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Abstract We report changes in the properties of lithium-

zinc-lead-borate glass (mol%: 5Li2O�10ZnO�60PbO�25B2

O3) brought by substituting alkaline earth metal oxides for

part of its Li2O content. These properties include density,

optical basicity, molecular structure, conductivity, dielec-

tric properties and chemical durability. The glasses were

prepared by the melting quenching technique. The effect of

substituting 2 mol% Li2O by equivalent moles of MgO,

CaO, SrO or BaO on the above mentioned properties is

reported. The results showed that an increase in the density

and the optical basicity is noticed for samples with sub-

stituted oxides in the order MgO, CaO, SrO or BaO. The

FTIR also revealed that the BO3 units with NBOs of the

glasses increase with such substitution. The chemical

durability was increased for glass with substituted MgO,

while it decreased for those with substituted CaO, SrO or

BaO. The conductivities of the base glass sample and that

substituted with MgO are found to be mainly ionic while

they are mainly electronic for those substituted with CaO,

SrO or BaO. The dielectric permittivity revealed a value of

11.72 for the base un-substituted glass which increased to

394.02 at room temperature for glass substituted with BaO.

The substituted samples with alkaline earth metal oxides

produced glassy materials of high dielectric permittivity

(e0) that could present good candidate for energy storage in

electronic devices.

1 Introduction

Glassy materials containing heavy metal oxides particu-

larly borate rich one have got special interest due to their

possible applications as lamp phosphors and other photonic

devices [1, 2]. Heavy metal oxide glasses also find appli-

cations in the field of optical fibers, optoelectronic devices;

radiation shields, surgical lasers and their glass ceramic

counterparts have wide range of applications [3]. Alkaline

earth oxides improve glass forming capability while heavy

metal oxides give rise to good optical properties such as

second harmonic generation. [4].

Boric acid forms stable glasses with alkaline earth oxi-

des (R = MgO, CaO, SrO, BaO) and heavy metal oxides

(MO = ZnO, PbO, TeO2, Bi2O3). The alkaline earth borate

glasses containing heavy metal oxides show good solubility

of rare-earth ions [4].

It is well known [5–7] that lead oxide (PbO) is unique in

its influence on the glass structure and is widely used in

glasses because it enhances the resistance against devitri-

fication, improves the chemical durability and lowers the

melting temperature. Lead oxide is considered as a non-

conventional glass former, since it can act as a glass former

or as a glass modifier. The role is determined by its con-

centration and by the type of bond between lead and

oxygen [8]. Covalent bonding is associated with a network

forming behavior, whilst an ionic bonding is related to

glass modifier properties [9]. At high concentrations, PbO

acts as a glass former [10], whilst at low concentrations it

acts as a glass modifier [8]. Glasses with large amounts of

PbO have been used widely in various commercial devices

[11]. These glasses exhibit low glass transition tempera-

tures (Tg) and high refractive indices [12].

The B2O3–PbO glasses have the desired characteristics

against irradiation since the naturally occurring stable
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boron isotope is a good absorber of thermal neutrons [13]

and lead is known as a shielding material of c-rays [14].

Lead borate glasses are already being used in enamels,

photonics, and optoelectronic applications [8, 9]. A variety

of anionic borate units such as penta-, tri-, tetra-, di-, pyro-,

ortho-borate besides structural entities like boroxol ring

have been identified in glasses containing B2O3 and PbO

[15]. The concentration of these borate units in the glass

structure is given by the nature and concentration of

modifier oxide [16]. One reason for the interest in lead

borate glasses is that binary borate glasses serve as model

systems for structural analysis using tools such as NMR,

FTIR, and Raman spectroscopy. A second reason is the

technological potential of these glasses. The PbO–B2O3

system is one of the few binary borate systems which have

actual and potential industrial applications. One of the

main advantages of PbO–B2O3 glasses that sets them apart

from other binary borate glasses are their relatively high

chemical durability [17]. Lead borate and other low melt-

ing glasses are used in enamels, solders and seals appli-

cations [8, 18, 19].

