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Borate glasses are of interest for many electronic applications like electronic packages
and in vacuum systems as sealing glass. The aim of this work is to study the effect of
Pb20;3 and SiO2 additives on the structural and characteristics of borate glass. Binary
borate glass of BaO.B20s was synthesized by melt-quenching technique. The additives
were introduced to the glass by substitution with BaO and B20s. Two Batches of six
recipes were prepared. All the synthesized glasses were transparent. The glass transition
temperature (Tg) has varied according to the chemical composition. Recipe G3 exhibits
the lowest T around 440°C, while G2 and G4 show high thermal stability. Coexisting of
Pb?" and Si*" led to high dielectric constant for glass G5 and G6.

1. INTRODUCTION

Generally, glass containing boron serves in many technical
applications for instance electrical [1] and medical [2]
applications. Introducing rare-earth elements to glass helps
taking glass to another level of technical fields. Barium borate
glass is industrially important. It has found its applications in
optics like glass fibers, electronic packages and radiation
protection as barium is a heavy metal [3-5]. Besides, it has
many attractive thermal and chemical features that makes it a
good candidate to serve as sealing glass [6].

Barium oxide is colorless with a density of 5.72 g/cm? [7].
It is considered an intermediate oxide because it has the ability
to be glass former or modifier. Not all the compositions in
Ba0-B,0; forms glass; however, compositions of high ratio of
B,03, BaO can form easily glass. Namely, the composition
Ba0.2B,0? is congruently melting compound and melts at
900°C.

Like fluids, glass can be used as sealing material for many
reasons. For instance, it has good resistance to environmental
conditions and ability to bind different materials (components)
like glass-glass, ceramic-glass, metal-glass or mixing of them
[8-10]. Among the preceding joints glass-to-metal seals are
very important in the construction of vacuum tubes, electric
discharge tubes, incandescent light bulbs, glass-encapsulated
semiconductor diodes reed switches, glass windows in metal
cases, and metal or ceramic-packages of electronic
components and many others [11].

In addition, it can be widely used in range of optical and
electrical fields because it has a high dielectric constant (&)
like in large electrical energy storage capacity and in
capacitors and other parts where a high permittivity is
preferred [12].
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Two methods can be followed to develop the properties of
this binary glass represented by doping [13-16] and heat
treatment [17]. Both of the two strategies induced
microstructural changes in boron network. The variation of
properties as a result of introducing cations in the network of
glass formers relay on the cations radii as well as the field
strength of cations. For instance, cations that generate non-
bridging oxygen decreases the glass transition temperature
(Tg) and vice-versa. Cations like AI** which make complex
coordination tend to increase Tg [18]. On the other hand, heat
treatments of glass induce essential changes in glass network.
They enhance formation crystalline phases in glass matrix.
The new phases have different compositions and hence
different properties than that of the parent glass.

The first route was followed in this work. In which lead
oxide was replaced by barium oxide. It is widely used in
protection from radiation as it has large density (11.34 g/cm?®)
which allows it to absorb radiations of different wavelengths.
Lead can also improve the processing features of glass by
increasing the thermal stability and widening the working
range of glass [19]. Careful engineering of glass composition,
microstructure, viscosity, and reactivity enables reliable
joining of glasses with metals through stake, match, and butt
seal configurations [20].

1.1 Glass design

In this study, binary and ternary borate glass were
synthesized to develop glass with low processing temperatures
based on the phase diagrams illustrated in Figure 1.

Two glass batches were designed. Each batch involved
three recipes. The first batch is formed based on a binary glass
system of BaO-B,0Os, spatially BaB,O4. This glass
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characterizes by high refractive index and low light dispersion
[5]. The selected stoichiometric = composition is
30Ba0-70B;0s as illustrated in Figure 1(a). This composition
melts at 910°C [21].

