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A 50Li2O·45B2O3
·5Al2O3 (LBA, in mol%) glass matrix doped with increasing TiO2 content was synthesized and its

physical properties were investigated by differential thermal analysis (DTA), X-ray diffraction (XRD), and Raman
spectroscopy. The thermograms showed typical vitreous curves with two clear crystallization peaks that are re-
lated tomajor crystalline phases in this glass system and in agreement with XRD results. The higher temperature
crystallization peak (TC2) shifted towards the lower temperature peak (TC1) as TiO2 content increased. After spe-
cific heat treatments, the XRDmeasurements revealed theα-LiBO2, γ-LiAlO2 and LiTiO2 crystalline phase forma-
tions and the predominance of thefirst phase. The γ-LiTiO2 phasewas particularly responsible for the variation in
the second peak crystallization kinetics. In addition, crystal growth phase competition between γ-LiAlO2 and
LiTiO2 occurred as TiO2 content increased; however, the main α-LiBO2 phase did not change. Raman spectra
showed typical phonon modes associated with crystalline phases observed in XRD and main phases observed
in DTA. Phonon modes were also associated with the LiTiO2 crystalline phase that was first observed in the
glassy matrix.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Borate glasses (B2O3-based) have been widely investigated for po-
tential applications in optical devices [1,2]. Optical transparency in the
visible and near infrared wavelengths is the key property of these
glasses. Additionally, diboron trioxide (B2O3) is a typical (par excel-
lence) glass formingmaterial with a relatively lowmelting point that fa-
cilitates production and reduces costs. Applications for B2O3-based
glasses can be expanded by adding alkali metals and alkaline earth
metal oxides that enhance physicochemical properties, such as mois-
ture resistance, compared to pure borate glasses [3]. In particular, the
addition of Li2O enhances the devitrification of B2O3-based glasses,
which permits synthesis of Li2O-based vitroceramics [4]. Actually, the
ratio between B2O3 (network-forming) and Li2O (network-modifying)
content dictates the applications of the Li2O–B2O3 glass system [5–8].
Al2O3 co-doping with the Li2O–B2O3 glass system is an additional syn-
thesis strategy that enhances chemical stability and allows tuning of
the end glass properties for technological applications. The crystalliza-
tion kinetics of this new Lithium–Boron–Aluminum (LBA) glass system
(Li2O–B2O3–Al2O3) were recently reported [3]. Furthermore, TiO2 has
stitute of Physics, University of
been added to several glass systems for applications in non-linear optics
[9] and to better understand its influence as a nucleating agent on crys-
tallization kinetics [10]. However, little work has been done on how Ti-
ions influence the formation of crystalline phases during the devitrifica-
tion of B2O3-based glasses. In this study, crystallization of a LBA:Ti glass
systemwas controlled and its thermal, structural and optical properties
were comparatively investigated by differential thermal analysis (DTA),
X-ray diffraction (XRD), and Raman spectroscopy (RS).

2. Experimental procedure

The LBA glass matrix with nominal composition of 50Li2O·45B2-

O3·5Al2O3 (mol%) doped with 0, 0.5, 1.0, …, 5.0 TiO2 (wt.%) was pre-
pared by mixing the correct proportion of high grade chemicals and
synthesizing by fusion at 1000 °C for 10 min in porcelain crucibles
under ambient atmosphere. Afterwards, the melt was rapidly cooled
(in air) and compressed into 2 mm thick molds between two brass
plates (previously cooled to 0 °C). The glass block was then hammered
into pieces that were further milled and pulverized to within the de-
sired grain range. Finally, the glass powder was sieved through a
53–212 μm polymer mesh for DTA, XRD, and Raman analysis.

Thermal characterizations were performed using a Shimadzu DTA-
50 system operating at a 20 °C/min heating rate and in a nitrogen atmo-
sphere (with 50 mL/min flux). Each run used 40mg powder samples in
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Table 1
Characteristic temperatures of LBA ±2 °C doped with increasing titania content.