Raman studies on some ternary lead borate glasses

suggest that PbO may get incorporated into the network in

four coordinated positions since the boron atoms in these

glasses are both three (BO3) and four coordinated (BO4)

[5]. The glass structure of lead oxide glasses is especially

interesting, since up to 70 mol% of lead oxide can be

incorporated in the glass network of ternary glasses. Usu-

ally, heavy metal oxide glasses contain 50–78 wt% of

heavy metals, such as lead oxide [20].

When Boric acid is mixed with glass modifiers, such as

Li2CO3 or other alkali oxides, its internal structure is

rearranged due to the formation of non-bridging oxygens

[20, 21]. A variety of metal oxides like MgO, CaO, SrO,

BaO, ZnO, NiO, MnO, Al2O3, TiO2, Ga2O3, etc., have

been added and were found to be good stabilizers of borate

glasses [22].

Glasses containing large amounts of Zinc oxide (ZnO)

have low melting temperatures [23], which can be used for

decoration as crystalline, crackle, opaque glasses with

transparent spots and other decorative glasses [24]. The co-

ordination state of Zn2? ions in oxide glasses strongly

suggests that ZnO4 polyhedral plays an important role in

forming glass network. Zn2? ions will improve mechanical

properties and chemical resistivity through the formation of

tetrahedral co-ordination [23]. ZnO is considered as an

important component for the preparation of multi-compo-

nent oxide glasses with high thermal resistance against

crystallization [25].

Borate glasses attracted the interest as a result of the fast

ionic conductive properties exhibited by some of them, and

the attractive possibilities they offer for energy storage

applications [26]. Because in many applications glass must

serve as an electrical insulator or semiconductor, so its

electrical conductivity is important [27]. The present

investigation is intended to report the influence of partial

substitution of Li2O by the modifier ions MgO, CaO, SrO

or BaO on the electrical, dielectric properties and the

internal molecular structure of lithium–zinc–lead-borate

glasses. Their effects on the chemical durability, density

and some physical parameters of the materials will be

given.

2 Experimental methods

2.1 Glass samples preparation

Glasses of the compositions (mol%) (5Li2O - x)�
10ZnO�60PbO�25B2O3, x = 2MgO, 2CaO, 2SrO or 2BaO,

were prepared using the melt-quench technique. The

nominal compositions of the studied glasses are given in

Table 1. Analar grade starting materials MgCO3, CaCO3,

SrCO3, BaCO3, Li2CO3, ZnO, Pb3O4 and H3BO3 were used

in the preparation of the glass batches. The intended

materials were carefully weighed and thoroughly mixed in

order to obtain a homogeneous mixture. The Weighed

batches were melted in platinum crucibles at 1200 �C for

2 h. The melts were rotated at intervals of 30 min apart to

ensure homogeneity of the melts. The melts were quenched

in air on preheated stainless-steel molds of 1 9 1 9 3 cm

dimensions (maintained at 100 �C). Then just after sitting,

the solid glasses were directly transferred, to an annealing

furnace at 450 �C to avoid the mechanical strain developed

during the quenching process. The furnace was then swit-

ched off to cool to room temperature. The prepared sam-

ples were immediately transferred to a muffle furnace at

450 �C for annealing for 30 min which is then switched off

to cool to room temperature. The obtained glass samples

were transparent and yellow in color. The samples were

checked by XRD and their amorphous nature is confirmed

as shown in Fig. 1.

