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Abstract Glass-ceramics were prepared based on the basic
glass composition in mole fraction 0.65 BiyO3 -0.35 SiO;
with replacements of 0.05 SiO, by equivalent of one of the
oxides: MoOs3, WO3, SrO, BaO or CdO. The glass transition
temperature of the parent glass is 465 °C which is observed
to decrease when doped with Mo, W, Sr, Ba, or Cd oxides.
A eulytite phase is formed through controlled crystalliza-
tion of the parent glass-ceramic and the samples doped with
Mo or W, while a Bi;0;Si03 phase is detected for the sam-
ples doped with Sr and Cd. Orthorhombic bismuth silicate
crystals were observed only in the sample doped with Ba.
SEM images show that all samples have elongated particles
with few rectangular or spherical crystals. BiOg and BiO3
units are assumed to be formed in all samples within the
characteristic IR silicate absorption bands.
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1 Introduction

Unconventional and heavy metal oxide glasses based on
BiO3 have interesting applications as non-linear optical
materials due to their novel high refractive index which
is useful for ultrafast optical switches, and optoelectronic
devices [1-4]. Moreover, glasses based on PbO and Bi;O3
are essentially suitable for photonic crystal fiber and micro-
optical element development [5]. Bismuth-silicate glasses
have been favorably used as low loss optical fibers, infrared
transmitting materials due to their long infrared cut-off
wavelengths [6, 7]. Several studies were made on the con-
stitution of bismuth silicate glasses by infrared, and Raman
spectroscopy [8—11]. It have been proved that Bi*T ions can
act as a network modifier and/or as a network former in the
form of [BiO,] (n=3, or 6) pyramidal units and the ratio of
each unit is strongly dependent on the glass composition.
When glasses are thermally heat treated by a two-stage
process; i.e. first near the glass transition temperature to
cause a nucleation process followed by further heating the
glasses to higher temperature which is called the crystal-
lization process, glasses are converted to their correspond-
ing glass-ceramic materials. Glass-ceramics have valuable
advantages rather than conventional glasses and ceramics
[12, 13]. Glass-ceramics can be defined as combining the
properties of glasses and ceramics. Hence, it is important
to investigate the behavior of the inorganic phases on the
physical-chemistry properties of the glass-ceramic materi-
als as well as the thermodynamic and kinetic parameters
[14]. Water molecules can exist as traces in most inorganic
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materials like glass, ceramics, and glass-ceramics which are
assumed to have some effects on the physical, chemical,
mechanical and technological properties [15, 16].

Gerth and Riissel [17] successfully deposited the
ferroelectric BizTiNbOg as the main phase from
Bi,03/Ti0,/Nby05/B203/S10, glasses by heat-treating the
glasses at 700 °C/ 2 h for borate containing glass and 860
°C/ 2 h for silicate glass. Other phases were detected from
X-ray diffraction (XRD) such as Bi»TipO7, Bi;Ti4NbO»1,
BiNbO4 and BisNb3Ojs5 phases. Also, they showed the
ferroelectric crystals were separated within the glassy
phase in borate glass-ceramics while those crystals were
interconnected in silicate glass-ceramics.

Abo-Naf et al. [18] studied SiO,-PbO-Bi;O3 glasses
and their corresponding glass-ceramics. They reported
that SiPbBi»Og¢ glass nano-composites comprising bismuth
oxide nano-crystallites were obtained through the zero
nucleation rate with a diffusion controlled growth at the
crystallization temperature (T.) for 10 h. Nano-crystallite
sizes varied from 15 to 170 nm depending on the parent
glass composition.

Transparent crystallized glasses containing bismuth like
LaBGeOs, SrBiyTa;O9 and Ba,;TiGe;Og, which are appli-
cable as optical non-linear and ferroelectric crystals, have
been fabricated by several authors [19-21].

