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ARTICLE INFO ABSTRACT

Glasses in the ternary xLiO + (33-x)CaO + 67B,0; tetraborate system, with x = 0, 5, 10, 15, 20, 25, 30 and
33 mol%, were prepared by melting and casting. The glass structure, and thermal, and electrical response of
highly transparent and homogeneous glasses were evaluated by X-Ray Diffraction (XRD), Differential Thermal
Analysis (DTA), Fourier Transform Infrared Spectroscopy (FTIR) and Impedance Spectroscopy (IS). The glass
transition temperature (Tg) decreases as CaO is substituted by Li,O (increasing x), while the thermal stability
against crystallization to the supercooled liquid in the region T, < T < T, where T) is the liquidus temperature,
increases up to x = 20, according to AT = (T, - Tg), where T, is the onset temperature of the first exotherm
crystallization, and also considering the Hubr§'s (Ky), and Weinberg's (Ky) thermal parameters. The short range
order (SRO) structural change in this glass series is governed by the isomerization reaction B@,0~ < B@, ", also
designated as B®> < B*, where the superscript defines the number of bridging oxygens (BOs) on the SRO
structural units. Li,O substituting CaO in this tetraborate glass compositional series favors the formation of
tetrahedral boron, B* SRO units, isomerization reaction for compositions up to 10 mol%. For glasses at higher
lithium oxide contents, the reaction in the opposite direction is favored towards the formation of the metaborate
B2 SRO units. A dramatic increase in the ionic conductivity at 300 °C of more than 10 orders of magnitude was
observed across this same compositional series. This dramatic increase is related to the higher mobility of the Li *
ions, which has a smaller ionic radius, 0.59 A (four-fold coordination) and a single ionic charge compared the
significantly larger, 1.00 A (six-fold coordination) and divalently charged Ca®* ions in the glassy structure ar-
rangement.
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1. Introduction

Boron oxide, B,03, is a typical glass forming compound that easily
forms a glass with good thermal stability at a relatively low melting
temperature. Borate glasses are known to possess both significant SRO
and complex intermediate range order (IRO) structural units in the
glassy network as a modifier compound, such as monovalent alkali
oxide or a divalent alkaline earth oxide is added to B,O3 [1-3]. Further,
these well studied alkali and alkaline earth doped borate (AAEB) glasses
have also been shown to favor the acceptance of relatively large con-
centrations of rare-earth and transition metals dopants [4-6]. For these
reasons, AAEB glasses have been widely studied in order to elucidate

the complex SRO and IRO structures that are formed into the glass
network due to changes in boron coordination number [7-9].

The primary SRO structural change in AAEB glasses is the widely
studied formation of singly charged B* SRO units from neutral B®> SRO
units in the compositional range of 0 < x < 0.4, where x is the mole
fraction of the alkali or alkaline earth oxide in a binary AAEB glass. It is
well known that the fraction of B4 units reach a maximum concentra-
tion of about 50% at about the tetraborate composition (~33 mol% of
modifier) on nearly all AAEB glass systems [9-11]. This maximum of
about 50% has been termed the so-called boron avoidance principle
where reaching higher fractions of B4 units would require the direct
bonding of B* SRO to each other through a BO and this appears to not
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be favored due to both steric hindrance and the charge repulsion of the
adjacent negatively charged B* SRO units. Therefore, beyond this
maximum, the added alkali or alkali oxide causes the formation of
progressively increasing numbers of terminally charged non-bridging
oxygens (NBOs) in the form of B2 B! and B° SRO units. For these
reasons, glass formation in AAEB glasses falls off quickly beyond the B*
maximum due to the rapid depolymerization of the glass network
structure through the formation of the increasing number of NBOs.
Nevertheless, in some cases, the lithium and sodium systems most no-
tably, glasses can be formed even at the fully depolymerized B® com-
position, 75 mol% M5O due to the presumably rapidly decreasing liquid
temperatures of the melts [12, 13].

The complex structure associated with the presence of BOs and
NBOs has a strong influence on the physical properties of AAEB glasses.
For these reasons, AAEB systems have attracted significant attention of
several researchers due to their interesting results concerning glass
formation, structure, and properties [7-14].