Table 1 Nominal chemical compositions (mol%) of the glasses

studied

Glass no. B2O3 PbO ZnO Li2O RO

G0 25 60 10 5 –

GMg 25 60 10 3 2MgO

GCa 25 60 10 3 2CaO

GSr 25 60 10 3 2SrO

GBa 25 60 10 3 2BaO
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2.2 Density measurement

The density of each glass sample (q) was determined to an

accuracy of ±0.001 by the Archimedes method using

xylene as an inert immersion liquid. The density (q) was

calculated by the relation;

q ¼ Wa

Wa �Wbð Þ � qx;

where Wa is the weight of the glass sample in air, Wb is the

weight of the glass sample immersed in xylene of density

qx = 0.865 gm cm-3.

2.3 The optical basicity

The optical basicity K of a glass composed of mixed oxides

can be calculated by the relation [28]:

K ¼
X

XnKn

where Xn is the equivalent fraction based on the amount of

oxygen of each oxide contributes to the overall glass sto-

ichiometry and Kn is the single oxides optical basicity. The

optical basicity values of individual oxides are taken from

the literature [29, 30] and are given by K(B2O3) = 0.425,

K(Li2O) = 0.81, K(MgO) = 0.78, K(CaO) = 1.0, K(SrO) =

1.1, K(BaO) = 1.2, K(ZnO) = 0.95 and K(PbO) = 1.18.

2.4 Chemical durability

The grain method carried out by several authors [31, 32]

was followed to determine the chemical durability of the

prepared glasses. Glass grains of 0.30–0.60 mm were

immersed in distilled water (pH 7) for different times at

90 �C. 2 g of grains of each glass sample was placed in a

sintered glass crucible G4 (Jena type) which was placed in

a 250 ml polyethylene container containing 150 ml of the

attacking solution (distilled water). The container was then

situated in a water bath regulated at 90 �C. After different

times, the container was removed from the bath and the

sintered glass crucible was fitted on a suction pump and the

whole solution was pumped through it. The sintered glass

crucible was placed in air oven at 105 �C for 1 h. After

cooling, the sintered glass crucible with its content was

reweighed and the total loss in weight in the glass sample

was calculated. The chemical durability of the glasses was

evaluated from the measurement of the calculated disso-

lution rate (DR). The dissolution rate (g cm-1 min-1) was

calculated using the expression:

DR ¼ mt � mrtð Þ=A:t;

where mt is the original weight of glass grains (g), mrt is

the weight after the dissolution test, A is the calculated area

[33] of the glass grains (cm2), and t is the time (min) of

dissolution.

2.5 FTIR spectroscopy

For studying glass structure Fourier-transform infrared

(FTIR) spectroscopy was performed using a Perkin–Elmer

FT-IR spectrometer (model 1605) at wavelengths between

400 and 4000 cm-1. Pellets of the powdered samples were

prepared for FTIR measurements by mixing with spectro-

scopic grade dry KBr powder.

2.6 Electrical conductivity measurements

The electrical measurements were carried out on disc

shaped samples using the technique described elsewhere

[34]. The conductivity (rac), dielectric permittivity (e0), and

the dissipation factor (tand) of the prepared glass samples

were measured using LRC Hi Tester (HIOKI, 3532-50).

The frequency dependent measurements of capacitance, C,

and dissipation factor, tand, were obtained at temperature

from 298 to 573 K. The dielectric permittivity (e’),
dielectric loss factor (tand) and conductivity (r) were

determined from the following expression [35]:

e0 ¼ C � d=eo � A;

where d is the thickness, A is the cross-sectional area, C is

the capacitance of the sample, and eo is the free space

permittivity. The temperature dependence of the ac con-

ductivity, rac, and dielectric permittivity, e’, are studied at

frequency range from 0.1 Hz to 1 MHz at temperature

range from 298 to 573 K. The ac conductivity, rac, is

calculated using the relation [36]:

r ¼ xeoe
0tand;

where x is the frequency of the input signal, tand is the

dissipation factor or loss factor obtained from the
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Fig. 1 XRD patterns of the samples studied
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impedance analyzer. The measured total conductivity in

terms of frequency is generally expressed as [36]:

rTotal ¼ rdc þ rac ¼ rdc þ Axs;

where rdc is the frequency-independent component, A is a

temperature dependent constant, S is the frequency expo-

nent and (rac = Axs) represents ac or dissipative contri-

bution to the total conductivity [37].