Moreover, transparent glass-ceramics have been obtained
from a sodium lead bismuth silicate glass system containing
chromium oxide as a dopant [22]. The host glass ceramic
has a major phase of sodium silicate and two minor phases
of lead silicate and bismuth oxide. The presence of Cr,03
in the host glass is assumed to provide the additional crystal
phases of NaCrO,, Na;Cr,O7 and Pb(CrOy4). The spectro-
scopic studies of such glass ceramics have proved that the
higher ratio of the chromium dopant is mostly existing in
the trivalent Cr>* state and occupies a octahedral position in
the glass ceramic matrix which is suitable for lasing action.

Fu et al. [23] investigated the glass system of samar-
ium doped lithium yttrium aluminum silicate (LYAS) for
optoelctronic devices. They found that at the high heat
treatment regime, an orientational crystallization observed.
Visible transmission emissions studies of Sm3* indicated
that Sm>* ions are present as micro-crystals formed in the
glass ceramics. Furthermore, when bismuth silicate glasses
are doped with Nd>™ ions, it improves the thermal stability
and is improvement against crystallization and these glasses
have great applicability for 1.06 um laser application [24].

Cheng et al. [19] detected crystalline phases of
BigB 19024, BisB>0Og and BiBO3 obtained from the Bi, O3-
B,03 glass system. BiBO3 phase has been obtained when
the bismuth content is over 45 mol%. Moreover this phase
has a technological application in non-linear optical materi-
als [25, 26].
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The main objective of this work is to prepare binary
bismuth silicate of the composition 65 mol% Bi,O3 — 35
mol% SiO; together with samples containing 5 % of any
of the oxides (MoO3, WO3, SrO, BaO or CdO) replacing
equivalent SiO;. The prepared glasses have been investi-
gated by collective Fourier transform infrared and thermal
expansion measurements. The same measurements have
been repeated for derived glass-ceramics prepared by con-
trolled two-step thermal treatments with X-ray diffraction
and scanning electron microscopy to find the crystalline
phases separated during heat-treatment, their morphological
texture and their constitutional presence within the silicate
network.

2 Experimental Details
2.1 Glass Syntheses

The glasses were prepared from chemically pure reagents of
pulverized quartz (Fluka, Germany) with Bi;O3 (Rasayan
Laboratory, India), MoO3z and WO3 (Rasayan Labora-
tory, India) added as received while SrO, BaO and CdO
were used in their carbonate form and supplied also by
Rasayan Laboratory, India with nominal composition shown
in Table 1.

Glass monoliths of the base composition or of the doped
compositions described before were mixed in Pt crucibles
placed in a high temperature electrical furnace (Vecstar,
UK) at about 1200 10 °C for a suitable interval of time
(about 2h) depending on the glass composition under ordi-
nary atmospheric conditions. During melting, the crucibles
were occasionally rotated to achieve acceptable mixing and
homogeneity. The melts were poured into preheated stain-
less steel molds of the required dimensions and the samples
were immediately transferred to a muffle furnace for anneal-
ing adjusted at about 400 °C. The annealing muffle was
maintained at this temperature for 1h and then switched off
to cool gradually to room temperature at a rate of nearly 30
°C/ h.

Table 1 Glass composition in mol%

Sample Bi;O3 SiO MoOz WO3 SrO BaO CdO
BiSi 65 35 - - - - -
BiSiMo 65 30 5 - - - -
BiSiw 65 30 - 5 - - -
BiSiSr 65 30 - - 5 - -
BiSiBa 65 30 - - - 5 -
BiSiCd 65 30 - - - - 5
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Fig.1 The dimensional change in length (AL/L,) vs. temperature for the glass samples

2.2 Thermal Expansion Measurements

Thermal expansion behavior of the glasses was mea-
sured using a computerized dilatometer (type NETZSCH,
402PC). All measurements were made in the temperature
range from room temperature up to the dilatometric soften-
ing temperature (Tq) with a heating rate of 5 °C /min. The
glass samples with equal dimensions (1 x3 cm) were used
and at least two measurements were made for each glass
composition and the experimental results were found to be
reproducible (+0.01 %).

