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ELASTIC AND STRUCTURAL PROPERTIES OF (95-x)TeO2-5La,03-xTiO;
LANTHANUM TELLURITE GLASS SYSTEM
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Selangor, Malaysia

Lanthanum tellurite (95-x)TeO,-5La,03-xTiO, (x = 0 - 20 mol%) glasses were prepared by
the melt-quenching method. Elastic and structural properties of the glasses were studied by
measuring sound velocity using the pulse-echo-overlap technique and Fourier Transform
Infrared (FTIR) spectroscopy, respectively. In addition, the glass transition temperature, T,
was investigated using Differential Scanning Calorimetry (DSC) measurements. Both
independent moduli (C. and u) and related elastic moduli such as bulk modulus (Ke),
Young's modulus (E), hardness (H) and Debye temperature (dp) were observed to increase
gradually for x < 15 mol% followed by a large increase at x = 20 mol% addition of TiO..
The results obtained showed that this glass system becomes more stable, rigid and stiffer
with addition of TiO,. Structural analysis showed increase in bridging-oxygen (BO)
compared to non-bridging oxygen (NBO). T, increased with addition of TiO, and confirms
the increasing rigidity of the network. Theoretical analysis using bulk compression and
ring deformation models showed a gradual increase in ratio of ideal bulk modulus
compared to experimental bulk modulus, Ky./K, for x < 15 mol% before a sudden drop at
x = 20 mol%. The drop indicates decrease in ring deformation or bending. Although some
deformation or bending may take place during compression, the main compression
mechanism was still mainly isotropic ring compression.
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1. Introduction

Tellurium oxide (TeO,) based glasses also known as tellurite glass have gained strong
interest among researchers due to their physical properties that possesses high dielectric constant
[1-3], high refractive index [4, 5], good infrared transmission [6, 7], good mechanical strength [8,
9] and low hygroscopic properties [10] compared to phosphate (P,Os) and borate (B,O3) glasses.
These properties allow tellurite glasses to be used in developing new glasses for many
technological applications such as in optical switches [11], ultraviolet-induced photo-refractive
gratings [12] and optical fiber amplifiers [13]. TeO, is a conditional glass former which do not
form glasses by themselves, but acts like glass formers when combined with other modifier such
as heavy metal, alkali, alkaline earth or transition metal oxides [14-17].

Several studies have been reported on structural [18, 19], optical [20, 21], and thermal [18,
22] properties of binary, ternary and quaternary titanate-tellurite glass systems. Previous study on
structural properties of binary (100-x)TeO,-xTiO, glass system by Raman spectra show that as
TiO, content is increased, the Te-O-Te linkage are dynamically changed by formation of Ti-O-Ti
linkage which strengthens the network structure [18]. Interestingly for ternary 0.8TeO,-(0.2-
X)BaO-xTiO,, it was reported that non-linear coefficent such as refractive index, n and non-linear
optical absorption, g are larger than other TiO,-containing phosphate, borophosphate glasses [23]
or other tellurium oxide glasses [24, 25]. The study also shows that the addition of TiO, develops
additional formation of covalent bonds and favours a continuous network consisting of distorted
TiOg unit indicating increased number of bridging oxygen (BO). On the other hand, interestingly,
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addition of rare-earth oxide such as La,Osto tellurite glass increases stability of the glasses against
crystallization [26]. Other study also show that La,Oz doped tellurite glass showed higher Ty, AT
and glass viscosity compared with the base glass and is of benefit for fiber fabrication [27].

On the other hand, ultrasonic velocity measurement technique is a useful tool for studies
on elastic properties of glasses. Independent elastic moduli can be computed from longitudinal and
shear velocity and density data to give information on strength, rigidity [15-17], stiffness [10, 28,
29] and other elastic moduli of the glasses. A number of studies have shown that rigidity and
elastic constant of the glasses changes considerably with transition metal oxide doping in tellurite
glass systems. In addition, it is interesting to study elastic properties together with the study of
structural properties as modification of glass network involving formation of number of bridging
oxygen (BO) increased rigidity and stiffness of glass. While the increase in non-bridging oxygen
(NBO) has a reverse effect. Previous study on quaternary 47P,05-30.5Ca0-(22.5-x)Na,O-xTiO,
glass [30] reported that ultrasonic velocity decreased for x = 0 — 0.5 mol% due to conversion of
BO into NBO but further addition of TiO, (x > 0.5 mol%) showed increase in ultrasonic velocity
and elastic moduli with formation of BO.