3 Results and discussion

3.1 Density

Table 2 depicts that the experimental density of the base

glass G0 (5.522 g cm-3) increases to 5.567, 5.707, 5.899 or

5.982 as the alkaline earth metal oxides are substituted for

2 mol% Li2O in the order MgO, CaO, SrO or BaO,

respectively. The increase in the density can be attributed

to the increase of the molecular mass of the substituted

alkaline earth metal oxides. The increased density may also

produce as a result of packing of the internal structure

brought by the high efficient charges of the divalent

cations.

3.2 Optical basicity

Table 2, lists the calculated theoretical optical basicity (K)

for the glasses studied. The optical basicity (K) can be used

to classify the covalent/ionic character of the glasses; it is

higher for ionic bonding due to the fact that the charges

around oxygen are localized around each element. Low

value of K is typical of covalent bonding, where the oxy-

gen shares its electrons with other elements, reducing its

donor power [38]. Consequently, an increasing (K) indi-

cates decreasing covalence of the glass network [39]. This

decreasing covalence explains the finding (Table 2) that

glass 1G0 has the minimum (K) value (0.9398) which is

found to increase to 0.9468 for glass GBa. The increasing

ionic bonding accompanying the substitution of the diva-

lent cations for the lithium ions is expected to cause more

compaction for the glass structure. Consequently this effect

may participate in the increased density of glasses GCa, GSr

and GBa.

According to Duffy et al. [40] the polarizability of

oxygen ions is directly proportional to the optical basicity.

The increase in the polarizability of oxygen ions is another

indication that the concentration of NBOs increases [41]. In

such a case it is expected that the glass GBa should have

more NBOs and its density would be lower than Glass G0.

The results of the density (Table 2) indicated that the rivers

are found. This confirms that the increased density, as Li-

ions are partially substituted by the divalent cations, is

mainly due to the increase of their molecular weight while

ionic bonding may play a minor effect.

3.3 Chemical durability

The dissolution rate of the glasses under the studied con-

ditions versus ionic radius of alkaline earth cations are

illustrated in Fig. 2. The results revealed that substituting

2 mol% of Li2O by the alkaline earth oxide causes an

increase in durability for glass GMg, and a decrease in the

durability for glasses GCa, GSr and GBa. When 2 mol%

Li2O was replaced by MgO the dissolution rate was

decreased from 4.946 to 4.682 (10-4 g cm-2 min).

Whereas replacing 2 mol% Li2O by 2 mol% CaO, SrO or

BaO the rate of dissolution was increased to 5.801, 5.381 or

5.945 (10-4g cm-2 min), respectively.

When the Li? ions (0.76 Å) are replaced by the modifier

ion Mg2? (0.72 Å), this means replacing by a cation of

higher effective charge. This condition favors more com-

paction of the glass structure that decreases its ability to be

affected by the attacking medium. An attribution is given

for the compactness of a lithium-containing phosphate

glass when part of Li2O was replaced by MgO as due to the

large field strength of Mg2? ions [42]. On the other hand

replacing Li? ions successively by the ions of larger ionic

radius viz., Ca2? (1.00 Å), Sr2? (1.18 Å) and Ba2?

(1.35 Å) in the glass network favors an open structure [43],

consequently it becomes more liable to be chemically

attacked and less durable.

3.4 Infrared transmission spectra

Infrared spectroscopy was used to obtain information

concerning the internal structural units in the glasses

studied. It is assumed that vibrations of characteristic

Table 2 Experimental density,

optical basicity and dissolution

rate of the glasses studied

Glass code Density (q) (gm cm-3) Optical basicity (K) Dissolution rate (g cm-1 min-1)

G0 5.522 0.7678 4.946

GMg 5.567 0.7674 4.682

GCa 5.707 0.7703 5.801

GSr 5.899 0.7717 5.381

GBa 5.982 0.7730 5.945
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groups of atoms in the glass network are independent of

vibration of other neighboring groups in the glass [44]. The

infrared spectra of the glasses studies are shown in (Fig. 3).