Tetraborate compounds at the specific compositions of CaB,0, and
Li,B4O, are attractive materials because of their low hygroscopicity,
low melting temperature when compared to silicates, high thermal
stability, considerable transparency in the UV spectral region and
promising application as thermoluminescent dosimeters [7, 8, 14].

Lithium borate glasses can be prepared in the yLi,O + (100-y)B>03
system, over the wide range of 0 < y < 75 mol%, while calcium borate
glasses can be obtained in the yCaO + (100-y)B2O3 binary system in
the range of 33 < y < 50 mol% [9, 13, 15]. In the last case, the lowest
content for glass formation is set by the onset of a liquid-liquid phase
separation, while crystallization processes brought on by the formation
of large fractions of network degrading NBOs determine the upper limit
[9, 13]. Rojas et al. have previously shown that the addition of 10 mol%
of LiO to the CaB40O; glass composition prevents the liquid-liquid
phase separation in the lower modified compositions and allows the
preparation of AAEB glasses at lower temperatures because of a de-
creasing in the T and T, temperatures. It appears that there are only
small changes in the glass structure due to this substitution [7].

It is also important to mention the limited number of papers, pub-
lished in the literature, dealing with the ionic conductivity on alkali-
earth oxide glasses [16]. For these reasons, the present study is directed
towards a deeper compositional, structure, and property investigation
of these mixed cation AAEB glasses starting from the CaB40O, compo-
sition, with the gradual substitution of CaO by Li,O. Glasses were
prepared across the full calcium tetraborate CaB4O; to lithium tetra-
borate Li;B40, compositional series, in the xLi,O + (33-
x)Ca0 + 67B,03 system with x = 0, 5, 10, 15, 20, 25, 30, 33 mol%. In
the text, the compositions will be referred to as CaBO (x = 0), CaLiBO
(x = 510 30) and LiBO (x = 33). The influence of changing CaO by Li,O
on thermal, structural and electrical properties of the glasses was in-
vestigated by X-ray Diffraction (XRD), Differential Thermal Analysis
(DTA), Fourier Transform Infrared Spectroscopy (FTIR) and Impedance
Spectroscopy (IS).

2. Materials and methods

To reduce moisture content in the glasses, precursor glass samples of
B,O5 (Alfa Aesar, 99.98%) were previously prepared at 1300 °C for 3h
and maintained in desiccator to be used as raw material. The precursors
CaCO3 (CRQ-PA, 99%), Li,CO3 (Sigma-Aldrich-PA, 99%) and the pre-
viously prepared B,O; glasses were precisely weighed (BEL
M214Ai, + 0.0001 g) in the required molar fraction as shown in
Table 1. Batches of 20 g of each composition were prepared by melting
and casting method in Pt/Au crucibles, in open air atmosphere, using
resistive furnaces (EDG F1700 with elevator and EDG 30003P). The
materials were heated to and held at 800 °C for 20 min to eliminate
gases. The CaB4O; composition was melted at 1450 °C and rapidly
quenched to room temperature to avoid the liquid-liquid phase se-
paration. The other samples were melted at temperatures between
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1000°C to 1100°C, depending on the composition. Several homo-
genizations were done by swirling the liquid, in order to obtain
homogeneous and bubble-free liquids and glasses. After 40 min at the
melting temperature, the liquids were poured onto a pre-heated circular
brass mold based on a stainless-steel plate. All the samples were an-
nealed at temperatures between 400 °C and 550 °C, depending on the
composition, for a period of 10h and then slow cooled to room tem-
perature.

The amorphous nature of the samples was confirmed by XRD using a
Rigaku - Ultima IV 40 kV and 40 mA diffractometer with CuK,; radia-
tion. Characteristic temperatures such as glass transition (T), onset of
crystallization (T,.), crystallization peak (Tp.) and liquidus temperature
(T}) were determined by Differential Thermal Analysis (DTA) technique
using a Netzsch STA 409C thermal analyzer and Al,O3 as the reference.
Samples in powder form, with particle sizes selected among 150 pm and
250 um, were measured and placed into Al,O3 crucibles with synthetic
air as atmosphere (20% O, and 80% N,) at the heating rate of 10 °C/
min.