Interestingly, previous study on ternary 50TeO,-50V,05-xTiO, glass system [14] showed
that the increase in longitudinal modulus, C,, shear modulus, C,, bulk modulus, K and Young’s
modulus, Y with addition of TiO, is attributed to increase in the rigidity of the glass. In addition,
the bulk modulus of the ternary glass was reportedly higher than that reported for binary TeO,—
V,05 [31]. Quiet recently, studies on thermal properties of (95-x)TeO,-5La,03-xTiO, lanthanum
tellurite glass system have been reported to show increase in glass transition, Ty onset
crystallization temperature, T, and improvement in thermal stability factor AT = T, - Ty for 0 <x <
20 mol% of TiO, [22]. Thus, for TeO,-La,05-TiO; glass, it is expected that longitudinal modulus,
Cy, shear modulus, Cs and also other moduli such as Young’s modulus, E and bulk modulus, K are
modified due to presence of both La,0; and TiO, in the tellurite system. However, to our
knowledge, the study of elastic properties in concurrence with the study on structural properties of
(95-x) TeO,-5La,03-xTiO, glass has not been previously reported.

The purpose our present work is to investigate the influence of glass network modification
by TiO, addition in (95-x)TeO,-5La,03-xTiO, (x = 0, 5, 10, 15 and 20 mol %) glass system on
elastic and structural properties of the glasses. At the same time, the correlation between ultrasonic
velocity measurements and FTIR spectroscopy were performed together to correlate the structure
modification of glass network with the elastic properties. In addition, effect of TiO, addition on
bulk modulus, K was analyzed and discussed using the bulk compression and ring deformation
models.

2. Experimental Details
2.1 Samples preparation

The ternary (95-x)TeO,-5La,03-xTiO, glass system with x = 0, 5, 10, 15 and 20 mol%
were prepared using conventional solid state method and melt-quenching technique. The powder
of La,Os, TiO, and TeO, with purity > 99.99% was mixed and ground in an agate mortar in an
hour to reach homogeneous and fined grained mixture. The mixed batches were then melted at
900°C in an hour. The melt was quickly quenched by pouring it on stainless steel plate before
annealed at 200°C for 2 hours. The glasses were then grounded into powder to meet the
requirement of X-ray diffraction (XRD), glass transition temperature (T,) and Infrared (IR)
absorption measurement.

2.2Characterization of samples

XRD analysis was performed to confirm the amorphous nature of the glass samples by
using X’Pert Pro Panalytical diffractometer. T, was determined by differential scanning
calorimetry using NETZSCH model DSC 200 F3 at a heating rate of 10 °C/min. IR absorption
analysis.was performed in the region of 400-1000 cm™ with NICOLET model 560 spectrometer,
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using KBr pellets at room temperature. The density, p of the glass samples were determined using
Archimedes principle with xylene as an immersion medium using the relation.

Wa
P= (Wa —-Wb jpb @

where W, is the glass sample weight in air, W, is the glass sample weight in water and p, is the
density of xylene (0.865 g/mL). The samples were polished using fine sand paper to obtain parallel
opposite faces as required for ultrasonic velocity measurement. Ultrasonic velocity measurements
were measured in both longitudinal and shear modes at room temperature by applying the pulse
echo-overlap technique at 5MHz using Matec model 7700system. The related elastic moduli were
calculated using the equations [16, 17, 32-34]:

Longitudinal modulus, C, =vip )

Shear modulus, z=v2p (3)

Bulk modulus, K, =C, —(%)N 4)

Young’s modulus, y = L (5)
3K+ u

Hardness, H :M (6)

6(1+0o)
C —2u (7)

Poisson’s ratio, g = —- =7
Z(CL _;U)

(8)

