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Abstract

Transparent glass—ceramics were prepared from the BaO-B,03-TiO, system doped with definite amounts of different transition metals. X-ray
diffraction analysis revealed the crystallization of BaBgO;3 and Ba,TigO, phases according to the transition metal added. It was found that Mn
ions enhance the crystallization of Ba,TigO,o while other transition metals ions enhance BaBgO,3. SEM revealed nanocrystalline phases in uniform
texture. Absorption and transmission spectra were measured for glasses and the corresponding transparent glass—ceramics.
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1. Introduction

Transparent glass—ceramics have a wide spectrum of
applications including active and passive optical applications
that related to the possibility of doping these materials with
transition metal or rare-earth ions. Such applications include
solar collectors, upconversion devices, laser active and passive
media [1-4]. Also the knowledge of spectroscopic properties of
transition metal or rare-earth ions in different glass—ceramic
matrices is very important for their applications in optics [5].
Among materials used, BaBgO;3 which is expected to be a
suitable host for the luminescence of divalent lanthanide ions
[6].

Recently microwave dielectric materials have been exten-
sively investigated because of their growing potential for
applications in mobile communication systems as well as in
satellite broadfasting system [7-11]. The desirable character-
istics of the microwave materials include low dielectric loss,
high quality factor, high dielectric constant and small
temperature coefficient of resonant frequency [12,13].

Ba,;TigO,o was one of the most common high-Q dielectric
materials used in the microwave range. It has been first
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reported by Jonker and Kwestroo [14] and investigated as
microwave materials by O’Bryan and Plourde et al. in the
1970s [15-18]. It possesses superior dielectric properties for
microwave resonator applications [16,17]. It has a good quality
factor (8000 at a frequency of 4 GHz), a high dielectric
constant (39.8), and a low temperature coefficient
(Tr=2ppm °C~") [19]. So it could eventually work as a kind
of superior resonator material.

It is well known that the formation of the single phase of
Ba,TigO, is very difficult; it can only be formed within a very
narrow range of Ba/Ti ratio close to 2:9 [20].

Most all the previous work studied the effect of inducing
rare-earth elements in optical properties of BaBgO,5. Here, we
try to study the effect of adding different transition metals on
the crystallization and optical properties of the BaO-B,0;—
TiO, system to obtain the desired BaBgO;; and Ba,TigO,
phases.

2. Experimental

For this study we have chosen glasses of the composition
37.41Ba0-54.22B,03-8.31TiO, (mol%). 0.0025 mol% of
NiO, CuO, MnO,, Fe,O;, V,0s5, CoO and Cr,O; were
introduced above the total of 100%. The raw materials were
of reagent grade quality. Batches for producing 100 g of glass
were melted in a platinum crucible in a laboratory electric
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furnace at 1350 °C for 2 h with stirring. The glass was poured
onto a metal plate and annealed at 450 °C. One-stage heat
treatment at 595 °C for 30 h with heating rate 5 °C/min was
carried out [21] for well polished samples. Glass—ceramics
samples prepared according to this procedure described before
were transparent, and the crystallized phases on their surfaces
were identified by X-ray diffraction analysis using Cu-tube
diffractometer (Phillips, PW1390).

The surfaces of glass—ceramics samples were examined with
a scanning electron microscope (SEM), type JEOL-840A
electron probe microanalyzer after coating with 5-pm thickness
gold layers sputtered over the surfaces.

Optical transmission in the UV-vis region was analyzed
using a JASCO V350 spectrophotometer.

3. Results and discussion

The XRD study of all the investigated glass—ceramics Fig. 1
shows the crystallization of BaBgO,3 in the base glass. The
amount of this crystalline phase decreases (where the peak
intensity become lower) by adding 0.0025 mol% of CoO.
Cr,0;3 addition enhances the crystallization process of BaBgO13
more than CoO but it is still lower than in the base glass.
Addition of CuO or NiO leads to better development of the
crystalline phase, where more identified sharp peaks are
observed (the effect of NiO is slightly higher than CuO). Fe,0;
has a superior effect on the amount and development of the
crystallization of the BaBgO;.

While all the above transition metals enhance the crystal-
lization of BaBgO,3, adding MnO, is observed to enhance the
crystallization of Ba,TigO,, and V,05 depresses the crystal-
lization process, where only a hump appears in the crystal-
lization region in X-ray analysis (Fig. 1).

