]. Higher values of ΔT indicate better stability against 
crystallization [17].

In order to determine the crystalline phase correspond-
ing to each exothermic peak in the DTA curves, the glass 
powder was subjected to heat treatment at the crystalliza-
tion temperature (Tc) in the air for 5 h. Crystalline phases 
precipitated during heat treatment were identified by X-ray 
diffractometer DRON-3 M using Co-Kα radiation in the 
10 < 2Θ < 90 range. The FTIR spectra of the glasses were 
recorded in the 1600–400  cm−1 region using the KBr pellet 
technique (Thermo Nicolet Avatar 370 FTIR Spectrometer).

The thermal expansion coefficient (TEC), glass transition 
temperature (Tg), and dilatometric softening point (Td) of the 
glass samples were determined using a dilatometer (Dilato-
meter1300 L, Italy) at a heating rate of 3 °C/min. The TEC 
value was calculated between 20 and 200 °C, and repeated 
measurements indicated the thermal expansion coefficient 
with an error of ± 0.2 ppm/°C. The results of the dilatometry Ta
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analysis are presented in Table 1. The density of the glasses 
was determined at room temperature by the Archimedes 
principle using distilled water as the immersion liquid and 
a digital balance with  10–4 g sensitivity. The weight of each 
glass sample was measured three times, and an average was 
taken to minimize the sources of error. The volume resistiv-
ity of the investigated glasses was measured on flat-parallel 
plates in a cell with graphite electrodes in the temperature 
range of 100–200 °C at a heating rate of 5 °/min using the 
teraohmmeter E6-13A.

Results and discussion

All glasses obtained after melting at 900 °C were transparent 
and bubble-free. The amorphous nature of the glass samples 
was checked by X-ray diffraction analysis, which showed the 
absence of a crystallization peak and the presence of a broad 
halo around 2θ = 33°, which is typical for a fully amorphous 
structure.

The influence of  Al2O3, ZnO and  TiO2 on the thermal 
behavior of lead borate glasses was studied by conduct-
ing a detailed differential thermal analysis. DTA curves 
of fine powders of glass samples in the temperature range 
of 200–600 °C are shown in Fig. 1. As shown in Fig. 1, 
each curve is characterized by endothermic and exothermic 
peaks corresponding to the glass transition temperature 

and crystallization temperature, respectively. The thermal 
properties measured by DTA are presented in Table 1. With 
the addition of intermediate oxides to lead borate glass and 
increasing their content, the glass transition temperature 
increased from 280 to 310 °C for glasses containing  Al2O3, 
from 285 to 315 °C for glasses containing  TiO2, and from 
275 to 295 °C for glasses containing ZnO. This increase in 
Tg with the addition of intermediate oxides may be due to 
one or more factors: (1) an increase in cross-linking den-
sity and bonding strength of the structure due to the forma-
tion of  RO4 or  RO6 structural units in the glass framework 
[15–19]; (2) reducing the atomic mobility in the melt [20]; 
and (3) distortion of the glass structure with the formation 
of the three-dimensional (3D) network of B–O–R linkages 
[19–21]. The observed increase in Tg and ΔT upon equimo-
lar substitution of PbO by  Al2O3 or  TiO2 is probably due to 
the substitution of the weaker and more flexible Pb–O bonds 
(101 kJ/mol) by the strong and rigid Al–O (377 kJ/mol) and 
Ti–O (305 kJ/mol) bonds [22]. In the case of PbBZn glass 
samples, adding ZnO increases the glasses’ stability against 
crystallization, while the glass transition temperature values 
change by only 20 degrees. The addition of ZnO or  TiO2 into 
the 70PbO–30B2O3 glass composition leads to an increase 
in the crystallization temperature and a change in the shape 
of the exothermic peak. The above results show that addi-
tions of  Al2O3, ZnO, or  TiO2 affect the glass structure and 
crystallization process of lead borate glass.

Fig. 1  DTA curves of fine powders of glass samples
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The crystallization temperatures, determined by DTA, 
were 360 and 420 °C for PbB, 480 °C for PbBZn5, and 
440 °C for PbBTi5. Figure 2 shows the corresponding X-ray 
diffraction patterns of glass powders after sintering at the 
crystallization temperature. The X-ray diffraction patterns 
of all the heat-treated glasses exhibit the formation of PbO 
(PDF #00-038-1477) and  PbO2 (PDF #00-025-0447) phases 
identified using powder diffraction files. The intensity of the 
diffraction peaks of the main crystalline phases precipitated 
in the glass matrix is significantly reduced with the addition 
of ZnO into the composition of the base glass. The amounts 
of the  PbO2 crystalline phase increased with the addition 
of  TiO2 into the composition of the lead borate glass. It is 
well-known that  TiO2 is a nucleating agent in borate and 
borosilicate glasses [17, 19]. The results mentioned above 
confirmed that  TiO2 acts as a nucleating agent that promotes 
the crystallization of the base glass, while  Al2O3 and ZnO 
mainly inhibit the formation of crystalline phases.

