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Four glass compositions of the system BaO-Al,05-SiO, with high content of BaO > 50% mol and with
B,03 addition (3-10 wt%) were melted at 1400 °C. The effect of alkaline earth BaO oxide on the glass
phase separation and on refraction index n is investigated. IR and MAS-NMR spectroscopy are used for
structural characterization. Finally stable alkaline free glasses with a content of BaO ranging from
47.4 Mol.% to 54.5 Mol.% and with a n=1.62 + 0.01 at 468.1 nm have been obtained.

© 2014 Elsevier B.V. All rights reserved.

Recently, the need and opportunities for new glasses in
different emerging technologies such as solid-state lighting, i.e.,
higher-refractive-index substrates or light-extraction coatings,
photovoltaic, energy-efficient windows and batteries have been
reported [1,18,19]. In this context, free-alkaline glasses with a high
content of BaO can find important technological added value
applications.

Batch compositions with high content of BaO (> 70 wt%)
presents the phenomena of immiscibility and phase separation
and consequently are very difficult to be fabricated and the
availability of reliable phase-diagram information is necessary
[2,3]. Although lead glasses display many technological advan-
tages, lead is a toxic metal with a wide range of biological effects
[4]. The main purpose of the present work is to obtain and
characterize stable, high homogeneity, transparent, colorless and
eco-friendly glasses, lead and alkaline-free, with high
Ba®* content > 47 Mol.%, displaying high refractive index (n > 1.6)
in the system RO-Al,03-SiO-B,03(R=Ba).

Four glass compositions labeled B47, B49, B52, and B54 were
selected taking into account the BaO-SiO,-Al,05 equilibrium diagram
[16,17] as well as the compatibility triangle (BS-B2S-BAS2) [3]. In
selected compositions, the amount of BaO (R** glass modifier)
ranges from (47-55) Mol.%, Al,03 (3-6) Mol.%, and SiO, (30-36)
Mol.%. Boron oxide was added (4.8 to 15.6 Mol.%) in order to decrease
the melting point of the selected batch compositions (Table 1).

Raw materials in adequate proportion for 40 g batch were
mixed and melted in a platinum crucible at 1400 °C for 2 h in a
vertical furnace then quenched in a pre-heated metallic mold.
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Subsequently, glasses were annealed at 50 °C below their glass
transition temperature (Tg). The density, p, of the investigated
glass samples was measured at room temperature by the Archi-
medes method.

The powdered glass samples (20-40 um) were characterized by
X-ray diffractometry (XRD). All the compositions showed X-ray
peak-free patterns (not show). The refractive index was obtained
by spectral ellipsometry using an ellipsometer SOPRA GES-5E,
with a micro-spot facility, equipped with an Xe lamp covering the
spectral range from 190 nm to 2000 nm at an incidence angle of
65°. The samples size after cutting and polishing was about
(10 x 10 x 10) mm?>.

For the determination of the glass structure a FT-IR Bruker IFS-
66V was used. The samples were grinded to powder to mix with
KBr and then pressed at 500 MPa to obtain a pellet. The spectral
range covered was from 250 cm ' to 4000 cm . High-resolution
MAS-NMR experiments were performed at room temperature in a
Bruker Avance 400 spectrometer operating at 79.48 MHz (°Si
signal), 104.26 MHz (?”Al), and 128.38 MHz (''B). 2°Si (1=1/2), 2’Al
(I=5/2) and "'B (I=3/2) MAS-NMR spectra were recorded after /2
pulse irradiation (5, 2, and 3.5 ps, respectively). Glass powders
were packed into zirconia rotors. The spin rate was 10 kHz. The
number of scan was 800 for silicon, 400 for aluminum and 200 for
Boron. Time intervals between successive accumulations were
chosen as 10.5 and 5 s. The 2°Si, 27Al, and ''B chemical shifts were
measured using tetramethylsilane (TMS) and AlCl; and HsBOs
solutions as external references. The experimental errors were
+ 0.5 ppm for the three NMR signals.

Differential Scanning Calorimetry (DSC) of glass samples was
carried out in air at 10 °C min~'. The softening temperature (Tg)
and the thermal expansion coefficient («) of the bulk glasses and
final glass-ceramics were measured in air with a Netzsch
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dilatometer at 10 °C min~!, with cylindrical samples of length

~15 mm and diameter 5 mm.

The DSC curves for all the glassy samples reveal that glass
transition and crystallization temperatures increase with Al,Os
content, acting as glass former, hence increasing Tg (onset of glass
transition) and Tp (first crystallization peak). In the present
glasses, the amount of modifier is high owing to the existence of
a large number of non-bridging oxygen ions; in this case, A+
cations can attain a coordination number of 6, and so non-bridging
oxygen converts into bridging oxygen with the addition of Al,03
by replacing B,0s. Therefore, the conversion of non-bridging
oxygen to bridging oxygen leads to increase in Tg and Tp of these
glasses [2,14]. The significant difference between Tp and Tg
(227 °C) defined in terms of resistance to crystallization of the
glass during heating, displayed by the sample labeled B52, means
the large ability of the glass to flow [2,5]. The thermal properties,
Tg, Tp and TECs values of all glasses are presented in Table 1.