In the ternary system, silica was also added to borate glass
to form ternary system of BaO-SiO,'B,O3 of eutectic point at
a mole ratio of 3:3:2, respectively. It has good ability to form
glass at relatively low processing temperatures at around
1000°C [21]. Lowering the processing temperatures is of
demand as it saves energy and decrease volatilization of light
doping elements like boron.
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Figure 1. (a) Binary phase diagram of BaO-B,03 [15];
(b) Ternary phase diagram of BaO-B,03-SiO;

Lead oxide (Pb,Os3) was introduced by substitution with
BaO and B,0s, respectively, in the first batch. Whereas, it
substituted by BaO only in the second batch, as seen in Table
1, to lower the melting temperature as low as possible. The
anticipated application for this glass is metal sealing which
necessitate low thermal expansion coefficient to minimize the
thermal stresses in glass. Laser assisted sealing is an
interesting technique of sealing because it is eco-friendly
technique and exposes possibility to control the required
energy of sealing [22].
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The aim of this study is to synthesize binary and ternary
borate glass with modifying the chemical composition. This
will make the glass more useful for other technological
applications. In addition to investigate the effects of structural
changes on the thermal and electrical characteristics of borate
glass. To achieve this purpose, the strategy of doping was
implemented to have lead oxide in the glass compositions.

Table 1. Chemical composition of glass

Components (mol%)

Glass Recipes

BaO B203 SiO2 Pb203
Gl 30 70
Batchl G2 20 70 e 10
G3 30 2 10
G4 375 375 25 e
Be}tfh G5 275 375 25 10
G6 10 375 25 275

2. Experiments
2.1 Glass powder synthesis

The starting materials of this study were barium carbonate
99.5% (BaCOs3), boric acid 99.0% (H3;BOs3), lead oxide
(Pb,03) and silica (SiO») (Central drug house (P) Ltd., India).
10 g of each glass recipe were prepared according to the mole
ratios stated in Table 1. The powders were mixed together
using a planetary mill for 45 min in dry condition. Alumina
crucibles were used to melt the constituents at temperatures
between 950°C to 1100°C depending on the chemical
composition. The glass melt was kept at these temperatures for
20 min to lower the volatilization of boron and other elements.
The melts were then quenched in water and finally milled and
sieved through 200 pm sieve.

2.2 Characterizations

2.2.1 Structural characteristics
The structure of yield glass was investigated using x-ray
diffraction means. An x-ray diffractometer (type: XRD 6000,
manufactured by Shimadzu, Japan) was implanted to carry on
this investigation. In which copper-ka was utilized as a
radiation source with 40 kV and 30 mA with a scanning speed
of 5°/min. Nickel filter was used in the travel way of x-ray
before striking the sample, which is moving in a circular
motion. When the incident beam diffracts according to Bragg's
law, diffraction occurs, as shown in Eq. (1) [14].
n A=2d sin 0 (D
On the other hand, the active groups of the glass structure
were identified by Fourier transform infrared (FTIR)
spectroscopy (Shimadzul800, Japan) over the range from
4000 to 400 cm-1. Samples of glass powder were mixed with
KBr (10%) and pressed at 10 Tons/cm?.

2.2.2 Thermal characteristics

Simultaneous thermal analysis (STA 449C, Netzsch,
Germany) was used to determine the -characteristics
temperatures. 50 mg of each glass was heated up to 900°C in
an alumina crucible at normal dried air atmosphere at a heating
rates of 10 K/min.



2.2.3 Dielectric properties

Hioki LCR Impedance Analyzer (IM 3570, Japan) was used
to measure the dielectric constant. The samples were
cylindrical (¢5%7L) mm. silver paste (20 Qm) was applied on
the samples ends to make them electrically conductive. The
dielectric constant (&) was calculated mathematically
according to the following equation (txCp)/A at 1 MHz.
Where t: thickness of the ceramic sample (mm), Cp: capacity
of glass (pF), t: sample thickness (mm). The electrical
resistivity was calculated according to the ratio (p=RpxA/l).
Where A is the cross-sectional area and | represents the length
of sample [23].

2.2.4 Thermal characteristics

Simultaneous thermal analysis (STA 449C, Netzsch,
Germany) was used to determine the characteristics
temperatures. 50 mg of each glass powder was heated up to
900°C in an alumina crucible at normal dried atmosphere at a
heating rates of 10 K/min. The targeted information are the
characteristic temperatures.