Infrared absorption measurements were done by Attenuated Total
Reflectance (ATR) spectroscopy in a Bruker Vertex 70 FT-IR spectro-
meter by using glasses in parallelepiped shapes with 2 mm in thickness.
All the spectra were collected in the 600 to 4000 cm ™! spectral range
with 2em ™! of resolution, at room temperature. The data were pro-
cessed using the OPUS software, by applying Rubberband Baseline
Correction tool to all spectra, and after that, applying the Vector nor-
malization method.

The IS measurements were performed in the frequency range of
0.1 Hz to 1 MHz (10 points/decade), using a Solartron analyzer model
SI 1260, coupled to the Dielectric Interface 1296A, both controlled by
commercial SMART software. The analysis of the IS data was done
using ZView software. The electric characterization was performed with
vitreous samples cut in the shape of a parallelepiped, with thicknesses
of approximately 0.5mm, coated with Platinum (Pt) paint and pre-
viously treated at a temperature of 400 °C by 1h to eliminate the or-
ganic solvents.

3. Results and discussion
3.1. Glass formation

AAEB glasses containing calcium and lithium oxides were prepared
by the conventional melting and casting method. All the obtained
samples were colorless and bubble-free glasses. The non-crystalline
nature of all samples was confirmed by XRD spectra as presented in
Fig. 1.

3.2. Thermal analysis

Thermal analysis measurements resulted in typical glass curves as
seen in Fig. 2. The characteristic temperatures considered were the
glass transition (T,), onset of crystallization (T,.), peak of crystal-
lization (Tp.) and liquidus (T;). Some thermal stability parameters, such
as, AT = Toc - T, Ky = (Toc - Tg)/(T; - Toc), the Hubr§'s parameter, and
Kw = (Toc - Tg)/T), the Weinberg's parameter, were also obtained and
summarized in Table 1. These thermal stability parameters were ap-
plied because they have shown good agreement with the glass stability
for different glass compositions according to the literature [15-18]. As
these thermal parameters become larger, the higher will be the glass
stability against crystallization on heating, as well as the glass forming
ability [7, 15-18].

Glass transition behavior and thermal stability parameters (AT, Ky
and Ky) as a function of Li,O content is shown in Fig. 3. For a better
comparison among the behavior of thermal parameters, the Ky, values
were multiplied by the factor 10 in Fig. 3. According to the gradual
substitution of CaO by Li,O in the AAEB glass system, a decrease in the
T, is seen, which varies from 655 °C (CaBO sample) to 492°C (LiBO
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Table 1
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Nominal composition and characteristic temperatures (Tg, Toc, Tpe, T) and thermal stability parameters (AT, Ky, Ky) obtained from DTA curves.