The FT-IR absorbance spectra of the investigated glasses are
shown in Fig. 1a. Four main broad absorbance bands in the region
of 300 to 1500 cm~! can be detected in all spectra. The lack of any
sharp feature is an indicative of the degree of amorphization of the

Table 1

silicate network due to the generalized distribution of Qn units
[5-7]. The spectral modes of these samples can be tentatively
assigned as follows: while the high frequency band could be
assigned to Boron vibrations, the three remaining low frequency
maximum can be found in most of the silica-based glasses, and
more specifically in those with Celsian composition [10] suggest-
ing that the structure of both glasses must be similar. In the
particular case of the highest frequency band, it should be noted
that it presents some structure (two definite maxima at 1425 and
1395 cm ') in the B54 sample. These peaks are absent in the B52
sample, while in two Barium poorer glasses, a shoulder was
detected around 1260 cm~!. The most intense IR band covers a
broad spectral range from 1200 to 800cm~'. This mode is
customary assigned to the stretching vibrations of Si-O-Si linkages.
In this respect, it is noticeable the fact that for the lower Barium
content samples (B47 and B49) this band is asymmetric, which
could suggest the presence of distorted SiO4 tetrahedral. Finally,
the lower frequency band, located from 600 to 300 cm~!, corre-
sponds to bending vibrations of Si-O-Si.

In the highest Barium content sample, the phase segregation is
produced where the Boron-rich component will be the crystalline

Glass compositions (% Molar); bulk density, p; Glass (Tg) and exothermic peak (Tp) temperatures; Thermal Expansion Coefficient (TEC); refractive index at 486.1 nm and

Abbe number.

Sample ID Composition (Mol.%) (R=Ba) Density (gcm™>) TG (°C) Tp (°C) TEC (10-6 °C-1) n (468.1 nm) vd
B54 54.5 RO-3.3 Al203-35.7 Si02-6.5 B203 3.8 641 866 9.7 1.59 229
B52 52.3 RO-4.9 Al203-38.0 Si02-4.8 B203 3.8 661 887 10.5 1.62 94
B49 49.2 RO-4.8 Al203-31.8 Si02-14.1 B203 34 644 787 9.6 1.62 78
B47 47.4 RO-6.4 AI203-30.7 Si02-15.6 B203 33 624 781 8.8 1.62 53
N 6“— -86.6 ppm
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Fig. 1. Structural spectroscopic spectra (IR and NMR) of the considered glasses. For all the four graphics the black continuous line corresponds to B54 sample, the red dashed
to B52, the green dotted to B49 and the blue dashed-dotted to the B47 sample. Subplot (a) stands for IR absorption spectra; (b) for 29Si NMR; (c) for 'B NMR; and (d) for 2’Al

NMR spectra.
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phase. The IR modes of this phase will correspond to the definite
modes detected around 1400 cm~!. As far as the Barium content is
reduced, Boron oxide and silica polyhedral start to coordinate
forming O-B-0-Si-O covalent structures (which present a vibration
band around 1265 cm~!), stabilizing the glass. The 2°Si MAS-NMR
spectra of the as-prepared parent glasses (B47 to B54) are shown in
Fig. 1b. In all compositions, the main component of spectra display
chemical shift values centered about —86.6 ppm, indicating that
tetrahedral Q! (dimers) and Q? (short chains) units dominate in the
glass network [5,8-10]. One Ba®>* neutralizes two NBO oxygen (Non
Bridging Oxygen), suggesting that the alkaline earth oxides provide
a stronger network linkage than alkaline cation on glassy networks
[11-14]. When the glass compositions are modified by addition of
alkaline earth oxides (Fig. 1d), trigonal BOs is converted to tetra-
hedral BO,4 reaching a maximum at ~ 54.5 Mol.% BaO (B54). Above
this composition, the BO3 units are re-converted into BO4 [12].

Reversal trend occurs in the variation of density, Tg, TEC, and
refractive index. This effect is the so-called boron anomaly. The
tetrahedral BO4 is not associated with NBO and the connectivity of
tetrahedra gives rise to open structures for >52.3 Mol.% BaO
compositions. Conversely, for compositions <52.3 Mol.% BaO,
BO, units break and BOs units are formed; as a consequence there
is a network disrupt and consequently a better occupied volume.
This new structural environment increases the trend to change
TEC, Tg, and refractive index [21,22].

The obtained 2’Al MAS-NMR spectra of parent glasses (Fig. 1c)
present two main peaks: (i) a resonance centered at 55.0 ppm, which
is characteristic of AlO,4 tetrahedral units in Celsian (BaAl,Si»Og), and
(ii) another small one at 32.0 (AlOs) associated with pentahedral
aluminum. From peak intensities, AlO4 units seem to be favored in
prepared glasses.

From NMR results, we have deduced that aluminum and Boron
atoms have mainly adopted the fourfold coordination. The struc-
ture of these high Ba content glasses is not far from that proposed
by Djordjevic et al. [10] for barium aluminosilicate glasses with
celsian stoichiometry, where double tetrahedral layers (SiO4-BO4-
AlO4) were reported [11].