2.3 Preparation of Glass-Ceramic Derivatives

In order to obtain glass-ceramic materials from the prepared
parent glasses, an important heat treatment with two steps
is necessary; first at the glass transition temperature (Ty)
which is assumed to create the crystal nuclei and second at
the softening temperature to grow the nuclei to full crystals.
In the present work, the glasses were heat treated according

to the temperature data obtained from the dilatometer for 3h
holding for each step.

2.4 Infrared Absorption Measurements

The infrared absorption spectra of bismuth silicate glass-
ceramics containing MoO3, WOj3, SrO, BaO, and CdO
were measured at room temperature in the wavenumber
range 4000-400 cm™! by a Fourier Transform computer-
ized infrared spectrometer type (JASCO-FTIR-300E). The
samples were investigated as fine powders which were
mixed with KBr in the ratio 1:100 mg glass powder to KBr
respectively. The weighed mixture was then subjected to a
pressure of 5 ton/cm? in order to produce clear homogenous
discs. The IR spectra were measured immediately after discs
preparation.

The deconvolution process is done for the modified base
bismuth silicate glass-ceramic samples by the Peak Fit pro-
gram (Jandel Scientific Peak Fit, copyright©1990 AISN
Software) in order to define hidden peaks. The dark current
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Table 2 Glass transition

temperature; Ty, dilatometric Glass symbol T,[°C] T4[°C] AT =Ty - T4[°C] ax 1076¢C)~!

softening temperature; Ty,

temperature difference; AT, 100 °C 300 °C

and thermal expansion

coefficient; « for bismuth Base 465 530 65 1.064 5.176

silicate glasses BiSiMo 395,465 550 155, 85 1.919 5.825
BiSiw 445 540 95 1.217 4.893
BiSiSr 450 575 125 -3.48 1.685
BiSiBa 350 445 95 0.406 6.566
BiSiCd 435 540 105 2.032 4.980

noises and background were corrected by two point base
line corrections. After successive trials were done, the fit-
ted data were recorded by using spectral Gaussian peaks as
described elsewhere [27-29].

2.5 X-ray Diffraction Analysis

The crystalline phases which are obtained during the
controlled thermal heat treatment were studied by X-
ray diffraction using a Bruker AXS diffractometer (DS§-
ADVANCE) with Cu-Ko radiation, operating at 40 kV
and 10 mA. The diffraction data were recorded for 26
values between 4° and 70° and the scanning rate was
10°/min.

2.6 Scanning Electron Microscope Investigation

The surface morphology of the corresponding glass-ceramic
samples was studied to demonstrate the differences between
the samples due to the different additives. The samples
were fractured and immersed in 0.05 % dilute HF solu-
tion for 40 s. After that, the samples were studied by SEM
(type JXA 840A Electron Probe Micro-analyzer operated at
30 KV).

3 Results and Discussion
3.1 Thermal Properties

Thermal behavior of the prepared glasses is necessary to
determine the glass transition temperature (Tg) and the soft-
ening temperature (Tq). Figure 1 shows the dimensional
change of length (AL/L,) as a function in temperature
for all the glass samples. The glass transition temperature
can be determined at the point of the intersection of the
corresponding regression dashed lines while the softening
temperature is taken from the exothermic peak. Table 2
reports the values of T,, Tq, the change between these
temperatures (AT = Tq - T) and the thermal expansion
coefficient «.
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Thermal parameters such as glass transition temperature
(Tg) and dilatometric softening temperature (Tq) are impor-
tant data and are useful to characterize and describe glasses.
The glass transition temperature (or the glass transforma-
tion temperature) denotes the onset of viscoelastic behavior,
whereas the dilatometric softening temperature shows the
onset of flow under a modest load. Each of these properties
is strongly dependent on the glass composition. As clearly
seen in Fig. 1 the glass transition temperature of the par-
ent Bi;03-Si0; glass is 465 °C which decreases when the
parent glass is doped with MoO3, WO3, SrO, BaO, and
CdO. The BiSiBa glass has the lowest glass transition tem-
perature value around 350 °C and the lowest dilatometric
softening temperature at 445 °C, whereas the BiSiMo sam-
ple exhibits two glass transition temperatures at about 395
and 465 °C. the highest dilatometric softening temperature
is also observed in the BiSiSr sample with a peak at 575 °C.