The IR spectra show various absorption bands which are

characteristics of different vibrational modes. It can be

seen that the absorption vibration modes are active in three

IR spectral regions. The first region 400–800 cm-1 is

assigned to bending vibrations of various borate segments

and Pb–O bonds [9] as well as borate rings deformation

[45]. The second region, 800–1100 cm-1 is assigned to

stretching vibrations of BO4 units in various structural

groups [46].The third region 1100–1500 cm-1 is generally

ascribed to the B–O stretching and B–O- stretching

vibrations of BO3 and BO2O- units respectively [46–48].

Table 3 lists the assignment of the observed infrared

absorption bands in the spectra of the glasses studied.

In the first region, the band at about 454 cm-1 observed

in all spectra of the glasses is assigned to angles modifi-

cation of the B–O–B linkages [49, 50]. The absorption

band at this frequency is also reported to be associated with

vibrations of PbO4 structural units [16]. The intensity band

at 605 cm-1 for glass G0 increases and appears at 616, 613,

605 and 608 cm-1 on the substitution of 2 mol% Li2O by

MgO, CaO, SrO or BaO, respectively. A weak band is

observed at 639 cm-1 for all glasses can be attributed to a

bending mode of the Pb–O–B links [5]. A sharp band at

709 cm-1 is observed in all glasses due to B–O–B bending

vibrations of various borate segments [45]. The sharpness

of this band has been attributed to presence small propor-

tions of pyroborate units in the glass structure [5].

In the second region, a broad absorption band is

observed in all spectra with a peak at 895 cm-1 and a

shoulder at 1025 cm-1 due to B–O vibrations in BO4. [50–

52]. The intensity of the shoulder at 1025 cm-1 is

decreased dramatically in the spectra of the substituted

glasses.

In the third region, the absorption bands at 1178 and

1265 cm-1 can be assigned to BO3 vibrations in metabo-

rate and ortho-borate groups, respectively [5, 9, 46, 53].

The absorption peak observed at 1640 cm-1 for all

spectra is attributed to H–O–H bending mode [54]. The

decreased intensity of this absorption band for glass GMg

which is more chemically durable than glass G0 (Table 2)

confirm the compactness of structure of glass GMg. On the

contrary, the still persisting intensity of this band for

glasses GCa, GSr and GBa, indicates their open structure

nature, which is consistent with their lower durability

(Fig. 2).

It is worthy noticing (Fig. 3) that, the overall absorp-

tions of BO4 bands (800–1100 cm-1) decrease relative to

BO3 absorption bands (1100–1500 cm-1) on substitution

2 % Li2O with MgO, CaO, SrO or BaO. The increase of

the BO3 absorption bands reveals the increase of structural

units with NBOs. This is due to the modifying action of the

modifiers, where the bigger cations are in favor of the

formation of NBOs in alkali borate glasses [55].

3.5 Electrical and dielectric properties

Figure 4 represents the frequency dependence of rac for

sample G0 (as a representative sample) at various temper-

atures. Plots of log rac versus log f indicate that rac

increases with frequency and follows the power law,

rac = A xs, in the studied frequency range. The slopes of

the curves (d log rac/d log f) for sample G0 represent the
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exponent S, where 0\ s\ 1. The direct current (dc)

conductivities of the samples are generated from the pla-

teau regions by extrapolating to zero frequency [56]. The

variation of log rac with (log f) for the studied glass

samples G0, GMg, GCa, GSr and GBa at room temperature

was drawn for comparison (Fig. 5). It is clear from this

figure that the power law is also followed for all glass

compositions. The values of (s) are calculated for all glass

compositions at different temperatures and listed in

Table 4.