The ability of MnO, to crystallize Ba;TigO,y more than
BaBgO,3, may be due to the similarity in cell parameter
between MnQO, (¢ = 14.62) and Ba,TigO,q (a = 14.81).

It is noticed that all the transition metals are still in their
valence states as they were added and did not converted to the
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Fig. 1. XRD patterns of the samples heat-treated at 595 °C/30 h: (1) base, (2)
with MnO,, (3) with V,0s, (4) with CoO, (5) with Cr,03, (6) with CuO, (7) with
NiO and (8) with Fe,05.

higher valence states. This may be due to the fact that, the
BaBgO,; structure is built up of two separate interlocking three-
dimensional infinite networks as triborate and pentaborate
groups from triangles BO; and BO, tetrahedral units [22]. This
structure is considered to be a rigid framework that can prevent
the divalent ions from being easily attacked by oxygen even
when they are heated at high temperature in air [23].

SEM images of selected samples of glass—ceramics Fig. 2
shows, in general, homogenous, ultrafine grain microstructure.
It is noticed that the grain sizes of all crystals are very small and
ranged between 150 and 300 nm.

The crystal size in glass—ceramic containing Co”* is very
small, about 150 nm; it increases in the sample containing Cr>*
to about 300 nm, while the crystallinity is largely increased and
becomes overlapped and interlocked by adding Fe** with grain
size of about 150 nm.
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Fig. 2. SEM of samples heat-treated at 595 °C/30 h: (A) with CoO, (B) with
CI'203 and (C) with FC203.
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It is known that the glass—ceramics materials may transmit
visible light if either are of the following conditions are
operative: (i) the crystallites of all species are much smaller
than the wavelength of visible light, or (ii) the optical
anisotropy (birefringence) within the crystals and refractive
index difference between crystals and glass are very small [24].
Here the crystal size is smaller than 300 nm.

Optical properties

The optical UV—vis absorption spectra of the undoped and
the various transition metal ions-doped BaO-B,0;-TiO,
glasses and their corresponding transparent glass—ceramics
are shown in Fig. 3. From the figure it can be seen that:

(a) For the undoped glass and its transparent glass—ceramic
derivative, there is an ultraviolet cutoff at about 330 nm and
there are no obvious bands in the visible region.

(b) For glass containing 0.0025 mol% CoO, the ultraviolet
cutoff remains at 330 nm as observed in the parent glass but
there are three visible bands at about 520, 590 and 640 nm.
The spectrum of the glass—ceramic derivative reveals a
slight shift in the ultraviolet cutoff to longer wavelength
(340 nm) and the intensities of all the absorption bands in
the visible region slightly increase. These visible bands are
due to Co(Il) in octahedral and tetrahedral coordination,
where cobalt is known to be normally existing in glass as
divalent Co®* ions in two coordination states Co0O, and
CoOg [25].

(c) For glass containing 0.0025 mol% Fe,O3, the ultraviolet
cutoff shifts to longer wavelength (400 nm) and no obvious
peaks are seen in the visible region. Its glass—ceramic
derivative shows the same spectral feature as the original
parent glass. The Fe-doped glass reveals before heat
treatment strong characteristics in the UV and near-visible
spectrum characteristic for iron species, namely Fe* and
Fe®* ions.

(d) For glass containing 0.0025 mol% V,0s, the UV-cutoff is
located at about 360 nm, and there are two weak visible
bands at about 425 and 625 nm. For its glass—ceramic
derivative, there are no obvious changes along the spectrum
from 200 to1000 nm. It is generally accepted that vanadium
can exist in most glasses under atmospheric conditions in
three possible valences, the V>*, V** and V°* states. The
trivalent vanadium ions seem to exist as highly distorted
octahedral coordination with oxygen ions and usually show
two characteristic visible bands at 425 and 625 nm and a
third possible band in the ultraviolet region. The
pentavalent (V>*) corresponds to the d° configuration and
will not give rise to d—d transitions but rather a charge
transfer band in the UV region [26].