It is known that the addition of modifier ions to silica
glass fills the interstices, which prevents the bond bend-
ing and hence the thermal expansion coefficient will then
increase [13]. This behavior is clearly observed in Table 2
when glasses were doped with some oxides except for the
BiSiSr sample.

A negative thermal expansion coefficient is observed at
100 °C for the BiSiSr glass. This is due to the ability of

Table 3 The crystalline phases obtained from X-ray diffraction
patterns

Glass symbol Crystalline phase JCPDS card number
BiSi BiO (27-0054)
Eulytite (76-1726)
BiSiMo Eulytite (76-1726)
BiSiw Eulytite (76-1726)
BiSiBa BaO (22-1056), (01-0746)
BisSiOs (36-0287)
BiSiSr BixO3 (74-1375)
Bix0,Si03 (75-1483)
BiSiCd Bix0,Si03 (75-1483)
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Fig. 2 X-ray diffraction patterns for the base bismuth silicate glass-ceramics and samples containing MoO3 WOs3, BaO, SrO, and CdO

the network to absorb lattice expansion through bending of
bonds into the empty interstices of the structure [13]. More-
over, the glasses doped with alkaline earth oxides like SrO
and BaO have lower thermal expansion values than other
glasses and the same previous interpretation can be taken
into account.

From the dilatometer curves, if only one Ty is detected,
it will be that of the less viscous phase. If two transi-
tion temperatures are observed, it means that the lower Ty
value is for the less viscous phase, while the high T, value

is for the more viscous phase. The glass sample BiSiMo
exhibits two glass transformation temperatures. So, it can
be deduced that this sample contains two phases due to
the interaction of Mo ions with two different glass network
formers Bi; O3 and SiO;.

It is worth mentioning that the difference between the
glass transition temperature (Tg) and the dilatometric soft-
ening temperature (Tq) is much greater than 50 K for all
glass samples, so the samples probably have phase separa-
tion with a continuous higher viscosity phase [13].
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3.2 X-ray Diffraction Analysis

Figure 2 shows the formation of different crystalline
phases during the thermal annealing processes. Eulytite
(Bi4Si301,), bismuth oxide (BiO), barium oxide (BaO),
bismuth silicate (Bi;SiOs), bismuth oxide (Bi»O3) and bis-
muth oxide silicate (Bi,O,Si03) phases were obtained from
the crystallization of glass samples. Table 3 describes the
crystalline phases and their corresponding JCPDS cards
number.

3.2.1 Formation of Eulytite Phase in Bismuth Silicate
Glass-Ceramics

The X-ray diffraction pattern of the BiSi glass-ceramic
sample is shown in Fig. 2. It shows the formation of
cubic eulytite (BisSi3013) and rhombohedral bismuth
oxide (BiO) phases. The intensity ratio of both phases
is 50 %, while the S-Q BiO phase is 91.2 % and for
eulytite is 8.8 %. Hence, the major phase in the base

Fig. 3 Morphological

structures for the bismuth
silicate glass-ceramics

@ Springer

BiSi glass-ceramic is BiO phase rather than BisSizOpo
phase.

On the other hand, Fig. 2 shows the BiSi samples doped
with heavy transition metal oxides such as MoO3 and WOj3
(BiSiMo, BiSiW). It is observed that the eulytite phase is the
only essential phase and there is no detection of BiO crys-
tals in theses glass-ceramic systems. So, the presence of Mo
or W as dopants in the host BiSi glass-ceramics enforces
the growth of eulytite phase rather than the base BiSi glass.
Furthermore, the base glass composition comprises of 65 %
Bi>03 and 35 % SiO, which logically makes the growth of
BiO crystals as the primary phase. Also, the intensity of
eulytite phase is 75 % in BiSiW, greater than the intensity
in BiSiMo (68.75 %).