Sample Nominal composition (mol%) Thermal parameter
T (£2°C) Toe (£2°C) Tpe (=2°C) Ti (£2°C) AT (£ 4°C) Ku Kw
CaBO 67B,03 + 33Ca0 655 791 817 924 136 1.02 * 0.06 0.113 * 0.004
CaLiBO-05 67B,03 + 28Ca0 + 5Li,0 586 773 811 917 187 1.29 + 0.06 0.157 + 0.004
CaLiBO-10 67B,03 + 23Ca0 + 10Li;0 562 750 768 890 188 1.34 = 0.07 0.161 = 0.004
CaLiBO-15 67B,03 + 18Ca0 + 15Li,0 544 691 714 784 147 1.6 + 0.1 0.139 = 0.004
CaLiBO-20 67B,03 + 13Ca0 + 20Li,0 518 650 668 797 132 0.90 * 0.05 0.123 = 0.004
CaLiBO-25 67B,03 + 8Ca0 + 25Li0 503 615 632 824 112 0.53 + 0.03 0.102 + 0.004
CaLiBO-30 67B,03 + 3Ca0 + 30Li,0 492 563 589 876 71 0.23 * 0.02 0.062 = 0.004
LiBO 67B,03 + 33Li,0 492 539 561 908 47 0.13 = 0.01 0.040 = 0.003
™ sample). It is well known that Li* ion provides a lower crosslinking
. ™ et = ol efficiency when compared to Ca?" which exhibits a higher coordina-
5 m‘“‘“\m e LiBO tion number with oxygen atoms in the glass network [9]. This fact can
< WMW%O explain the observed decrease in the Tg. It is possible to consider that
~ CaLiB0-25 the glasses containing up to 25mol% of Li,O presents high thermal
= %0 stability according to AT parameter (values higher than 100 °C). The
o % . highest thermal stability was obtained to CaLiBO-10 sample, con-
s Ry sidering AT and Kyy values, while CaLiBO-15 presented the higher value
o considering Ky.
E %S
%0 3.3. MIR spectra
20 30 40 50 . 60 70 80 The absorptions in MIR spectral region of borate glasses are well
26 (°) known and can be observed in three distinct regions. The attributions
Fig. 1. X-ray diffraction patterns of all glassy samples. will consider the symbols @ = BO (bridging oxygens) and O~ = NBO
(non-bridging oxygen). The first region is found between 600 and
— 800 cm ™! being attributed to the bending vibration of borate network
|- 5| consisting of B® units. The second region is observed between 800 and
T/ ‘ A T 1150 cm ™! and is due to B — O stretching vibrations of tetrahedral B*
—~ |HiBO i Vi - — \‘ _ SRO units with no presence of NBOs. The third region is observed be-
= [CaLiBO-30 | [ tween 1150 and 1600 cm ™! and is due to vibrations of B — @ and
\“i CaLiBO-25 | B — O~ bonded to trigonal B*> and B® SRO units, respectively [9-11].
< CaLiBO-20 ‘ The MIR spectra were obtained on the prepared glasses and the
— |CaLiBO-15 / region of interest was selected in the range of 600 to 1600 cm ~?, since
[a)] M no significant hydroxyl vibrations were identified. Fig. 4 (A) shows the
CaLiBO-05 MIR spectra of the CaBO, CaLiBO-05, and CaLiBO-10 glasses, as well as
CaBO the Gaussian band decomposition of the MIR spectra of the CaBO glass.
. . . . . . : Fig. 4 (B) presents the spectra for CaLiBO-10, CaLiBO-20, CaLiBO-30
300 400 500 600 700 800 900 1000 1100 and LiBO glasses. The spectra obtained for the CaLiBO-15 and CaLiBO-

Temperature (°C)

Fig. 2. Differential thermal analysis (DTA) curves for all glass compositions
prepared. The characteristic temperatures (Tg, Toc, Tpe, T1) are indicated by
arrows.

..,
S 200
& i )
&) 150 °,." )
o
: 100+ T,
< 504 —o-aT
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Li,O (mol %)

Fig. 3. Glass transition behavior and thermal stability parameters (AT, Ky, Kw)
as a function of Li,O content.

25 samples were omitted from Fig. 4(B) for clarity, because they follow
the same trend. As expected, three broad and intense bands were ob-
served and are centered at ~ 693cm ™!, ~915cm ™! and ~ 1330 cm ™.
The attributions for eight Gaussian peaks related to B — O bond vi-
brations observed in the spectra were done according to the references
[7, 9-11, 19-22] and are summarized in Table 2.

The analysis of MIR spectra in borate glasses is complex due to their
broad and extensively overlapping bands. However, it is possible to
note that the conversion of trigonal B? to B* tetrahedral-containing
groups are initially favored because of a compositional dependence of
the absorption band at 800-1150cm™"' evidenced by the arrows in
Fig. 4 (A). This is confirmed by a systematic increase in intensity of the
800-1150 cm ™! band for glass compositions containing up to 10 mol%
of Li,O (x < 10) in substitution of CaO. Additionally, the band in the
third region (1150 to 1600 cm ™ ') related to metaborate B? units de-
creases in intensity as further evidence of the conversion of B> to B*
units.

At higher Li>O contents (x > 10), however, the opposite behavior
is observed where B* units are converted back to B2 This result is
supported by the systematic decrease in the second band (800 to
1150 cm ™ 1) and the increase in the third band (1150 to 1600 cm ™~ ') as
evidenced by the arrows in Fig. 4 (B).

In summary, the MIR spectra demonstrate that Li,O in substitution
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; CaLiBO-30
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Na)

x=233
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600

Fig. 4. FTIR absorption spectra of (A) CaBO, CaLiBO-05 and CaLiBO-10, and
(B) CaLiBO-x (x = 10, 20, 30) and LiBO. Gaussians decomposed bands to the
spectra of CaBO sample is shown in (A). Arrows indicates the overall trend of B*
and B? units according to composition (see text).

Table 2
Infrared vibration assignments according to Gaussians decomposed bands.