TiO2 (wt.%) Tg TX1 TC1 TX2 TC2

0 414.0 550.2 576.1 610.6 625.5
0.5 409.0 537.3 564.8 604.8 624.7
1.0 412.2 544.1 569.8 606.8 625.5
1.5 410.8 538.0 564.1 604.6 623.4
2.0 411.3 545.3 573.0 608.3 624.6
2.5 415.1 555.7 583.6 607.8 619.1
3.0 412.7 552.6 583.7 607.6 618.3
3.5 414.7 545.1 581.1 604.4 612.6
4.0 413.0 550.6 580.2 – 612.4
4.5 414.6 548.3 572.0 – –

5.0 413.0 545.2 566.0 – –
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alumina crucibles. Characteristic temperatures were determined by the
“TangentMethod”which entails setting base-lines before and after each
event observed in the DTA thermograms and then extending the base
lines until they intersect at a point corresponding to the determined
temperature. Based on the DTA results, the samples were heated at
the maximum crystallization temperature (TC1 or TC2) for 10 min. X-
ray diffractograms were recorded using a Rigaku Ultima IV (operating
at 35 kV, 15 mA, and λ = 1.54056 Å CuKα1 wavelength) with 2θ scans
from 10° to 60° and step increments of 0.050° lasting 10 s each. Room
temperature Raman spectra were obtained with a Jobin-Yvon
model T64000 operating with 1800 line/mm grades, equipped with a
2048 × 512 pixel CCD detector, and using a 514.5 nm Argon-ion laser
line to illuminate the samples.

3. Results and discussions

Fig. 1 shows the thermograms of the as-synthesized undoped
(nominal x = 0) and the doped (nominal 0.5 ≤ x ≤ 5.0) LBA glass ma-
trices without further heat treatment. The synthesized LBA glass matrix
presents two characteristic crystallization peaks (TC1 and TC2). The glass
transition temperature (Tg) and the crystallization peak maxima (TC1
and TC2) are indicated in the lower part of Fig. 1. Table 1 shows the
characteristic temperatures in the entire range of the x nominal values
(0.0 ≤ x ≤ 5.0). The thermograms in Fig. 1 and the corresponding data
in Table 1 show that: (i) there is no significant change in Tg as TiO2 is
added into the initial synthesis mixture; and (ii) as greater quantities
of TiO2 are added, the second crystallization peak (TC2) shifts to lower
temperatures and eventually merges with the first crystallization peak
(TC1). This result indicates a competition between the different phases
Fig. 1. Thermograms (DTA) of the LBA glassmatrix (x=0) and doped compositionswith-
out further heat treatment. The heat rate was fixed at 20 °C/min. Note that TC2→ TC1 with
higher titania (x) content.
formed during the first and second crystallizations. Additionally, at
higher TiO2 concentrations (x = 4.5 and 5.0 wt.%) the crystallization
peaks are indistinguishable and therefore labeled as TC1 (see Table 1).

It should be noted that titanium oxide is considered a nucleating
agent of crystallization in amorphous materials, which would explain
some of the crystallization peaks. In fact, small quantities of TiO2 in
the glassmatrices appear to enhance the forming capacity and chemical
durability of the glass [9]. In general, titanium ions exist as Ti4+ in the
glass network and participate in the glass-forming network with TiO4,
TiO6 and sometimes TiO5 (composed of trigonal bipyramids) structural
units [11,12]. Titanium and aluminum can replace some glass former
structures, but do not readily form glasses by themselves. Thus, they
are considered intermediate in behavior between glass formers (e.g.
boron oxide unities) and modifiers (e.g. lithium oxide). One should
argue that from such observation it is possible to assess the information
of why Tg did not change with the increasing titanium content. Howev-
er, the observed Tg value versus titania content showed in Fig. 1 and also
in Table 1 could be correlated to phase separation. One reason could be
related to a second down shift between Tg and TX values. It is important
to point out that alkali aluminoborate glass structures are not well un-
derstood up to now [13], with few reported studies [14,15]. In particu-
lar, the sample under study is at the border of the glass formation
region observed by Kim and Hummel [14], with composition similar
to the metaborate glass [16].