The thermal expansion cofficient (TEC) of the yield glass
was measured using a dilatometer (model L75 platinum series
/Linseis /Germany) as shown in Figure 2. In a non-isotherm
heating. The heating rate was 10 K/min and the glass samples
were heated upto 400°C. The testing samples were prepared
by casting glass in a steel mold (see Figure 2) and subsequently
heat treated at 500°C for 2h. Finally, they were cut out to
cylinders of (5¢x20 L mm) using a diamond cutter.
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Figure 2. Casting of glass sample for dilatometer test:
(a) and (b): The mold two sides; (c) Glass cast for dilatometer

3. RESULTS AND DISCUSSION
3.1 Glass structure

Figure 3 shows the X-ray diffraction of the synthesized
glass. The resulting patterns indicate that all the prepared
glasses have amorphous structure, where no sharp peaks
appeared. In addition, absence of secondary phases reveals
that Pb,O3 and SiO; dissolved well in the glass networks.

489

W’WMW M"' Patch7
MW"W Patch5

Patch4
patch3

m WM, il Patch2
'Wf " Patch1

10 20 30 40 50 60 70
20°

Intensity (a.u)

Figure 3. X-Ray diffraction patterns of the synthesized glass
batches

Borate glass appears in their network two building units of
boron (BO3; and BO,4) which they possessing totally different
connecting environments. Likewise, the network of silica
borate glass consists of three distinct building units. Two of
them belongs to boron groups and the third returns to silicon
group (Si04) [24, 25]. The spectra of FTIR transmittance are
considered an effective means to identify the above connected
groups via their (stretching or/and bending) vibrational
responses to IR. The structure of borate glass, denoted as (G1),
have changed with the substitution of Ba for Pb and Si as seen
in Figure 4. Obviously, the network of recipes Gl — G3
exhibits B-O vibrations of triangle group [BOs3] at
transmittance bands of 750 and 1200 cm™' [26, 27]. The Band
at 1000 and 1400 cm™ return to four folded boron units [BO4].
The bond Ba-O has a trace at 600 cm™' [28].
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Figure 4. Active bonds in the structure of the synthesized
glasses

Barium and lead oxides can be assigned in glass network
either as glass formers or as modifiers. Substitution of Ba with
Pb in G1 glass has changed connections of the building units.
The area under the band at 750 cm™! increases from G1-G3
which refer to an increase in content of BO;3 building units.
This, however, indicates that PbO has functioned as modifier
in the glass. In the same context, BO4 content at 1400 cm’!
decreased as a consequence of PbO effect. The transmittance
band at the region 415 - 470 cm™! may refer to formation PbO4
tetrahedra, which have the ability to enter the network of boron
as Pb-O-B [29-31].



Glass recipes (G4-G6) show vibrational characteristics of
SiO4 at 470 cm™! [32] as denoted in Figure 4 next to BOs and
BOs. The transmittance band at 1000 cm™' refers to BO4 and
Si04 groups as there is an overlap at this position [27, 33]. The
bands of FTIR spectra for samples G5 and G6 exhibits
gradually increase in the content of BOs content with
increasing the substitution of barium for lead. The band at
wavelength 1600 cm™! may belong to the stretching of the bond
Si-O-Si [34, 35]. The band observed at a wavenumber 1620
cm! is owing to the H,0 [29].

3.2 Density and Molar volume

Barium and lead are the heaviest elements in the designed
glasses. Accordingly, the density of the resulting glasses
varied. Recipe G1 shows the highest density of about 4.6092
g/cm3. Replacing of barium and boron by lead decreases the
density as indicated in Table 2.

Table 2. Density and molar volume of the prepared glasses

Glass Recipes  Density, g/ecm® Molar Volume, cm?/mol

Gl 4.6092 21
Batchl G2 4.4130 23
G3 4.4224 25
G4 4.1165 24
BatchII G5 4.2860 25
G6 4.5122 27

The density of batch II gradually increased up to 4.5122
g/em?® for G6. Because of increasing the content of lead on
expense of barium content. The atomic weight of Ba is
137.327 and that of lead is 207.2 [36].