13
Debye temperature, g_ :[klj(iT/A] v,
B a

where h is the Planck’s constant, kg is the Boltzmann’s constant, N, is the Avogadro number, V, is
the molar atomic volume calculated from the effective molecular mass and the density (M/p), P is
the number of atoms in the chemical formula and vy, is the mean sound velocity defined by the
relation:

v {ﬂr )

vy o+ v

Further analysis of the result of elastic measurements has been performed using the bulk
compression and the ring deformation models. In the bulk compression model, it assumed that the
compression is isotropic in all directions with change in bond length without accompaning change
in bond angles [35]. The theoretical bulk modulus, Ky for polycomponent glasses with n different
types of network bonds can be computed using [35] :

K, = g\l/’* Z:(xnf rZF)n (10)

a
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where N, is Avogadro number, x is the mole fraction of the component oxide i, ns is the
coordination number of cation, r is the bond length, F is the stretching force constant of oxide, n is
the mole fraction of component oxide. The ring size, | is calculated by the relation derived from
the ring deformation model [36]:

| =[0.0106 %]0-26 (11)

e

where K is the experimental bulk modulus, Ifa is the average stretching force constant of glass and
it is calculated using equation [36]:

The average ideal cross-link density, N, was calculated by equation [35]:

n. =%Z(nch) (13)

where n. is number of bridging bonds per cation minus two , N, is number of cations per glass
formula unit and # is total number of cations per glass formula unit.

3. Result and analysis

The XRD patterns for all samples of the (95-x) TeO,-5La,03-xTiO,(x = 0 - 20 mol %) glass
system showed no crystalline peak confirming the amorphous nature of the samples (Fig. 1). Table
1 gives the values of density (p), molar volume (V,), longitudinal velocity (v.), shear velocity (vs)
and mean velocity (vy) for all samples. Fig. 2 shows the variation of p and V, with TiO, content for
the (95-x)TeO,-5La,03-xTiO, glass system. From the figure it can be seen that the value of p
gradually decreases with addition of TiO, content from 5557kgm™ (x=0 mol %) to 5382 kg m™
(x=20 mol %). Meanwhile, as TiO, increased, the molar volume, (V,) of the glasses also steadily
decreased from 3.02m* mol *(x = 0 mol %) to 2.82 m* mol™(x = 20 mol %).

Fig. 3 shows the infrared (IR) absorption spectra for the (95-x)TeO,-5La,03-xTiO, (x =
0, 5, 10, 15 and 20 mol %) glasses in the frequency range from 500-1000 cm ' at room
temperature. Fig.4 shows the deconvolution of IR absorption spectrum for the x = 0 mol% and x =
5 mol% of glass samples. Four major IR absorption bands observed in Fig. 3 were at ~547, ~659,
~780 and ~864 cm *. The ~547 cm* IR peak is assigned to TeOg,; while the ~659 cm™ peak is
assigned to TeO, trigonal bipyramid (tbp) group [16]. The IR frequency peaks at ~780 * and ~864
cm™ are assigned to TeO, trigonal pyramid (tp) group [16, 34] and streching vibrations of TiO,
[22], respectively. The ~864 cm™ band was observed to increase from 844 cm™ (x = 5 mol %) to
866 cm™ (x = 20 mol %).

The DSC curves for 0 < x <20 mol% of TiO, are shown in Fig. 5. The values of glass
transition temperature (T,y), onset crystallization temperature, (T,), temperature of the first
crystallization peak (Tx) and thermal stability, (AT = T,-Tg) are tabulated in Table 2. The values of
Ty which were determined at the DCS curve (Fig. 5) increases from 338°C (x = 0 mol%) to 404°C
(x = 20 mol%) with addition of TiO,. The calculated values of AT showe dincrease from 37°C (x =
0 mol%) to 127°C (x = 20 mol%) with addition of TiO, content.
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Fig.1. XRD pattern of (95-x)TeO,-5La,05-xTiO, (x = 0, 5, 10, 15 and 20 mol %) glass system
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Fig.2: Density, p and molar volume, V, of (95-x)TeO,-5La,05-xTiO,
(x=0, 5, 10, 15 and 20 mol %) glass system
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Fig. 3: IR spectra of (95-x)TeO,-5La,05-xTiO, (x = 0, 5, 10, 15 and 20 mol %) glass system
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Fig. 4. Deconvoluted FTIR spectra of (95-x)TeO,-5La,03-xTiO, (x = 0 and 5 mol %)
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Fig. 5. DSC curves of (95-x)TeO,-5La,05-xTiO, (x = 0, 5, 10, 15 and 20 mol %) glass system

