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Abstract. The glasses with composition xFe2O3(55-x)B2O3–10Bi2O3–25BaO–10LiCl (where x = 0.0, 5.0, 7.0, 10.0,
12.0 and 15.0) are fabricated via melt-quench technique. Structural and physical properties of as-prepared and thermally
treated glass samples have been explored using X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy
and density measurements. The amorphous nature and formation of crystallites (BiB3O6 and BaFe12O19) after giving
thermal treatment have been confirmed by both XRD and FTIR spectra. FTIR spectra reveal that broad peaks became
sharp on thermal treatment and fraction of 4-coordinated boron atoms N4 increases for as-prepared as well as thermally
treated samples as iron content increases, which suggest participation of iron ions in glass network. Variation in density
and molar volume with iron content confirm modification in glass network based on ionic size of modifier. Scanning
electron microscope images show formation of glass crystallites in thermally treated glass sample.
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Introduction

Borate glasses compared to other glass formers have lower
melting and softening temperature. The low processing
temperature makes them suitable for applications in sealing
and passivation of electronic instruments [1–6]. Bismuth
borate glasses have high refractive index, high infrared
transparency, improved thermal stability and high densities,
which enable these glasses to be used for scintillation
detectors and radiation shielding [5,7–9]. The presence of
alkali halide in bismuth borate glasses enhances the conductivity of oxide glasses, as it lowers down glass transition
temperature by weakening the glass network, which makes
them suitable for high voltage and high-energy micro-batteries [10]. While addition of alkaline earth oxides, i.e.,
BaO, etc., to B2O3 changes some of the BO3 triangle units
to BO4 tetrahedral units. Moreover, the alkaline earth [M2?]
cations enter in glass structure as network modifier by
converting bridging oxygen bonds into non-bridging oxygen and enhance the properties of glass to use them in the
field of vacuum ultraviolet optics, radiation dosimetry, solar
energy converters and phosphors, etc. [11–13].
The semiconducting behaviour as well as their optical,
structural and magnetic properties depend upon the valence
states of the transition metal (TM) ions, in which these ions
could participate in glass network and also the various
structural units in which they exist [11,14]. Like other TMs,

iron ions exist in various valence states with different
coordinations in glass matrices. Changes in oxidation state
also effect the field strength of iron ion, which governs the
structural and other structure-sensitive properties of the
glass that make them suitable for various electronic, electrooptic and solid-state electrochemical devices [15,16]. Iron is
an excellent nucleating agent and supports crystallization by
providing nucleation sites. TM ions like iron promote
specific microphase separation during formation of glass
ceramics, depending upon chemical composition of parent
glass [17].
Glass ceramics are polycrystalline materials, which are
formed by providing thermal treatment to powdered glasses
of specific glass composition for long duration of time.
Then glass crystallization starts at the lower energy due to
which the amorphous nature of the parent glass is converted
into a uniform microcrystalline ceramic. Glass ceramics so
formed is a mixture of polycrystalline and amorphous
phases. These materials contain tiny strain-free linked
crystals that prevents growth of cracks. Glass ceramics are
the most suitable host materials for lasers, tuneable fibre
grating, biomedical applications, waste materials management, optical amplifiers and up-conversion devices, as they
have better physical, thermal and electrical properties,
higher mechanical and electrical insulating strengths than
that of their parent glasses [18,19]. Glass matrix being
diamagnetic are very good host for magnetic nanoparticles
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to preserve their specific physical properties, because stability of physical and chemical properties of nanoparticles is
required for producing functional materials. Specially,
borate glasses admit nanoparticles at very low concentration
without disturbing glass transparency in visible region
[20,21]. The formation of magnetic particles in thermally
treated glasses is possible, as glass provides non-spatial
distribution to the paramagnetic ion (TM ion) [22].
In the literature, iron-doped glasses with different additives were studied. Baia et al [23] studied structural properties of as-prepared and thermally treated (575°C for 10 h)
glasses with composition (mol%) 95[xB2O3(1 - x)Bi2O3]–
5Fe2O3, where 0.07 B x B 90, and 90[xB2O3(1 - x)
Bi2O3]–10Fe2O3, where 0.07 B x B 0.625, using Raman
and Fourier transform infrared (FTIR) spectroscopies. They
found that role of Bi3? changes from BiO6 to BiO3 on
thermal treatment and addition of small amount of iron
enhance stability of glass. El-Desoky and colleagues [13,24]
investigated the effect of iron on electrical and structural
properties of B2O3–Bi2O3–R2O (R = Li, Na, K) glasses.
They found that these glasses showed semiconducting
behaviour due to hopping of Fe2? and Fe3? ions. Mossbauer
results revealed that fraction of Fe2? ions increases with
increase in iron content. Danewalia et al [25] observed the
crystallization and electrical properties of 45SiO2–25CaO–
10Na2O–5P2O5–15MO (where MO–TiO2, MnO2, Fe2O3
and ZnO) glass ceramics and found that various TM ions
play different roles in glass ceramic network. In addition,
the presence of TM ions strongly influences properties of
glass ceramics due to their higher field strength, which
impedes crystallization. Karabulut et al [9] obtained various
crystalline phases, i.e., BPO4, CaBPO5, Ca(PO3) and
B0.57Fe0.43PO4 after thermal treatment of iron-doped calcium borophosphate glasses. The aim of this study is to
investigate the effect of iron addition on the physical,
structural and spectroscopic properties of the lithium chloride barium bismuth borate glasses and their glass ceramics.

