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The structure, thermal and some physical properties of lead fluoroborate glasses 
containing 30 mol% SiO2 have been investigated by differential thermal analysis, X-ray 
diffraction and Fourier-transform infrared spectroscopy. The glasses were prepared by the 
conventional melt-quenching method. Fourier-transform infrared spectroscopy results 
showed that the network of these glasses consists mainly of BO3, BO4, SiO4, and PbO4 
structural units. The thermal stability of the glass samples determined by differential 
thermal analysis was found to be about 80°C. Dilatometric measurements showed that the 
glass transition temperature and dilatometric softening temperature decrease with 
increasing lead content, whereas the coefficient of thermal expansion increases. The 
density and molar volume increased with the increase in lead content. The conductivity of 
the investigated glasses mainly depends on the mobility of F– and Pb2+ ions. The variation 
in volume resistance upon changing the composition has been correlated with the 
structural changes in the glass network. The results obtained in this study indicate that the 
investigated glasses can be potential candidates for advanced technologies as solder and 
sealing materials. 
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1. Introduction 
 
Lead fluoroborate glasses and glass-ceramics have recently attracted growing attention in 

both scientifically and technologically due to their unique properties and promising potential 
applications in photonics, optoelectronic and electrochemical applications [1–6]. These glasses 
have some interesting features, such as low melting points, wide glass-formation region [3], high 
chemical durability, high refractive index [4], and good radiation shielding for γ-rays [5], and are 
regarded as a basis for manufacturing various coatings, solder glasses, glass-to-metal seals, optical 
lenses, and as a potential material for radioactive waste immobilization [7–12]. However, for most 
of these materials, the relationship between composition-structure-property is not well understood, 
making improving their properties difficult. Therefore, numerous studies are still being carried out 
on this topic. 

Lead fluoroborate glasses can be synthesized in a wide range of compositions with PbF2 
content from 20 to 60 mol % and PbO from 5 to 70 mol % [2, 3]. Lead oxide is used as a 
component of silicate, phosphate, and borate glasses to achieve useful physical properties, and 
although it is not itself a glass-forming oxide, it can be included in significant amounts in these 
glass-forming systems [13, 14]. It is well known that the introduction of lead oxide into a borate 
matrix leads to the creation of trigonal [BO3] and tetrahedral [BO4] structural units [13–15]. The 
equilibrium of the structural conversion between [BO3] and [BO4] units in the borate network 
depends on the chemical composition and the kind of modifiers [15]. The addition of lead fluoride 
to borate glasses decreases the phonon energy, increases the moisture resistance and transparency 
in the visible region, and plays an important role in forming a three-dimensional network structure 
[16]. 
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Although the lead fluoroborate glasses exhibit excellent physical properties, they also 
exhibit poor thermal stability against devitrification, which is common to most oxyfluoride glasses 
[3, 17]. Improvements in the thermal stability of glass against devitrification can often be achieved 
by increasing the number of components [2, 17–19]. The addition of some oxides, especially SiO2, 
to oxyfluoride glass melts increases the glass stability against crystallization and helps stabilize the 
glass state. The results of some studies show that oxyfluoride glasses containing 20–30 mol% SiO2 
have excellent thermal stability of glass against devitrification while maintaining key properties, 
such as low melting points and high chemical durability [2, 20–22]. 

Therefore, the aim of this study was to prepare lead fluoroborate glasses containing 30 
mol% SiO2 and to investigate their structure, thermal behavior, and physical properties to obtain 
new materials with prospective applications. 

 
 
2. Materials and methods 
 
The details of the batch composition of the investigated glasses with their label are given 

in Table 1. Reagent-grade chemicals of Pb3O4, H3BO3, SiO2, and PbF2 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. The 
homogeneous glass batches were melted in the alumina crucibles with the volume of 50 mL in an 
electric furnace with silicon carbide heaters at the temperature of 950ºС for 30 min in an air 
atmosphere. The homogeneous melts were quickly cast onto a preheated stainless-steel mold to 
obtain glasses which were then transferred into a muffle furnace preset to 300°C.  