Table 2 shows that the molar volume, which represents the
volume of material that occupied one mole, of the prepared
glasses has changed differently in the two batches. The first
batch shows no trend in changing of molar volume. On the
other hand, it increases gradually from glass G4 to G6. It is
well-known that the molar volume influenced by the atomic
radii. The radii of the constituents: Ba: 253 pm, B: 87 pm, Si:
111 pm, Pb: 154 pm. [36]. An increase of non-bridging oxygen
(NBOs) in glass network increases V. It is noticed that the
difference of Vi, in G1 and G6 is big. This belongs to increase
the BO; units accompanied by NBOs.

3.3 Thermal characterization

Figure 5 illustrates the DTA traces of all the glass recipes.
The behavior of the six recipes was varied according to the
chemical composition. Table 3 sums up the important
temperatures. Generally, the glass transition temperature of
glasses is above 500°C but recipe G3 where its T, has
determined to around 440°C.

Table 3. Characteristics features of the prepared glass

Glass Recipes Tm,°C  Tg°C  Tx,°C  AT(Tp-Ty), °C

Gl 910 595 807 212
Batch I G2 875 547 843 296

G3 875 440 560 120

G4 1000 625 - -
BatchII G5 850 506 725 219

G6 850 605 850 245

Figure 5 shows also that not all the samples were thermally
stable. Recipes G1-G6, except G4, show exothermic peaks
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which indicates that those glasses thermally unstable [28]. The
difference between T, and T, reflects the thermal stability of
glass [37]. The largest difference, the more stable glass. DTA
trace of recipe G4 exhibits no clear exothermic peak which
may refer to a strong glass network, while recipe G2 has a
kinetic window of 295°C. This belongs to the high content of
bridging oxygen (BOs) as a result of BO4 and PbO4 (see Figure
4

).
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Figure 5. Characteristics temperatures of the six recipes

The thermal stability of glass ensures a long working range
without challenges of crystallization. The addition of oxide
modifiers results in network discontinuity sites, which reduce
network cohesiveness and cause the stability of the glass
network to be temperature-dependent. The thermal stability of



glasses expressed as AT reveals that G3 is more prone to
crystallize in comparison to G2 which comes with the highest
thermal stability. This indicates that lead has worked as glass
former in G2 causing an increase in BOs. Whereas in G3 has
worked as modifier led to form NBOs resulted in weakening
of glass network. Although the change of molar volume is not
that big, it might give an indication that PbO acted as modifier
in all glasses but G2. G4 has no PbO in its composition.

This will, however, produce crystalline phase from the parent
glass. The product is called glass-ceramic. The devitrification
must be controlled to avoid compromising chemical durability.
The resulting properties of glass-ceramics are influenced by
the composition of remaining glass in addition to the generated
crystalline phases [38].

3.4 Thermal expansion coefficient (TEC)

TEC of the synthesized glass was calculated in the range 35-
400°C. Figure 6 exhibits TEC of the sznthesiyed glass. The
results of recipes G1 and G4 were comparable to the literature.
Where recipe G1 (BaO-B,0s) is between 9.3 and 9.8 ppm K-!
[39] and that of G4 (BaO-B,0;-Si0y) is about 11.29 ppm K'!
[40]. Tt is obvious that TEC increases for batch I while it
dcreases for batch II. Generaglly, the addition of PbO has no
that big influence on TEC of the original composition of borate
glass. G2 recipe shows a vlaue of 9.3 ppm k*!. The next lower
value belongs G5 recipe of around 9.98 ppm K.