Peak position Infrared vibration assignments

(em™)

~ 693 B — @ — B (B®) bending vibration in borate network

~ 760 Symmetric breathing of six membered rings where one B@3
(B®) is replaced by one BO,~ (B*) unit

~ 852 B — 0 stretching of BO,~ (BY) in tri-, tetra- and
pentaborate groups

~ 940 B — @ stretching of BO,~ (B*) in diborate groups

~ 1059 B — @ stretching of BO,~ (B*) in pentaborate groups

~ 1229 B — @ stretching of [B®,0~ 1, (B® in metaborate chains

~ 1329 B — O stretching of B#,0~ (B?) unit in metaborate rings

~ 1478 B — O~ stretching of [B@,0™ 1, (B?) in metaborate chains

linked to one BO,~ (B*) unit

of CaO in tetraborate glasses is governed by the following isomerization
reaction, Eq. (1) [7, 9, 11]:
BO,0” & BO; @
also designated as B> < B* and which determines the SRO and IRO in
the glass structure. Li,O substituting CaO favors the reaction to the
right direction, increased B* units, due to a progressive transformation
of metaborate triangles, B2, towards borate tetrahedral entities, B*, for
compositions containing up to 10 mol% of Li>O (x < 10). Glasses with
lithium oxide in higher contents (x > 10) favors the reaction to the
left, increased B? units.

275
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Fig. 5. Impedance spectra, presented in terms of p” versus p’ complex plane
plots, measured on the CaLiBO-15 in three different temperatures. Numbers
indicate the logarithm of signal frequency. Fitting data considered a modified-
Debye model involving the use of a constant-phase element (see text), the
Debye R-C circuit model being the one shown in the inset.

3.4. Impedance spectroscopy

Fig. 5 shows a representative IS spectra (in terms of complex re-
sistivity, p*) of CaLiBO-15 sample for three different temperatures. The
IS spectra of all samples showed the same semicircular trend and were
fitted considering the glass bulk material as an equivalent circuit
formed by a resistor, R, in parallel to a Constant-Phase Element (CPE).
For this combination, the impedance can be represented by Eq. (2):

R

Zgycpe (@) = TF Gor)®

(2)
where w is the angular frequency, 7o is the relaxation time and a
(0 = a < 1) isrelated to a decentralization angle expressed in radian by
6=01- a)g [23]. Values of decentralization angle are related with a
distribution of relaxation times and can be associated with an intrinsic
structural disorder of the material, where lower values of a (higher
decentralization) corresponds to a more disordered structure. Fig. 6
shows the behavior of the a factor obtained from the fitting of the IS
spectra for all glass compositions in different temperatures. It is seen
that a values decrease with the addition of Li,O which reflects the lower
crosslinking of Li* ions [9]. Further, the values of the a factor tend to
increase to unity as the temperature decreases, and eventually, at
lowest temperatures, were set as a unity in order to satisfy the theo-
retical condition, a < 1. It was observed, not shown, that the dielectric
permittivity, ¢.., increases with temperature and with the concentration
of Li* ions (x). Values of capacitance found for all samples studied in
this work stay in the order of 102 to 10~ ' F, which is further evi-
dence that the observed impedance semicircle is related to the volume
(bulk) conduction process [24, 25].

1.004

0.95

0.90

3 0.85

* o ¥ en

0.80

0.75

0.70 T T T

s 20 25 30
Li,O (mol %)

35

Fig. 6. Decentralization angle factor a as a function of Li,O content for dif-
ferent temperatures.
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Temperature (°C)
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o 1074 '
N
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_;: 1
b 10"
107 F— . . : : : ;
15 1.8 21 24 27 30 33
1000/T (K™)

Fig. 7. Arrhenius plot for d.c. electrical conductivity values of all vitreous
samples. The dashed line is a guide for the eyes to facilitate comparison of
conductivity values at 300 °C (see text).
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Fig. 8. Activation energy (AE,.) and log values of ionic conductivity (o4.) at
300 °C as a function of Li,O content.