3.2.2 Formation of BaO and BiySiOs Phases in Bismuth
Silicate Glass-Ceramics

When glass-ceramics of BiSi were doped with BaO, three
phases were detected from the X-ray diffraction pattern as
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shown in Fig. 2. Orthorhombic bismuth silicate Bi;SiOs,
cubic barium oxide baria baryta BaO, and cubic barium
oxide phases were determined by XRD analysis with S-Q
25.8 %, 54.8 %, and 19.4 %, respectively. So, the barium
oxide baria baryta phase represents the major phase in such
glass-ceramic systems. The total S-Q of barium oxide is
74.2 % which means that the formation of BaO crystals
is easier than the formation of Bi»SiOs5 crystals. This may
be because the activation energy for the formation of BaO
is smaller than the activation energy for the formation of
Bi,SiOs5 phase.

3.2.3 Formation of Bi»0,Si03 Crystal

Orthorhombic bismuth oxide silicate (Bi;O,Si03) phase is
formed during the conversion of BiSiSr and BiSiCd glasses
to glass-ceramics as clearly observed in Fig. 2. In the BiSiSr
glass-ceramics, there is another cubic BiO3 phase formed

besides the Bi»0,SiO3 phase. The S-Q of Bi» O3 is greater
than Bip0,Si03 (56 % and 44 % respectively), but the inten-
sity of the peaks have the same ratio (50 %). When SrO
is replaced with CdO, the Bi,O3 phase disappears and the
Bi,0,Si03 phase is the main and unique phase. This behav-
ior may be attributed to the presence of CdO dopant in the
BiSi glass which reduces the Bi;O3 phase and strengthens
the bismuth oxide silicate phase.

Finally, it can be said that the dopants in the glass-
ceramic matrices play a key role in depositing the crys-
talline phases and enhancing the main phase as previously
described. WO3 and CdO can be used as nucleation agents
for the formation of eulytite (Bi4Si3017) and bismuth oxide
silicate (BipO,Si03) phases, respectively.

3.3 Morphological Investigations

Bismuth silicate glass-ceramic samples were surface
scanned by SEM as shown in Fig. 3. All samples have

Fig. 4 a Infrared absorption
spectra in the range 1200-400
cm™!. b Infrared absorption
spectra in the range 4000-1200
cm™!
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Fig. 4 continued
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a common structural property; the randomly distributed  hence the remaining ratio will be expected to be 32 % which
longitudinal particles are clearly observed through all sam-  can represent the amorphous or the vitreous phase. The S-
ples. The parent bismuth silicate (BiSi) glass-ceramic shows  Q ratio is observed to increase as the molecular weight of
besides the elongated particles another few particles having  the dopant increases to 75 % as in the case of BiSiW, and
rounded or rectangular structure. Hence, the SEM confirms  then the longitudinal particles are condensed and increased
the existence of two phases in the BiSi glass-ceramic. as seen in Fig. 3.

For the BiSiMo sample, the elongated particles exist in an It is worth mentioning that BiSiSr shows two phases at
amorphous matrix. According to the X-ray diffraction pat-  the right and the left sides of the figure. The right side
tern of BiSiMo, the S-Q of the crystals or particles is 68 %,  represents the elongated crystals, while the left side shows
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small spherical particles arranged and aligned like elongated
crystals. For the BiSiBa sample the particles which have
elongated shape are predominant and few shaped particles
appear to deposit on the edge the of elongated crystals.

Finally, the BiSiCd sample shows the crystals deposited
on the vitreous phase. These crystals are assumed to be ran-
domly distributed and fewer than the crystals observed for
other samples.

3.4 Structural Investigation

Figure 4a, illustrates the FTIR spectra of the studied glass-
ceramic samples in the wavenumber range 1200 - 400 cm ™',
and Fig. 4b, describes the infrared spectra in the range 4000-
1200 cm™~!. The base bismuth silicate glass-ceramic sample
has the characteristic bands and peaks in the range 1200-400

cm~! as follows:

1. The small band in the range 400-442 cm™! has weak
peaks at 412 and 428 cm™! which are indications of the
characteristic bending vibrations of Si-O-Si units [30]
and Bi-O bonds in BiOg units [31], respectively.