Fig. 2 shows the Raman spectra of the as-synthesized samples with-
out any further heat treatment that correspond to the samples in Fig. 1.
Notice that the undoped sample (nominal x = 0) presents four main
bands with peaks at 450, 737, 766, and 970 cm−1. Borate glasses are
formed via structural units such as boroxol rings, diborate groups, and
chain-type metaborate groups [17–19]. According to the literature, the
Raman band near 450 cm−1 is related to the presence of B\O\B
stretching vibrations from the BO4 units [20]. The Raman mode peaks
at 737 and 766 cm−1 are due to the out-of-plane bendingmode associ-
ated with metaborate triangles [18] whereas the Raman band near
970 cm−1 is related to the symmetric stretching mode of the B(3)\O
bonds [21]. Fig. 2 also shows that two new Raman bands emerge as
TiO2 content increases in the LBA glass matrix: (i) the first centered at
309 cm−1 and (ii) the second at about 866 cm−1. The intensities of
the two emerging Raman modes rise steeply as titanium-doping in-
creases and can be attributed to Ti\O bonds (309 cm−1) and the BO4

−

group (866 cm−1) [22].
Fig. 3 presents the X-ray diffractograms of the as-synthesized LBA-

based glass samples after thermal treatment at TC1 for 10 min and
shows no evidence of crystalline Li3AlB2O6 phase formation. Neverthe-
less, we found evidence of the crystalline α-LiBO2 phase and other un-
identified lower-content crystalline phases. A previous study reported
crystalline phase formationwhen the LBA glass matrix was heat treated
at TX (the onset crystallization temperature) [3]. According to Dantas
et al. [3], the crystalline phases Li3AlB2O6 (PDF: 01-072-4641, 01-073-
7384) [15] and α-LiBO2 (PDF: 01-072-1087,84-118, 01-076-2212)



Fig. 2. Room temperature Raman spectra of the LBA glass matrix (x=0) and doped com-
positions without further heat treatment.

Fig. 3. Diffractograms (XRD) of the heat-treated LBA glass matrix (x = 0) plus titania-
doped content at TC1 during 10 min.
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[23] were observed after thermal treatment at TX for 1–7 h. Chryssikos
et al. [16] also noted that crystallization is strongly dependent on ther-
mal treatment conditions. Samples thermally treated at TC2 (Fig. 4)
show α-LiBO2 as the major phase and competition between the other
two crystalline phases: γ-LiAlO2 (PDF: 01-075-0905,38-1464) [24]
and LiTiO2 (PDF: 77-1389) [25], identified by asterisks (*) in the x =
2.5 diffractogram. Fig. 4 shows that the diffraction peak at 22.51° almost
disappears and the intensity of the diffraction peak at 18.46° rises when
x increases from 2.5 to 4.0. The γ-LiAlO2 phase presents tetrahedral co-
ordination with oxygen at the vertices (fourth coordination) and lithi-
um or aluminum at the center whereas the LiTiO2 phase presents
octahedral coordination (sixth coordination) with oxygen at the verti-
ces and lithium and titanium atoms at the center. Thus, the LBA glass
matrix is oxygen rich, which favors the LiTiO2 phase. At this point we
claim that Ti-ions may replace Al-ions in the thermally treated Ti-
doped LBA glassmatrix because of similarities in ionic radii and valence.
This conclusion accounts for the presence of the two concurrent crystal-
line phases LiTiO2–γ-LiAlO2 observed in the diffractograms (Fig. 4) and
agrees with previous thermal results where Tg did not change with in-
creasing titania content.