 
 

Table 1. Chemical composition (mol %) of the investigated glasses. 
 

Glass 
sample 

No. 
PbO PbF2 B2O3 SiO2 

1 7 21 42 30 
2 7 28 35 30 
3 7 35 28 30 
4 7 42 21 30 
5 7 49 14 30 
6 14 21 35 30 
7 14 28 28 30 
8 14 35 21 30 
9 14 42 14 30 

10 21 21 28 30 
11 21 28 21 30 
12 21 35 14 30 
13 28 21 21 30 
14 28 28 14 30 
15 35 21 14 30 

 
 
The crystallization ability of glass powders was determined by differential thermal 

analysis on the derivatograph Q-1500D at a heating rate of 5°C/min from room temperature to 
800°C in an air atmosphere. Alumina oxide fired at the temperature of 1450°С was used as a 
reference. 

Crystalline phases precipitated during heat treatment were identified by X-ray 
diffractometer DRON-3М using Co-Kα radiation in the 10 < 2Θ < 90 range. 

The FTIR spectra of the glasses were recorded in the 1550–400 cm−1 region using the KBr 
pellet technique (Thermo Nicolet Avatar 370 FTIR Spectrometer). 
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The thermal expansion coefficient (TEC), glass transition temperature (Tg), and 
dilatometric softening point (Td) of the glass samples were determined using a dilatometer 
(Dilatometer1300 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 ±2 ppm/ºС. The density of the glasses was determined by the Archimedes principle using 
toluene as the immersion liquid and a digital balance of sensitivity of 10-3 g. The weight of each 
glass sample was measured three times, and an average was taken to minimize the sources of error. 
The volume resistivity of the investigated glasses was measured on flat-parallel plates in a cell 
with graphite electrodes in the temperature range of 50–250°C at a heating rate of 5°C/min using 
the teraohmmeter Е6–13А. 

 
 
3. Results and discussion 
 
All obtained glass samples after melting at 950°C for 30 min were transparent and bubble-

free (Fig. 1). The colour of the samples gradually changed to darker shades of yellow with the 
substitution of B2O3 by PbO. The amorphous nature of the obtained glass samples was checked by 
X-ray diffraction, which shows (Fig. 2) a broad halo pattern typical for a fully amorphous 
structure. 

 

 
 

Fig. 1. Samples of some obtained glasses: (a) No. 1, (b) No. 6, (c) No. 10, (d) No. 13 and (e) No. 15. 
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Fig. 2. X-ray diffraction patterns of glass samples: (a) No. 1, (b) No. 6, (c) No. 10, (d) No. 13  
and (e) No. 15. 

 
 
Differential thermal analysis (DTA) was employed to determine the thermal behavior of 

the investigated glasses. DTA thermograms of PbO–PbF2–B2O3–SiO2 glasses in the temperature 
range of 200–700°C are shown in Fig. 3 according to the equimolar substitution of B2O3 by PbO at 
constant SiO2 and PbF2. The onset of the endothermic and exothermic peaks is commonly used to 



894 
 
determine the glass transition temperature and onset crystallization temperatures, and the peak 
crystallization temperature is defined as the maximum at the exothermic peak [23, 24]. All glass 
samples showed the onset of slope change of the DTA curves between 350 and 410°C, 
corresponding to the glass transition. The glass transition temperature gradually decreased with 
increasing PbO content. In addition to the glass transition temperature, all the samples exhibit a 
very weak exothermic peak between 430 and 510°C. The observed decrease in glass transition and 
crystallization temperatures with the equimolar substitution of B2O3 by PbO is probably associated 
with the substitution of stronger B–O bonds by weaker Pb–O bonds, which leads to an increase in 
the looseness of packing within the structure [25]. The temperature difference between the onset of 
crystallization and glass transition (ΔT = Tc - Tg) gives a gauge of the glass's resistance to 
crystallizing upon heating [26]. ΔT values for investigated glass samples were greater than 80°C 
and slightly increased, from 80 to 100°C with increasing B2O3 content. 