Figure 6 shows a plot for the values of the frequency

exponent (s) at different temperatures for the glass samples

(G0, GMg, GCa, GSr and GBa). It can be noticed that at room

temperature sample GBa showed the maximum value (0.95)

for the frequency exponent (s) which is decreased to a

value of (0.3) for sample GMg. Generally, it is known that

(s) represents a measure of the degree of interaction of the

charge carriers with the environment [57]. To precise the

predominant conduction mechanism under AC field for the

studied samples, one can suggest the appropriate model in

the light of the different theoretical models. These models

correlate the conduction mechanisms of AC conductivity

with the frequency exponent (s) behavior as follows:

1. The exponent (s) is almost equal to 0.8 and slightly

increases with temperature or independent of temper-

ature, in case of the quantum mechanical tunneling

(QMT) model, [58].

2. The exponent (s) increases with increasing temperature

in case of the small polaron SP model [59, 60],

3. The exponent (s) depends on both frequency and

temperature and drops with rising temperature to a

minimum value then increases, as temperature rises in

the case of overlapping-large polaron tunneling

(OLPT) model [61].

4. The values of the frequency exponent (s) are decreased

with increasing temperature in the case of the corre-

lated barrier hopping (CBH) model [62].

From Fig. 6, it is clear that the frequency exponent

(s) for samples (G0, GMg, GCa and GSr) exhibits two distinct

regions: Region (I) from room temperature up to 200 �C, in

which a slight decrease in (s) with increasing temperature

Table 3 Assignment of measured Infrared band positions for the investigated glasses

Band positions

(cm-1)

Assignments References

454 Bending vibrations of O–B–O bond, overlapping with Pb–O bond vibrations [16]

605 Bending vibrations of O–B–O bond [16]

639 Can be attributed to a bending mode of the Pb–O–B links [5]

709 Bending vibrations of B–O–B linkage in the borate network [45]

895 Stretching modes B–O in BO4 groups [51]

1025 Stretching vibrations of B–O in BO4 units from tri- tetra- and penta-borate groups. [50, 52]

1178 Stretching vibrations of bridging oxygens in trigonal borons [53]

1265 Asymmetric stretching vibrations of BO3 units and BO2O- in metaborate and ortho-borate groups, or

combination of the latter vibration and [PbO4/2]2- vibration.

[9, 46, 5]

1640 Bending mode of H–O–H [54]
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according to barrier hopping (CBH) is shown. This indi-

cates that the thermally activated behavior of electron

transfer over the barrier between two sites having their own

columbic potential wells is valid [63]. Region II (above

200 �C) in which an increase in (s) on increasing temper-

ature according to small polaron (SP) tunneling is noticed.

This indicates that the activated behavior of polaron is

independent of intersite separation [63]. However, for

sample GBa on increasing temperature the exponent

(s) decreases from 0.95 at room temperature to a minimum

value, and then it increases in a manner similar to small

polaron. According to some authors [62, 64] this means

that the exponent (s) fits OLPT model for this glass sample.

Figure 7 shows the variation of log conductivity versus

103/T (K-1). The DC activation energies are calculated for

all the samples using the Arrhenius relation:

r ¼ r0exp �E=KTð Þ;

where K is Boltzmann constant, E is activation energy and

r0 is the pre exponential factor. The activation energies are

listed in Table 4 from which it can be noticed that the base

glass showed activation energy of 0.55 eV while glass GMg

showed the highest activation energy (1.70 eV). For glass

samples GCa, GSr or GBa the activation energy decreases to

0.20, 0.15 or 0.13 (eV), respectively. The conductivity

values (Table 4) reveal that, the conductivity increases for

the substituted glasses which attained the highest value

(1.29 9 10-7 S.cm-1) for glass GBa.These results are

consistent with the recorded (s) value for glass GBa, as it is

reported that the more conducting glasses have higher

(s) values [65].