0 T T T T T T
G3 G4 G5 G6

Glass recipes

Figure 6. Variation of thermal expansion coefficient
according to the chemical composition of the yield glass

Figure 4 illustates that G2 and G5 recipes have higher
concentration of brigding oxygen i.e. the building blockes,
which belong to the conversion of [BO3] to [BO4]. While the
rest recipes exhibited TEC larger than 10 ppm K''. Bobkova
reported that alkaline cations in binary borate glass have
similar effect as alkalis. In which TEC decreased lineray up to
30-32% mol and then fail to follow the increased contnet of
alkaline (PbO) [41]. This non-linerity tendency is noticable
when two or more alkalines co-exist in glass network.

The experiments have shown that large concentration of
PbO generates high concentration of NBO in glass network as
supported by the results of Figure 4. It must be refered that the
CTE is bond strength dependent of a solid. Introducing PbO
on expencess of BaO reduces the average bond strength of
glass due to the weak bond strength of Pb-O (109 kJ/mol)
compared to that of Ba-O (138 kJ/mol) and B-O (498 kJ/mol)
[42]. Therefore, the coordination of boron in addition to the
net field strength of glass netwok has affect the thermal
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expansion coefficient of the synthesized glass.
3.5 Electrical properties

The relative dielectric constant (g;) of the prepared glasses
has varied according to the chemical constituents. Recipe G5
exhibited the highest value of (&) of around 2, while recipes
G2 has showed the lowest value of about 1.35 (see Figure 7(a)).
The structural changes of the glasses have influenced on the
(&) of the yield glass. Increasing the BOs increase the
dielectric constant. As revealed form Figure 4 that the majority
of the network units are tetraherdra which means high content
of bridging connections and this increases the dielectric
constant.

Figure 7(b) exhibits the electrical resistivity of the prepared
glasses. It is known that the electrical conductivity in glass
counts on the mobility of alkali oxides not on the bivalent
oxides [43]. As the prepared glasses are free of alkalis, the
resistivity of glasses depends on the concentration of BOs in
the glass network. G2 shows the highest electrical resistivity
of around 150 MQcm. Moreover, recipe G4 shows p of around
130 MQcm. Introducing of PbO into the network of G4 has
contributed in lowering p as well, which diminished the
strength of glass network.

25
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Figure 7. Dielectric constant of the prepared borate glass at 1
kHz

Glass with dielectric constant lower than 10 is desirable for
many electronic applications. Dielectric constant of glass
depends on the ions polarizability, porosity, and concentration



of bridging oxygen in glass structure . Heavy elements like Pb
and Ba are considered polarizable ions and glass contains such
element characterizes with high dielectric constant [44].
Although the synthesized glasses contain Pb and Ba cations,
the resulting dielectric constant is low. This may be related
with the concentration of BOs. Boron as glassformer forms
open glass network and such condition decreased the dielectric
constant. Moreover, boron and silicon cations have less
tendency toward polarization. Another reason belongs to the
small trapped air bubbles in the synthesized glass samples
which in turn lower &;.

The study so far shows promising findings of glass for
sealing applications. Insertion other elements in the glass to
improve the optical properties will make the glass composition
suitable to the advanced sealing technologies like those
implement lasers as power sources. Generally, the findings are
linked well to the objectives of study and they opened eyes to
new glass technologies such as developing sealing methods of
glass-metal joints.

4. CONCLUSIONS

The outcomes of study have shown that introducing Pb and
Si to barium borate glass has changed its structural and
subsequently its thermal characteristics. The resulting glasses
showed an amorphous structure with [BOs3] and [BOs]
building blocks varied according to the ratio of substitutive
ions. This changes in the microstructure have reflected on the
characteristic temperatures of the glasses.

The minimum Tg was assigned to G3, while the highest Tg
was determined to G4 of around 625°C. The results indicated
that increasing of Pb substitution for Ba has made the glass
more thermally unstable. The results have also shown that
increasing of Pb in glass enlarges TEC of glass as it weakens
the strength of glass network.

The electrical resistivity of glass changed with the
concentration of non-bridging oxygen. Glass with low NBOs
appeared high electrical resistivity in comparison to the others.

The yield glass is promising to be utilized in advanced
applications like joints of glass-metal. It might be utilized in
laser assisted sealing as well. This part of the research will be
covered in a separate study.
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