 

 
 

Fig. 3. DTA curves of the glass powder samples: (a) No. 1, (b) No. 6, (c) No. 10, (d) No. 13  
and (e) No. 15. 

 

 
In order to identify the crystalline phase corresponding to the exothermic peak in the DTA 

curves, the glass powder was heat-treated at around the crystallization temperature in the air for 1 
and 10 hours. X-ray diffraction phase analysis (Fig. 4) showed no significant changes in glass 
sample No.1 after 1 h of heat treatment. However, the crystalline phase of PbO (ICSD 015403) is 
formed after 10 h of heat treatment. 
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Fig. 4. X-ray diffraction pattern of glass powder heat-treated at the crystallization temperature  
in the air for 1 (a) and 10 (b) hours. 

 
 
Fourier-transform infrared spectroscopy (FTIR) is a powerful tool for understanding how 

the local structure of glass changes due to its composition. FTIR spectra (Fig. 5) of PbO–PbF2–
B2O3–SiO2 glasses were analyzed in order to obtain information on the structural transformations 
in the glass network following the equimolar substitution of B2O3 by PbO at constant SiO2 and 
PbF2. The FTIR spectra of the investigated glasses include two main broad bands at 800–1200 
cm−1 and 1200–1500 cm−1. In addition, there are two small bands below 800 cm−1. The lead and 
borate groups have been observed to play a dominant role in the spectra of the investigated 
glasses. The broad band observed at 1200–1500 cm−1 centered at ~1360 cm−1 is attributed to 
stretching vibrations of [BO3] units with non-bridging oxygens (NBOs) [27–31]. Its relative area 
decreases with an increase in PbO content with shifting of its center towards slightly lower 
wavenumbers. The band in the range 800–1200 cm−1 overlaps with the stretching vibration of 
[SiO4] structural units and contains the stretching vibration of [BO4] structural units [32, 33]. The 
relative area of this band increases with an increase in the PbO content from 7 to 28 mol%, with a 
shift of its center towards slightly lower wavenumbers. This indicates that the addition of PbO 
leads to the conversion of [BO3] units to [BO4] units in the investigated glass. With further 
increase in the PbO content (>28 mol %), the rate of formation of [BO4] units is reduced because 
some of the PbO is used up in the formation of [PbO4] structural units. As the PbO content 
increase, the bending vibration frequency of B–O–B in [BO3] units shifts from 680 cm−1 to a 
higher wavenumber 700 cm−1 [27–30]. The absorption band centered at 620 cm−1 can be assigned 
to the bending vibration of B–O–Pb linkages in the bridge connection of [BO3] and [BO4] units 
[29]. In light of the above discussions, it can be concluded that, with an increase in the PbO 
content, B–O–B bonds, which are the dominant structural linkages at low PbO content, give way 
to B–O–Pb bonds and, ultimately, to Pb–O–Pb linkages (~560 cm−1) at higher PbO content. The 
absorption band at about 470 cm–1 is assumed to be due to the combined vibration of [SiO4] and 
[PbO4] groups [34–36]. 
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Fig. 5. FTIR spectra of glass samples: (a) No. 1, (b) No. 6, (c) No. 10, (d) No. 13 and (e) No. 15. 
 
 
It is well known that the physical properties of glasses are closely related to their structure 

and composition. The physical properties of the investigated glasses were investigated by 
measuring the volume resistivity, thermal expansion coefficient, glass transition temperature, 
dilatometric softening point, density, and calculating the molar volume values. The obtained 
values are given in Table 2. The obtained results showed that the density (4.48–5.68 g/cm3) and 
molar volume (25.53–29.15 cm3/mol) values of the investigated glasses were increased with 
increasing lead content. The increase in the density is due to the relatively larger molar mass of 
lead oxide than other glass components, while the large ionic radius of the lead ions causes an 
increase in the molar volume. It can be seen from the dilatometry results that the dilatometric 
softening point (340–420ºС) and glass transition temperature (320–390ºС) of the investigated 
glasses were decreased with equimolar substitution of B2O3 by PbO or PbF2 at a constant SiO2 
content. These glasses also showed increased TEC values from 7.1 to 10.9 ppm/ºС, with 
increasing lead content. The weaker glass network connectivity and higher polarisability of non-
bridging oxygens formed with the substitution of stronger B–O bonds by weaker Pb–O bonds 
explain the increase in TEC values and the shift of Tg and Td towards lower temperature [37].  