The optical properties at the UV-vis range of obtained glasses
were measured by spectroscopic ellipsometry. This technique is
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only valid for single phase samples [9,15]. It should be noted that
heterogeneities, such as secondary phase or precipitates (with a
particle size comparable to the incident wavelength) depolarize
the reflected light and, consequently, the quality of the measure-
ments becomes unacceptable. In this sense, in Fig. 2A-D, the
optical micrographs of the polished surfaces of the four studied
glass compositions appear. In Fig. 2A and B, corresponding to the
highest BaO content samples, heterogeneities are clearly visible
associated to phase separation processes, while in samples with
the BaO content below 50 Mol.%, the surface appears to be
homogeneous (Fig. 2C and D).

In the case of a relative amount of heterogeneities, such as
secondary phase or precipitates appear in the samples, the light
scattering phenomena depolarize the reflected light and conse-
quently, the quality of measurements becomes unacceptable. In
this regard, the quality of the data measured by this technique has
been employed in this work as an indication of the phase
segregation. In Fig. 2E both experimental (n exp) and fitted
(n calc) refractive indices are plotted versus wavelength for all
studied glasses.

For sake of comparison, we have used the three-oscillator
Sellmeier equation [13] described as:

A A2 N A N2 AgA?

n?—1= +
2B, A*-B, A*-B

M

Eq. (1) incorporates two UV-vis oscillators and one IR oscillator
to take into account the resonant mode that appears in the near-IR
range. However, on the herewith considered samples, we found
that just a single term was enough to obtain satisfactory fittings.
We included both fittings as numerical values of refractive index at
selected wavelengths (Table 2). The obtained refractive index of
these glasses is quite high, n=1.62, so that, in addition with its
easy polishing, it makes this material a good candidate to be used
to fabricate optical glasses [5,9,14,20]. However, not all the fittings
have attained a similar quality. While the samples with lower
Barium content present a very good fit (B47and B49), when the
Barium content approaches to the solubility limit, the optical
quality of the samples deteriorates (Fig. 2), and the goodness of
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Fig. 2. Optical microscopy micrographs of the glass samples and refractive index measurements: (A) B54 optical micrograph showing phase separation with droplets. The
same for (B) B52 sample; (C) B49 sample; (D) B47 sample; (E) refractive index dispersion determined by spectroscopic ellipsometry and their fittings using a Sellmeier
relationship corresponding to B54 (e), B52 (m), B49(4) and B47 (%) samples; (F) UV wavelength resonance vs. Barium content for all glass samples.
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Table 2
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Sellmeier coefficients, A, B, and the optical parameter (4,): wavelength resonance.

Glass ID Al B1 A2 B2 A3 B3 Ar Resonance Wavelength (nm)
B54 1.110 6.18E-02 0.414 3.2E-4 0.971 103.6 230
B52 1.187 8.26E-02 0.380 6.78E-2 1.086 103.6 282
B49 1.184 8.66E-02 0.371 8.66E-2 1.025 103.6 294
B47 1.168 1.08E-01 0.360 1.08E-1 1.086 103.6 329

fitting considerably drops, as a consequence of secondary phase
inclusions and bubbles.

Moreover, another remarkable property of these glasses is its
low dispersion. In the present case, the more relevant term is the
one associated to the band-gap absorption located in the near UV.
The wavelength resonance can be estimated to be the square root
of the B term in the Sellmeier equation (considering just a single
oscillator). In Fig. 2F, the UV wavelengths resonance versus the
Barium content is depicted.

According to this plot, the relationship between both magni-
tudes is linear. In this sense, as low the UV spectral range is, the
lower the dispersion will be. Therefore, the Ba role in the optical
properties is double: (i) it increases the refractive index, due to its
large electron density, and (ii) it enlarges the transparency
window and simultaneously reduces the dispersion in the optical
spectral region.

From a technical point of view, dispersion is described by the
Abbe number (v4=(ng-1)/(nFnc)). In Table 1, we have included the
obtained values of v, for the four Ba glasses. Generally speaking,
all the samples presented considerable large values of the Abbe
numbers which in addition to their high refractive index allow to
classify then as Crown glasses [22] (ng > 1.60, v4 > 50). In fact, by
composition, the studied samples would correspond to the SK or
SSK glass types (dense and extra dense barium crown) but in the
present case they display larger values of the Abbe parameter. It
may be due to the presence of alumina in the atomic network
which allows a homogeneous packing, in a similar way as the
crystalline hexacelsian [10].

In summary, it has been proven that it is possible to fabricate
alkaline-free glasses with high refraction index ( > 1.6) from batch
compositions following a narrow range of stoichiometry: (47 to
55 Mol.%) BaO; (3-6 Mol.%) Al,0Os; (30-38 Mol.%) SiO, and (4.8-
16 Mol.%) B,0s, through a reasonably low melting temperature of
1400 °C. These lead-free glasses have been fabricated at workable
melting temperature, using low cost raw materials. Because of this

the obtained glasses can be considered promising materials for
optical systems and very competitive versus the ones with similar
optical properties based on expensive rare-earth raw materials.
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