2. Another small band in the range 442-500 cm~' has
peaks 453, 464, and 478 cm~! due to the presence of
the Bi-O-Bi vibration of distorted BiOg octahedral units
[31, 32].

3. Small kinks appearing at 509 and 528 cm™! connected
with the shoulder at about 600 cm™! are related to the
change of the local symmetry of highly distorted BiOg
polyhedra [33], while the presence of the shoulder at
600 cm~! may be related to the bending vibration of
O-Si-O modes [34].

4. A weak broad band is exists in the range 675-768 cm ™!
having a peak at 731 cm™! indicating the presence of
symmetric vibrations of Si-O-Si units [34, 35].

5. A medium broad band from 750-1200 cm™! is related
to the asymmetric vibration of Si-O-Si modes [34, 35].

Absorbance, A

T T + T
1200 1000 800 600 400

Wavenumber,v [ cm™ ]

Fig. 5 Deconvoluted peaks for the base bismuth silicate glass-
ceramics

On the other hand, the second region from 1200-4000 cm ™!
for the base bismuth silicate glass-ceramic has the following
peaks:

1. The presence of a shoulder at 1460 cm™! may be related
to the presence of carbonate groups [35].

2. The strong peak observed at 1622 cm™! is due to the
vibrations of water molecules [27].

3. A small peak at about 2362 cm~! and two connected
peaks at about 2852 and 2925 cm™! are related to asym-
metric and symmetric stretching modes of interstitial
H>0O molecules [35, 36].

4. The presence of the broad band from 3000-4000 cm™!
comprising peaks at 3240, 3411, 3482, and 3538 cm™!
is due to water molecules and the stretching modes of
silanol Si(OH) groups [35].

The other glass-ceramic doped samples show nearly the
same spectral features with some limited variations in
the intensities and the positions of some peaks as clearly
observed in Fig. 4a and b.

Hence, there is no indication of the presence of BiO3
units in the spectral infrared absorption curve. This is
unlikely given to the presence of bismuth oxide content in
high ratio (65 mol%), so the deconvolution process for the
base bismuth silicate infrared absorption spectrum should
be obtained in order to detect the vibrational bands of BiO3
units as a network former besides SiO4 units. Figure 5
shows the deconvoluted peaks for the base bismuth silicate
glass-ceramic sample. As clearly seen from Fig. 5, the pre-
sented peaks in the range 1200-400 cm™' can be analyzed
into several deconvoluted peaks. The peaks at about 428 and
592 cm™! are described previously as the Bi-O-Bi vibration
of BiOg octahedral units [31]. Now, symmetric stretching
vibration of the Bi-O bonds in BiO3 units can be detected at
746, 840 and 946 cm~! [31, 32, 37]. It can be deduced that
there is overlapping between bands of BiO, where n = 3 or
46 and SiOy units in the spectral range 1200-400 cm™!.

4 Conclusion

The presence of one of different dopants like MoO3, WO3,
BaO, SrO, or CdO is shown to play the key role in mod-
ifying the constitution and properties of bismuth silicate
glasses. When bismuth silicate glass is crystallized through
thermal heat treatment regimes, eulytite phase is formed
through the presence of heavy transition metal oxides like
MoO3, or WO3. Moreover, samples which were doped with
WOj3 are shown to have a good eulytite crystallinity phase.
Different phases can be detected with other dopants like bis-
muth silicate and bismuth oxide silicate phases. Bismuth
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oxide silicate (Bip0,Si03) phase is the main phase of bis-
muth silicate glass modified with CdO. SEM images reveal
that all the samples have elongated shaped particles with
some other rectangular or spherical particles. The high ratio
of bismuth oxide content is assumed to be mainly acting as
a network modifier within SiO4 network units.
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