All adjustments were achieved in terms of the impedance relation
described above and by considering p* = (A/)Z" = (A/t)
(Z —iZ") = p —ip’, where (A/t) corresponds to the ratio of the area
and thickness of each sample. The d.c. ionic conductivity, o4, = 1/
p*(w — 0), can be found considering the resistivity values obtained from
the glass bulk semicircle diameter in the Nyquist plot, as shown in
Fig. 5. It is worth to mention that the electrode polarization contribu-
tion starts to be present in the impedance spectra for compositions with
x > 20. This effect can be taken into account adding and extra parallel-
CPE in the equivalent circuit model. This addition provides a better
achievement of the fitting process resulting in more accurate values for
the bulk ionic conductivity. Values of the o4 are shown in Fig. 7, as a
function of inverse of the absolute temperature. It is seen that the ad-
dition of lithium in the structural composition of CaB,0, (x = 0) con-
siderably increases its conductivity up to Li,B407 (x = 33) composition.
The increase in conductivity may be initially attributed to the favoring
conversion of boron trigonal to boron tetragonal units (0 < x < 10).
Each B* tetrahedron has a negative (delocalized) charge and the alkali
cations are located in the vicinity of these negative sites, making ion
transport possible. Nonetheless, when Li* ions are present (x = 5) the
ionic conductivity continuously increases and it is mainly associated to
an increase of Li* charge carriers and its higher mobility, which can be
attributed to the chemical bonding energy in a four-fold coordination
and also to the effective size of the ion (ionic radius = 0.59 f\), which is
known to be smaller than the divalently charged Ca®* ion (ionic ra-
dius = 1.00 A) with a six-fold coordination [26].

In order to emphasize the increase of the ionic conductivity, Fig. 8
shows the behavior of the ionic conductivity as a function of glass
compositions at 300 °C. These values were estimated from the linear fit
parameters of Fig. 7, considering an Arrhenius behavior, described by
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Eq. (3) [26]:

o(T) = % exp(—%)

kT 3

It is impressive to note that the ionic conductivity increases 10 or-
ders of magnitude (10~ '*S/cm for CaBO to 10~ *S/cm for LiBO, at
300 °C) with the substitution of calcium by lithium.

From Eq. (3) it is possible to access the activation energy (4E,.)
which is related to the energy barrier for the conductivity process that
depends on the ions mobility into the glass. Calculated activation en-
ergy values for the conductivity processes of the glass matrix are also
shown in Fig. 8. It can be observed that the exchange of calcium by
lithium significantly reduces the activation energy of the conduction
process. This behavior is close related with the lower crosslinking ef-
ficiency provided by Li* ions, in a similar trend as T, temperatures
shown in Fig. 3.

4. Conclusions

Tetraborate glasses with a gradual substitution of CaO by Li,O in the
xLi;O + (33-x)Ca0 + 67B,03 system were prepared by the conven-
tional melting and casting method. The obtained samples were homo-
geneous, bubble free, transparent and presented no crystallization as
confirmed by X-ray diffractometry (XRD).

Characteristic temperatures and thermal stability parameters were
obtained by DTA analysis. The results demonstrate a decrease in the
glass transition temperature as calcium is replaced by lithium ions.
Thermal stability evaluated by AT, Ky and Ky parameters had shown
high values for glasses with Li,O content up to 20 mol% (CaLiBO-20).
The highest thermal stability was observed to CaLiBO-10 sample, con-
sidering AT and Kyy values being (188 + 4) °C and (0.161 + 0.004) °C,
respectively.

The short and intermediate order of the glass structures has de-
monstrated to be governed by the B®,0~ < B@,~ (B> < B*) iso-
merization reaction. Lithium ions in substitution of calcium favors the
transformation of metaborate triangles, B2 units, in borate tetrahedral
entities, B* units, for compositions up to 10 mol% of Li,O (x < 10) by
following the right direction of the reaction. This structural arrange-
ment may lead to the increase in glass thermal stability parameters, as
seen in DTA results. Glasses containing lithium oxide in higher contents
(x > 10) will promote the reaction occurring in the opposite direction.

IS results shows an increase of the electrical conductivity with the
increase of the Li* ion concentration up to the LiBO composition
(x = 33), reaching variations greater than 10 orders of magnitude,
when evaluated at 300 °C. The decentralization of the impedance arcs,
represented by the a factor, and the diminish in activation energy va-
lues also indicate that the addition of lithium tends to increase the
heterogeneity of the glass network. The glass transition temperature, as
well as electrical conductivity and activation energy values shows a
strong dependence on the type of the metallic modifier ion (M), and the
strength of the M — O interaction in this case of mixed modifier tetra-
borate glasses.
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