Fig. 5 summarizes the competition between the crystallineα-LiBO2–

LiTiO2–γ-LiAlO2 phases of the samples thermally treated at TC2. To study
the competition among themajor phases associatedwith the diffraction
peaks in Fig. 5, we obtained the average crystal size dcrystal from the
Debye–Scherrer equation [26]:

dcrystal ¼
0:9λ

wð Þ cos θBð Þ ð1Þ
whereλ is the X-raywavelength, θB is the Bragg's angle andw is the full-
width at half maximum, taking into account the instrumental line
broadening [27].

TheXRDdata show little variation in the averageα-LiBO2 crystal size
(the predominant phase). This result could be parallel with the glass
transition temperature results. It is important to point out that, even
considering error bars, the average crystal size of theα-LiBO2 crystalline
phase has roughly the same trend as themeasured Tg values collected in
Table 1. The reason is that the lithiumborate crystals grow from thepre-
dominant glass phase with similar composition. In other words, while
increasing the titania content there is no clear tendency to decrease or
increase the average lithium borate crystal size as observed in the be-
havior of major glass phases (indicated by Tg measurements). In oppo-
sition to this, a competition between the two other identified
crystalline phases, which are minorities in the glass composition is ob-
served. In otherwords, there is a competition between the average crys-
tal sizes of the LiTiO2 and γ-LiAlO2 phases as TiO2 content increases.
Actually, we found that the average crystal size of γ-LiAlO2 decreases
whereas the average crystal size of LiTiO2 increases with TiO2 addition.

Fig. 6 presents the room temperature Raman spectra of the Ti-
undoped (x = 0) and Ti-doped (x = 4.0) LBA glass samples thermally
treated at TC2. A detailed fitting of the Raman data of the Ti-undoped
sample (Fig. 6a) reveals α-LiBO2 and γ-LiAlO2 crystalline phases.
These results are in agreement with the DRX data reported in the liter-
ature [16] and the crystallization peaks determined by thermal analysis.
However, Raman data fitting for the Ti-doped sample (Fig. 6b) reveals
the LiTiO2 crystalline phase. As far as we know, this is the first report
of Raman modes of the LiTiO2 crystalline phase in a glass matrix. Note
that the Raman band peaks at 309 and 866 cm−1 in the LBA glass

image of Fig.�2
image of Fig.�3


Fig. 4. Diffractograms (XRD) of the heat-treated LBA glass matrix plus titania-doped con-
tent at TC2 during 10 min. Asterisks (*) indicate a γ-LiAlO2 iTiO2 competition.

Fig. 6. Detailed Raman fittings for samples heat-treated at TC2; x = 0 (a) and x = 4 (b).
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samples (without heat treatment) were indeed observed in the heat-
treated samples.

4. Conclusions

We have combined DTA, XRD and Raman techniques to provide a
detailed description of the structural role played by Ti-ions in a
Fig. 5. Average crystal size as a function of titania content for samples heat-treated at TC2
for 10 min. Phases are identified by their characteristic XRD peaks shown in previous fig-
ures. Solid lines are only visualization aides.
thermally-treated LBA glass matrix. Differential thermal analysis,
which probes thermally-activated processes, identified the glass transi-
tion temperature (Tg) and two crystallization peaks (TC1 and TC2). In-
creasing additions of TiO2 shifted the second crystallization peak (TC2)
to lower temperatures until it mergedwith the first (TC1). This result in-
dicates a competition between the phases formed during the first and
the second crystallizations. XRD measurements showed the primary
(α-LiBO2) and secondary (γ-LiAlO2, LiTiO2) crystalline phases. The com-
petition suggested by DTA was clarified by XRD. In fact, because of its
lower formation energy, the LiTiO2 phase replaces the γ-LiAlO2 phase,
which shifts TC2 to lower values as Ti concentration increases. The
Raman spectra showed α-LiBO2, γ-LiAlO2 and LiTiO2 crystalline phases
and confirmed the observations from the DRX data. Detailed analysis
showed that crystallization kinetics are faster and highly dependent
on heat treatment conditions. Finally, as far as we know this is the
first report showing Raman modes of the crystalline LiTiO2 phase in a
glass matrix.
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