2.
2.1
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Fe0_400_10, Fe5_400_10, Fe7_400_10, Fe10_400_10,
Fe12_400_10 and Fe15_400_10, and those treated at 600°C
for 10 h are abbreviated as BaF0, BaF5, BaF7, BaF10,
BaF12 and BaF15.

2.2

Characterizations

The XRD profiles of as-prepared and thermally treated
powdered samples were obtained using a Rigaku Ultima IV
X-ray diffractometer having Cu-Ka as source radiation
(k = 1.54 Å), at RT in 2h range of 10°–80°. Density (q)
measurement of synthesized samples was carried out using
Archimedes’ principle, in which xylene is used as buoyant
liquid and molar volume (Vm) was also obtained using the
below relation,
M
ð1Þ
Vm ¼ ;
q
where M is molecular weight of particular composition. The
FTIR absorption spectra of powdered samples were
obtained using infrared spectrophotometer (Perkin Elmer
Frontier) in spectral range 400–4000 cm–1 using standard
KBr pellet technique. Surface morphology of glass ceramics
was analysed using scanning electron microscope (SEM)
recorded on nova-nano FESEM 450 (FEI).

3.
3.1

Results and discussion
XRD and physical properties

XRD profiles of samples thermally treated at 400°C for 10 h
are represented in figure 1. From the spectra, it is confirmed

Experimental
Glass synthesis

The glasses having composition xFe2O3(55 - x)B2O3–
10Bi2O3–25BaO–10LiCl (where x = 0.0, 5.0, 7.0, 10.0,
12.0 and 15.0), denoted as Fe0, Fe5, Fe7, Fe10, Fe12 and
Fe15, were synthesized using AnaLar grade reagents of
Bi2O3 (Himedia, 99.5%), H3BO3 (Merck, 99.8%), Fe2O3
(Sigma Aldrich, 99%), LiCl (Himedia, 99%) and BaCO3
(Sigma Aldrich, 99.5%) by using melt-quench technique
[2]. The batches were kept at 1150°C for 50 min and
homogeneity in melt was maintained by regular shaking.
Prepared glass pieces were crushed into powder form using
mortar pestle for X-ray diffraction (XRD) and FTIR spectroscopy. The powdered glasses were thermally treated at
temperature 400°C for 10 h, which are abbreviated as