(e) For glass containing 0.0025 mol% CuO, the UV-cutoff is
observed at about 360 nm, and a very broad visible band
centered at about 760 nm could be identified, while the
glass—ceramic spectrum is overlapped on the spectrum of its
glass. The single absorption band at 760 nm can be assigned
to cupric ions in octahedral state of symmetry and

corresponding to the transition 2Eg — 2T2g. It is noted that
this band is broad and asymmetric, i.e., it consists of several
overlapping symmetric bands due to the tetragonal
distortion caused by Jahn—Taller effect [27].

(f) For glass containing 0.0025 mol% Cr,03, the UV-cutoff
shifts to longer wavelength at about 440 nm, and a very
broad visible band centered at about 650 nm is also
observed. The glass—ceramic spectrum is very close and
completely overlaps its glass spectrum. The chromium ions
can exist in glass in two forms Cr** and Cr®", the Cr’* ions
are surrounded by six ligands of oxygen arranged in
octahedral symmetry and show the two absorption bands in
the visible region at 420 and 650 nm [28]. The Cr® jons
form CrO,>~ groups with a possibility of polymerization as
polychromates and give two absorption bands in the UV at
about 270 and 370 nm [28].

(g) For glass containing 0.0025 mol% MnO,, the UV-cutoff at
about 340 nm, and there is a broad band in the visible region
centered at about 480 nm, while its glass—ceramic spectrum
shows the same as the glass spectrum. Manganese is known
to exist mostly as divalent and trivalent ions in glasses.
Mn** ions usually give a single broad band under
atmospheric or oxidizing conditions at about 450-
490 nm and is attributed to the spin allowed transition
"T's(D) — T5(D) [29].

(h) For glass containing 0.0025 mol% NiO, the UV-cutoff is
observed at about 340 nm and there are two visible bands,
a sharp one at about 435 nm and a broad band at about
850 nm, and for its glass—ceramic derivative the UV-
cutoff is shifted to longer wavelength and reaches to
360 nm with no obvious changes in the two other bands.
Nickel exists in glass only as divalent ions. With respect
to this divalent metal ion in glass, it produces various
colors when introduced into different base glasses. These
colors are caused mainly by the occurrence of two
different coordination states namely NiO, and NiOg
which are in mutual equilibrium [30]. The absorption
band at about 430nm is due to the transition
3T'5(F) — 3T'4(P) of nickel ion in the octahedral coordina-
tion [30].

Fig. 4 shows the transmittance (%) spectra of the undoped
and various transition metal ions doped—BaO-B,0;-TiO,
glasses and their derivative glass—ceramics. It is seen that the
UV-cutoff for all samples shows the same cutoff as the optical
absorption spectra.

The transmittance percent for the parent glass—ceramic is
slightly lower than the parent glass. The same behavior is
shown in all the transition metal-doped glass—ceramic
derivatives except in the case of V-doped sample where,
the transmittance percent of glass is about 60% in the region
from 450 to 1000 nm, while the transmittance of its
glass—ceramic reaches to about 80% in the same wavelength
range.

From the spectral results it is obvious that the sample
containing vanadium has higher transmittance values than the
other transition metals-doped samples when the V-sample is
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Fig. 3. The optical absorption spectra of the studied glass and its glass—ceramic containing different transition metal ions.

converted to glass—ceramic. The undoped transition metal
sample still shows higher transmittance than all-doped samples
after converting to glass—ceramics. The reason for this disparity
is that Rayleigh scattering only applies to systems in which the
scattering centers are non-interacting and interference between

scattered photons is not significant. This is not the case for most
transparent glass—ceramics, or phase-separated glasses in
which the scattering centers are spaced of the order of 10-
50 nm or 10 times smaller than the wavelength of visible light
[31].
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4. Conclusion

Transparent nanocrystalline glass—ceramics were prepared
from the BaO-B,03-TiO, system doped with definite amount
of different transition metals. Nanocrystals of BaBgO;3 and
Ba,TigO, with uniform texture were crystallized according to
the transition metal added. It was found that Mn?* enhances the
crystallization of Ba,TigO,y while other transition metals
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enhance BaBgO5. Cu®*, Ni** and Fe**enhance the crystal-
lization process, respectively. Absorption and transmittance
spectra were measured for glasses and the corresponding
transparent glass—ceramics. The base has the highest transmit-
tance than the transition metal ions-doped samples in both glass
and glass—ceramic and the vanadium-doped glass—ceramic has
the higher value of transmittance than other transition metal
ion-doped glass—ceramic.
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