For the base glass G0 Li? ions seem to be the main

carriers. On replacing 2 mol% of alkaline earth oxide for

2 mol% Li2O, there should be 2 mol of bivalent ions are

introduced at the expense of 4 mol Li? ions. The larger

reduction in Li? concentration due to the substitutions with

alkali-earth metal ions is expected to decrease the ionic

carriers, consequently leading to a reduction in ionic con-

ductivity. However, for glass GMg, partial replacing of Mg-

ions for Li? causes an increase in conductivity, despite its

higher activation energy. The ionic conductivity contribu-

tion by Mg-ions for glass GMg explains its high activation

energy value, while the electronic conductivity contribu-

tion seems to increase the observed conductivity. The high

electrical field strength of Mg2? is the cause of the high

activation energy of this glass (1.70 eV). From IR results

(Fig. 3) the partial replacement of MgO for Li2O causes an

increase in the BO3 units which provide the glass structure

with NBOs. The latter may explain the increase of the

expected contribution of the electronic conduction of glass

GMg. From the above findings it can be concluded that, the

conduction is mainly ionic in glasses G0 and GMg.

Table 4 Calculated values of

dc conductivity (rdc) at RT, dc

activation energy (Ea(dc)),

permittivity (e0) at 100 Hz and

1 MHz in the temperature range

(298–573 K) and frequency

exponent s for, all studied

samples

Glass no. e0 (100 Hz) e0 (1 MHz) S (at RT) rdc (S cm-1) Ea(dc) (eV)

25 �C 300 �C 25 �C 300 �C

G0 11.72 141.24 5.38 10.21 0.42 5.04 9 10-10 0.55

GMg 102.97 659.23 6.15 15.83 0.33 5.67 9 10-10 1.70

GCa 132.53 531.19 14.00 20.68 0.45 8.89 9 10-9 0.20

GSr 294.41 623.98 16.01 21.30 0.49 5.44 9 10-8 0.15

GBa 394.02 782.68 32.45 35.94 0.95 1.29 9 10-7 0.13
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Fig. 6 The temperature dependence of frequency exponent (s) for the

substituted glass samples G0, GMg, GCa, GSr and GBa
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Fig. 7 Variation of log conductivity versus 103/T (K-1) for the un-

substituted glass (G0) and after substituting 2 mol% of its Li2O by

MgO, CaO, SrO or BaO (GMg, GCa, GSr and GBa, respectively)
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The higher conduction of glasses GCa, GSr or GBa than

glass G0 or GMg, which is accompanied with their low

activation energy, can be attributed to the prevalence of

electronic carriers. The relatively large ionic radius of Ca,

Sr or Ba ions (1.0, 1.18, 1.35 Å, respectively) and their

small electrical field strength, cause the glass structure to

be more opened. Taking into consideration that BO3 units

are prevailing in these glasses, the formed NBOs provide

the electronic carriers which move easily in these open

glass structure. The latter explains the lower activation

energies of these glasses (0.20–0.13 eV) which suggest that

the conduction in glasses GCa, GSr or GBa is mainly

electronic.

Figure 8 shows the frequency dependence of the

dielectric permittivity (e0) measured at different tempera-

tures for sample G0 (as an example). It can be observed that

sample G0 exhibits high dielectric permittivity at low fre-

quencies which decreases with increasing the frequency.

The decrease in dielectric permittivity with increasing

frequency can be attributed to the contribution of the multi-

component of polarization [66]. These polarizations are

considered as, electronic, ionic, dipolar or orientation and

space charge [67]. The first (valance electrons relative

nucleus polarization) occurs at frequencies up to 1016 Hz.