 
Table 2. The values of the glass transition temperature (Tg), dilatometric softening point (Td), thermal 

expansion coefficient (TEC), density (d), molar volume (Vm), volume resistivity (lgρ) of the investigated 
glasses. 

 
Glass 

sample 
No. 

Tg,  
(ºС) 

Td,  
(ºС) 

TEC, 
(ppm/ºС) 

d,  
(g/cm3) 

Vm, 
(cm3/mol) 

lgρ 
at 200°С 

(Ohm·cm) 
1 390 420 7.1 4.48 25.53 6.3·1011 
2 375 400 8.3 4.89 25.90 2.1·109 
3 355 385 8.9 5.24 26.52 0.5·108 
4 330 360 9.9 5.51 27.45 4.7·107 
5 320 350 10.2 5.61 29.15 8.1·106 
6 370 400 8.2 4.85 25.80 4.4·1010 
7 355 385 8.7 5.21 26.38 5.5·108 
8 340 360 9.6 5.43 27.57 6.3·107 
9 335 355 9.8 5.59 28.98 1.2·107 

10 360 380 8.9 5.19 26.18 3.5·109 
11 340 360 10 5.35 27.70 0.75·108 
12 320 350 10.7 5.55 28.91 3.2·107 
13 345 370 9.5 5.37 27.31 3.9·108 
14 320 340 10.9 5.67 28.03 6.7·107 
15 320 345 10.5 5.68 27.71 2.7·108 
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At the temperature of 200ºС, the volume resistivity of the investigated glasses is in the 
range of 106–1011 Ohm·cm. The volume resistivity decreases with increasing PbF2 content in the 
investigated glass. Since F– ions can be considered the dominant charge carriers in these glasses, 
such a change in volume resistivity is expected [13]. An increase in the PbO content loosens the 
glass network, facilitating the migration of conducting ions, such as F– ions and possibly Pb2+ ions 
[3], which also contribute to conduction processes in such glasses. In the case of B2O3, the 
equimolar substitution of PbO by B2O3 leads to a significant increase in volume resistivity due to 
the more compact arrangement of borate structural groups, resulting in a reduction in the space in 
which conductive ions can move. 

 
 
4. Conclusions 
 
The structure, thermal and some physical properties of lead fluoroborate glasses 

containing 30 mol% SiO2 were investigated. The main building units forming the glass network 
are BO3 (peak at 700, 1360 cm−1), BO4 (peak at 980 cm−1), SiO4 (peak at 470, 1080 cm−1), and 
PbO4 (peak at 470 cm−1). Dilatometric measurements indicated that the glass transition 
temperature and the dilatometric softening point decrease with increasing lead content, whereas 
the thermal expansion coefficient increases. The change in the dilatometric data with glass 
composition can be explained on the basis of the change in glass structure with composition, 
which is confirmed by the results of FTIR spectroscopy. The weaker glass network connectivity 
and higher polarisability of NBOs formed with increasing PbO content explain the increase in 
TEC values and the Tg and Td shift towards lower temperatures. The decrease of volume resistivity 
with the increasing density and molar volume is associated with the structural changes in the glass 
network upon increasing PbO content. The change of density and molar volume with PbO content 
reveals that the increase in density is due to the relatively larger molar mass of lead oxide, while 
the large ionic radius of the lead ions causes an increase in the molar volume. The volume 
resistivity decreases with increasing lead content due to the loosening of the glass network. A 
looser glass network greatly facilitates the movement of F– ions and Pb2+ ions, and hence the 
conductivity in PbO–PbF2–B2O3–SiO2 glasses increases significantly. The results obtained in this 
study indicate that the investigated glasses can be potential candidates for advanced technologies 
as glass-to-metal seals, solder glasses, thick-film pastes, and low-firing glazes. 
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