Figure 1. XRD profiles for samples thermally treated at 400°C at
10 h for composition xFe2O3(55 - x)B2O3–10Bi2O3–25BaO–
10LiCl (where x = 0, 5, 7, 10, 12 and 15).
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that due to the absence of any sharp peak, thermally treated
powdered samples retain their amorphous nature.
Many researchers reported [26–28] that thermal treatment at a particular temperature induces crystals of
BaFe12O19 in various glass matrices. These crystals starts
growing in the borate glass matrix at a temperature
[ 550°C. Figure 2 shows the XRD spectra of samples
thermally treated at 600°C for 10 h. Their spectra exhibit
many crystalline peaks that confirm phase formation in
glass samples. The presence of two major phases of
BiB3O6 and BaFe12O19 formation was confirmed by JCPDF
number 771350 and 840757, respectively. In sample BaF0,
only BiB3O6 phase exists due to the absence of iron, while
samples BaF5, BaF7, BaF10, BaF12 and BaF15 have
magnetic phase BaFe12O19 simultaneously with BiB3O6
phase. With the increase in iron content, sharper and welldefined peaks corresponding to the BaFe12O19 phase can be
observed.
Density is a very important parameter to explore compactness of the glass structure and variation in coordination
of the elements of the glass network. Molar volume and
density describe how tightly the atoms and groups of atoms
are placed together in a glass network. The values of density
and molar volume are calculated using formula (1) and are
reported in table 1. The variation of q and Vm with Fe2O3%
is shown in figure 3. In order to get more vision into glass
network, the average boron–boron separation hdB-Bi is
calculated from density and molar volume using the below
equation, [29]:
 B 1=3
V
dBB ¼ m
;
ð2Þ
NA
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atoms in the given glasses. In BO3/2 and BO4/2 units, boron
is central atom. VmB is given by relation:
VmB ¼

Vm
;
2ð 1  X B Þ

ð3Þ

where XB is the molar fraction of boron oxide. The values of
the hdB-Bi are reported in table 1. It is found that density
increases from sample Fe0 to Fe5. This increment in density
is due to the substitution of B3? ions by Fe-ions, as atomic
weight of boron is much lesser than that of iron. Density has
great dependency on ionic size and atomic weight. For
sample Fe7 and Fe10, density decreases because of larger
size of modifier ions and explained on the basis of the
simple interstice-filling model. Glass network will have
interstices of larger size than that of in absence of modifier
ions. As ionic size of iron is much larger than that of boron,
iron ions will modify size of interstices, which decrease the
density of this glass composition to some extent [30].
According to the interstice-filling model, materials have
tendency to develop interstices (voids inside the elemental
linkage) when modifier ions are introduced in already
existing structure. This may be the factor responsible for a
decremental change in density. Moreover, high molecular
weight of iron is responsible for an increase in density. The
non-linear variation in density may be due to a competency
between the two effects. Molar volume shows opposite
trend to that of density, as average molecular weight of all
the composition does not have huge variation [31]. Variation in density is also supported by hdB-Bi variation.

3.2

FTIR studies

23

where NA represents Avogadro’s number (6.0228 9 10
mol-1) and VmB is the volume occupied by 1 mol boron

Figure 2. XRD patterns for samples thermally treated at 600°C
at 10 h for composition xFe2O3(55 - x)B2O3–10Bi2O3–25BaO–
10LiCl (where x = 0, 5, 7, 10, 12 and 15).

Infrared spectroscopy provides information about the
structural units that constitute the glass and also modification in glass network due to addition of metal oxides and
alkali/alkaline ions. Vibrational bands of structural units
exist independently and are not affected by the presence of
adjacent units. Absorption spectra in infrared region of
borate glasses can be divided into three absorption regions
mainly, *600–800 cm–1 (bending vibrations of B-O bonds
in triangular borate units (BO3)),*800–1150 cm–1
(stretching vibrations of B-O bond in tetrahedral borate
units (BO4)) and *1150–1600 cm–1 (stretching vibrations
of B-O bond in triangular borate units (BO3)) [32].
IR absorption spectra of as-prepared glass samples
obtained in the range of 400–1800 cm–1 is portrayed in
figure 4. Broad absorption bands in spectra confirm the noncrystalline nature of as-prepared glasses, which is also clear
from XRD profiles. Bands obtained are broad as individual
bands are convoluted in one another. Figure 5 shows the
deconvoluted spectra of as-prepared Fe15 sample. For
deconvoluting these broad bands, Gaussian multiple peak
fitting is performed using origin 8.1 pro [3]. The vibrational
band centre positions associated with vibration of a certain
structural unit, relative area that is proportionate to the
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Table 1. Variation in density (D), molar volume (Vm), average boron–boron distance (hdB-Bi), N4 fraction for as-prepared samples and
N4 fraction for thermally treated samples of the composition xFe2O3(55 - x)B2O3–10Bi2O3–25BaO–10LiCl (where x = 0, 5, 7, 10, 12
and 15).
Sample code
Fe0
Fe5
Fe7
Fe10
Fe12
Fe15

Figure 3.
mol%.