Fourier-transform infrared spectroscopy (FTIR) is a pow-
erful tool for understanding how the local structure of glass 
changes due to its composition. The influence of  Al2O3, ZnO 
and  TiO2 on the structural properties of 70PbO–30B2O3 
glass was investigated by detecting FTIR spectra (Fig. 3) 
in the range 1400–400  cm−1. The broad band observed at 
1100–1400  cm−1 centered at ~ 1250  cm−1 is attributed to 
stretching vibrations of  BO3 units with non-bridging oxy-
gens (NBOs) [4, 23–25]. Its relative area increases, and 
the center shifts towards slightly lower wavenumbers with 
adding  Al2O3 into the 70PbO–30B2O3 glass composition. 
Incorporating  Al2O3 into the glass network at the expense of 
PbO injects additional oxygen into the structure and forms 
more  BO3 structural units with NBOs. The absorption 
bands in the range 800–1100  cm−1 are due to the stretching 

vibration of  BO4 structural units [4, 23–25]. A new band 
has been observed at 565  cm−1 in glass samples PbBTi10 
and PbBAl10, which is due to the vibration of  TiO6 [15] and 
 AlO6 [25, 26] structural units, respectively. The decrease in 
 BO4 units, increase in  BO3 structural units with NBOs, and 
the formation of  TiO6 and  AlO6 units in the investigated 
glasses are probably due to the transformation of  TiO4 and 
 AlO4 tetrahedra to  TiO6 and  AlO6 octahedra, respectively, 
by converting  BO4 units to  BO3 units. The strong absorption 
band centered around 700  cm−1 is assumed to be due to the 
combined vibration of  PbO4 units and the bending vibration 
of B–O–B in  BO3 triangles [8, 27]. The absorption band 
centered at 600  cm−1 in glass samples PbB and PbBZn10 
can be assigned to the bending vibration of B–O–Pb and 
B–O–Zn linkages in the bridge connection of  BO3 and  BO4 
units [27]. Low-frequency bands observed at ≤ 450  cm−1 
are usually attributed to vibrations of metal ions relative to 
their network sites [28]. In this study, the absorption band at 
around 425  cm−1 can be attributed to the vibration of  Pb2+, 
 Ti4+,  Al3+, and  Zn2+ ions.

It is well known that the nature and concentration of the 
oxides in the composition of glasses substantially deter-
mine the thermal and physical properties of oxide glasses 
[12–15]. The thermal and physical properties of the inves-
tigated glasses were investigated by measuring the volume 
resistivity, thermal expansion coefficient, glass transition 
temperature, dilatometric softening point, density, and cal-
culating the molar volume values. The obtained values are 
given in Table 1. At the temperature of 150 °C, the vol-
ume resistivity of the investigated glasses is in the range of 
 1010–1012 Ω·cm. The volume resistivity increases with the 
inclusion of  Al2O3, ZnO and  TiO2 into the glass network 
at the expense of PbO. Since  Pb2+ ions can be considered 
the dominant charge carriers in lead borate glasses, such 
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a change in volume resistivity is expected [29]. The equi-
molar substitution of PbO by  Al2O3, ZnO or  TiO2 leads to 
an increase in volume resistivity due to the more compact 
arrangement of structural groups, resulting in a reduction 
in the space in which conductive ions can move. The den-
sity of investigated glasses decreases with the substitution 
of PbO by  Al2O3, ZnO or  TiO2. This behavior is attributed 
to the relatively lower molecular weight of  Al2O3 (101.96 g/
mol), ZnO (81.39 g/mol) and  TiO2 (79.87 g/mol) than PbO 
(223.2 g/mol). The molar volume decreases with increas-
ing  TiO2 and ZnO content and increases with increasing 
 Al2O3 content. The increase in the molar volume with an 
increase in the  Al2O3 content may be due to the formation 
of non-bridging oxygen and the expansion of the structure 
of the network of the lead borate glass. The decrease in 
molar volume with the inclusion of ZnO or  TiO2 into the 
lead borate glass network can be attributed to a decrease in 
bond length or interatomic spacing among the atoms of the 
glass network, which causes the compaction of the structure 
[30]. It can be seen from the dilatometry results that the 
glass transition temperature (280–320 °C) and dilatometric 
softening point (305–345 °C) increased, while the thermal 
expansion coefficient (9.6–12.0 ppm/°C) decreased with 
equimolar substitution of PbO by  Al2O3, ZnO or  TiO2. The 
observed decrease in TEC values and an increase in Tg and 
Td values can be attributed to the substitution of the weaker 
Pb–O bonds by the stronger Zn–O, Al–O and Ti–O bonds.

Conclusions

In the present study, the influence of  Al2O3, ZnO and  TiO2 
was investigated on the crystallization behavior, thermal, 
and some physical properties of lead borate glasses. Fou-
rier-transform infrared spectroscopy results showed that the 
network of the investigated glasses consists mainly of  BO3, 
 BO4, and  PbO4 structural units. The depolymerization of the 
glass network increases with the increasing content of  Al2O3. 
Differential thermal analysis and X-ray diffraction analysis 
showed that the addition of  TiO2 leads to an increase in the 
crystallization capacity of the base glass, while  Al2O3 and 
ZnO mainly inhibit the formation of crystalline phases. The 
equimolar substitution of PbO by  Al2O3, ZnO or  TiO2 results 
in a decrease in density and thermal expansion coefficient 
and an increase in glass transition temperature, dilatomet-
ric softening point, glass stability and volume resistivity of 
the investigated glasses. The decrease in density is due to 
the relatively lower molecular weight of  Al2O3, ZnO and 
 TiO2 than PbO. The observed decrease in TEC values and an 
increase in  Tg,  Td and ΔT values are due to the substitution 
of the weaker and more flexible Pb–O bonds by the strong 
and rigid Zn–O, Al–O and Ti–O bonds, which in turn leads 

to an increase in bonding strength of structural groups in 
the glass matrix.
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