The second (ionic polarization) occurs due to the dis-

placement of negative and positive ions with respect to

each other. The maximum frequency of ionic polarization

is 1013 Hz. The third (dipole polarization) occurs as a result

of the presence of molecules with permanent electric dipole

moments that can change orientation into direction of the

applied electric filed. Dipole polarization occurs at fre-

quencies up at about 1010 Hz. Finally, space-charge

polarization occurs due to impedance mobile charge by

interface. Space-charge polarization typically occurs at

frequencies between 1 and 103 Hz. The total polarization

of dielectric material can be represented by the sum of

these four polarizations [67, 68]. In other words, as the

frequency increases the dipoles will no longer be able to

rotate sufficiently, so that their oscillation will begin to lag

behind those of the field. Hence dielectric permittivity at

high frequencies is decreased and approaches nearly a limit

value [69, 70].

The dependence of the dielectric permittivity (e0) on

temperature was studied for the investigated glass samples

at 1 MHz as shown in Fig. 9. As observed from this figure,

the dielectric permittivity increases with increasing tem-

perature. It can also be seen that, substituting the alkaline

earth oxides for 2 mol% Li2O increases the dielectric

permittivity of the present glasses in the order MgO\
CaO\ SrO\BaO. These conditions may lead to an

increase of the ion motion, consequently increases the

dielectric permittivity [71].

Figure 10 shows the variation of dielectric permittivity

with the activation energy for the base glass and after

substituting alkaline earth oxide for 2 mol% Li2O. For the

glasses GMg, GCa, GSr and GBa it can be noticed that the e0

tends to vary inversely with the activation energy. At room

temperature glass GMg revealed activation energy of 1.70

(eV) and e0 of 103 at 100 Hz while glasses GCa, GSr and

GBa revealed activation energies in the range of 0.13–0.17

(eV) and e0 in the range of 132–394 at 100 Hz. This

behavior is also valid for the data obtained at higher fre-

quencies (1 MHz).

4 Conclusions

Replacing 2 mol% of the lithium oxide of the lithium–

zinc–lead borate glass by equivalent moles of MgO, CaO,

SrO or BaO increases the experimental densities and

optical basicity of the glasses. The increase of the optical

basicity indicates an increasing polarizability.

Substituting 2 mol% of Li2O by the alkaline earth oxide

causes an increase in durability for glass substituted with
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Fig. 8 Frequency dependence of the dielectric permittivity (e0) for

the un-substituted sample G0 measured at different temperatures
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Fig. 9 Temperature dependence of the dielectric permittivity (e0)
measured at 1 MHz and room temperature for the glasses studied
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MgO, and a decrease in the durability for glasses substi-

tuted with CaO, SrO and BaO.

When the Li? ions are replaced by modifier ion of Mg2?

which is replaced successively by the ions of larger radii

viz., Ca2?, Sr2? and Ba2?, causes a decrease in BO4 and

increase in the BO3 structural units which are accompanied

with increase in the NBOs.

The dielectric permittivity (e0) of the lithium–zinc–lead

borate sample is found to be temperature and composition

dependent. At room temperature (and 0.1 kHz) it attains a

value of 11.72 which increases to 102.97, 132.53, 294.41 or

394.02 on substitution of 2 mol% Li2O by MgO, CaO, SrO

or BaO, respectively. At high temperature (300 �C) and

0.1 kHz the same behavior is valid, yet with much higher

dielectric permittivity values. These substitutions produce

materials with high dielectric permittivity (e0) that could

present good candidate for energy storage in electronic

devices.

The substitution of 2 mol% Li2O by MgO, CaO, SrO

and BaO leads to frequency exponent (s) values between

0.15 and 0.95. The conduction mechanism for base and the

substituted glass samples occurs according to CBH and SP

models, yet for sample substituted with BaO the conduc-

tion occurs according to (OLPT) model. The conduction is

mainly ionic in the base lithium-zinc-lead-borate glass and

the substituted MgO for 2 mol% Li2O, while it is mainly

electronic for glasses with the substituted CaO, SrO and

BaO for 2 mol% Li2O.
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