x (mol%)

D (g cm–3)

Vm (cm3 mol–1)

hdB-Bi (nm)

N4 (as prepared)

N4 (thermally treated)

0
5
7
10
12
15

1.115
2.081
1.556
1.285
1.979
1.765

137.46
85.44
109.03
127.53
92.40
92.87

63.29
52.15
55.83
57.74
51.24
50.46

0.220
0.326
0.329
0.367
0.362
0.431

0.389
0.337
0.389
0.389
0.5079
0.5078

Variation of density and molar volume with Fe2O3
Figure 5. Deconvoluted FTIR absorption spectra (using Gaussian non-linear fitting) of as-prepared sample Fe15 (solid line
depicts fitted curve).

Figure 4. FTIR absorption spectra of as-prepared glass composition: xFe2O3(55 - x)B2O3–10Bi2O3–25BaO–10LiCl (where
x = 0, 5, 7, 10, 12 and 15).

intensity of these structural units and origin of these bands
(with references) are given in table 2. The main bands
present in the observed IR spectra appear at *441, *562,
*699, *895, *1036, *1209, *1316, *1480, *1560 and
*1628 cm–1. The band positioned at 441 cm–1 is

representative peak of vibration in Li? ions and Fe–O bonds
of FeO6 octahedral unit [16], while absorption peak at
*550 cm–1 is assigned to Bi–O bend in its octahedral units
[4]. The band at 695 cm–1 reveals the existence of bending
vibrations in borate network through B-O-B linking. In
these spectra, no peak exists at 806 cm–1, which confirms
absence of boroxol ring. The peaks at *880 and
*1036 cm–1 are assigned to B-O stretching vibrations in
tetrahedral units of borate from di-borate and different
borate groups, respectively [33]. Asymmetric B–O bond
stretching in BO3 units from pyro- and ortho-borate groups
gives rise to band at *1190 cm–1. The band at
*1480 cm–1 is governed by B–O stretching vibrations in
BO2O– units from ring- and chain-type metaborate borate
groups [7].
For obtaining effect of iron on relative population of BO3
and BO4 units, fraction of 4-coordinated boron atoms N4 is
calculated as follows:
N4 ¼

A4
;
ð A4 þ A 3 Þ

ð4Þ

[30]
[30]
[4,26]
[9,26]
[9,27]
[27]
[30]
[26,28]

556
1
Bi–O bend
in BiO6
units
(cm–1)

(cm )

References

Band
origin

Fe15

Fe12

Fe10

Fe7

Figure 6. FTIR absorption spectra of thermally treated glass
samples of composition: xFe2O3(55 - x)B2O3–10Bi2O3–25BaO–
10LiCl (where x = 0, 5, 7, 10, 12 and 15).

Figure 7. Deconvoluted FTIR absorption spectra of thermally
treated sample BaF7.

441
2
459
1
Vibration in
Li ions and
Fe–O
bonds of
FeO6
octahedral
units
[13]

575
6
—
–1

(cm–1)

482
1
—
(cm )

—

–1

(cm–1)
Fe5
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[25,29]

B–O–H bridge, OH
bending vibration
Stretching
in B–O– of BO3
units due to other
borate units

1557
13
Vibration in BO3 having
1 non-bonding oxygen and 2
bonding oxygen linked with
tetraborate units

—

—

—

1564
15
—

1334
42
1283
23
1291
27
1316
39
1387
39
Due to asymmetric
stretching
vibrations in
[BO2O]–

1480
29
1484
28
1506
16
—

—
—

1407
67
—
—

1049
4
1054
8
1044
16
1047
14
1022
18
1036
11
B–O stretch
in BO4
units
—
(cm–1)

524
4
562
3
—

691
6
694
5
698
6
697
4
701
5
699
3
Bending vibration
of B–O–B in BO3
triangles

903
17
902
23
895
14
902
16
880
12
906
15
B–O stretch in BO4
units from di-borate
groups

1229
1
1209
2
1199
3
1199
3
1194
4
1197
16
Asymmetric B–O
bond stretching
in BO3 units
from pyro- and
ortho-borate
groups
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C
A
C
A
C
A
C
A
C
A
C
A
Fe0

Table 2. Peak assignment and relative peak areas of deconvoluted FTIR spectra for all as-prepared compositions.
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1650
6
1628
1
1608
3
—
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where A4 and A3 are area under bands of BO4 and BO3
structural units. Calculated values of N4 are reported in
table 1. It was found that with increase in iron content,
fraction of 4-coordinated N4 also increases, this may be due
to the presence of iron oxide, which increases the
crosslinkage in glass network and offering more oxygen to
boron. Hence, conversion of the BO3 into BO4 units takes
place, i.e., the enhancement of stability of glasses.
IR spectra of thermally treated samples is shown in figure 6, and the deconvoluted FTIR absorption spectra of
thermally treated sample BaF7 is given in figure 7. By
comparing the spectra of thermally treated samples to that
of as-prepared samples, it can be easily observed that peaks
are sharper and splitting of broad peaks take place. The
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Figure 8. SEM micrographs of (a) sample Fe15 as prepared and (b) sample BaF15, which is thermally treated at
600°C for 10 h at scale 10 lm.

Figure 9. SEM micrographs of sample BaF12, which is thermally treated at 600°C for 10 h at scale (a) 4 and
(b) 1 lm.

band positioned at *460 cm–1 is present in all the compositions, which confirms the phase formation of BiB3O6
[34]. In all samples, except BaF0, the peaks present at
*440, *535 and 575 cm–1 confirm phase growth of
BaFe12O19 [35]. Peaks of BaFe12O19 become more intense
with increase in iron content. In sample BaF5, the peak at
924 cm–1 is red shifted to 902 cm–1 and peak at 1054 cm–1
splits into two peaks at *050 and *1005 cm–1. In samples
BaF7, BaF12 and BaF15, peak at *699 cm–1 ruptures into
two peaks *640 and *720 cm–1. For compositions BaF7
and BaF10, band centred at *890 cm–1 splits up into two
peaks *830 and *920 cm–1. Fraction of 4-coordinated
boron atoms N4 increases on thermal treatment of as-prepared samples, as reported in table 1. In our glass composition, multiple cations boron, lithium, barium and iron are
present and have ability to compensate their charge by
attracting oxygen. On heating in air, these cations get
opportunity to bind with oxygen. All cations compete on the
basis of electronegativity. Electronegativity theory says that

covalent nature of the bond will be maximum when difference in electronegativity between anion and cation ions
is minimum. The values of electronegativity for boron,
lithium, barium, bismuth, iron and oxygen are 2.04, 0.98,
0.89, 2.02, 1.83 and 3.5, respectively. Hence, covalency of
boron–oxygen bond is stronger than other bonds. As a
result, boron prefers to form BO4 units from BO3 units.
With increment in iron content, N4 of thermally treated
samples also increases as iron provides more oxygen to
boron [36].

3.3

Scanning electron microscope

Scanning electron microscope (SEM) micrographs of the
surfaces of sample Fe15 (a) as-prepared and (b) thermally
treated at 600°C for 10 h at scale 10 lm are shown in figure 8 and that of sample BaF12 is shown in figure 9 at
different scale (a) 4 and (b) 1 lm. From figures 8b and 9,
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glass ceramic formation is confirmed and glass ceramics
have crystalline nature consisting of crystals of micro size,
which is also confirmed from XRD and FTIR. Glass
ceramics have variation in grain shape and size [37–39].

4.

Conclusion

Glasses with composition xFe2O3(55 - x)B2O3–10Bi2O3–
25BaO–10LiCl (where x = 0.0, 5.0, 7.0, 10.0, 12.0 and
15.0) were successfully synthesized by melt-quench technique. XRD profiles confirmed that prepared glasses are of
amorphous nature. Glass ceramics are obtained by giving
thermal treatment to as-prepared glass powder. The presence of crystallites BiB3O6 and BaFe12O19 have been confirmed from XRD and FTIR spectra in thermally treated
glasses. Variation in density and molar volume analyses
suggest enhancement in glass matrix with increase in iron
content. FTIR spectra of both as-prepared and thermally
treated glass samples revealed that BO4 structural units are
increasing with increase in iron, which enhance glass stability. The presence of crystallites BiB3O6 and BaFe12O19
in glass ceramics reflect the modifier behaviour of iron
content in present glass matrix and increment in nonbridging oxygen. SEM micrographs of BaF12 and BaF15
glass ceramics show the presence of crystallites of micro
size.
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