Tablel.Values of density (p), molar volume (V,), longitudinal velocity (v,), shear velocity
(vs) and mean velocity (v,,) of (95-x)TeO,-5La,03-xTiO, glass system

Vv

X p V, VL Vs m
(mol %) (kg m?) (m*mol) x10°  (kms™) (kms™?) (kms™)
+7 +0.01 +0.01 +0.01
0 5557 3.02 3.13 1.57 2.10
5 5522 2.97 3.20 1.65 2.19
10 5475 2.92 3.40 1.87 2.45
15 5409 2.88 3.52 1.99 2.59
20 5382 2.82 3.97 2.45 3.11

Table 2.Values of temperature glass transition temperature (T,), onset crystallization
temperature, (T,), temperature of the first crystallization peak (T,) and thermal stability,
(AT) of (95-x)TeO,-5La,05-xTiO, glass system.

X Ty To T« AT=T,-T4(°C)
(mol%) (O (O (O

0 338 375 392 37

5 347 386 395 39

10 381 493 521 112

15 402 520 562 118

20 404 531 581 127

Fig. 6 shows the longitudinal velocity, v, and shear velocity, v; for the (95-x)TeO,-5La,05-
xTiO, (x = 0-20 mol %) glass system. Both v, and vs increased for x < 15 mol % from 3.13 km s
(x = 0 mol %) to 3.52 km s™ (x = 15 mol %) and from 1.57 km s™ (x = 0 mol %) to 1.99 km s™ (x =
15 mol %), respectively followed by a large increase at x = 20 mol % with 3.97 km s (v,) and
2.45 kms™ (vs).
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Fig.6: Longitudinal velocity, v, and shear velocity, v, of (95-x)TeO,-5La,03-XTiO,
(x=0, 5, 10, 15 and 20 mol %) glass system
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Table 3 represents the calculated values of longitudinal modulus (C,), shear modulus (),
bulk modulus (K), Young's modulus (E), hardness (H), Poisson's ratio (¢) and Debye temperature
(6p) by using Egs. (2) to (8). Longitudinal modulus (C.) and shear modulus (u) also increased as
addition of TiO, increased and show similar trend with v, and v (Fig. 7). Meanwhile, the
behaviours of bulk modulus (K¢) and Young's modulus (E) with addition of TiO, content are
showed in Fig. 8. The behaviours of K, and E were generally similar to the behaviours of the
independent moduli (C_ and u) as shown in Fig. 7. Both K, and E showed generally steady
increased from x = 0 to 15 mol% followed by slightly larger increase for x > 15 mol % (Table 3).
On the other hand, Poisson's ratio (o) decreases linearly from 0.33(x = 0 mol%) to 0.27 (x = 15
mol%) before a larger decrease to 0.19 (x = 20 mol%). In contrast hardness (H) increases linearly
from 1.5 GPa (x = 0 mol%) to 3.3 GPa (x = 15 mol%) before a larger increase to 6.7 GPa (x = 20
mol%) (Fig. 9). Fig. 10 showed the behavior of the Debye temperature (6p) and mean velocity, Vi,
Both 6p and vyalso showed quite similar trends to the independent moduli (C. and u).

Table 3.Values of longitudinal modulus (C.), shear modulus (u), bulk modulus (Kg),
Young's modulus (E), hardness (H), Poisson's ratio (s) and Debye temperature (6p) of
(95-x)TeO,-5La,03-xTiO, glass system.

X C. u (GPa) Ke(GPa) E(GPa) H(GPa) c Op (GPa)

(mol %)  (GPa) +0.3 +0.8 +3 +0.4 +0.01 +5
+0.5

0 54.4 13.6 36.2 36.4 1.5 0.33 247

5 56.6 14.9 36.6 39.5 1.9 0.32 259

10 63.3 19.2 37.6 49.3 2.8 0.28 292

15 67.0 21.4 38.5 54.1 3.3 0.27 309

20 85.0 324 41.8 77.3 6.7 0.19 375
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Table 4 represents the values of coordination number (n¢), crosslink density per cation (n),
cation—anion bond length (r), and stretching force constant (F) of the oxides of TeO,, La,Os and
TiO,. Table 5 represents the values of bulk modulus (Ky), ratio of (Kn./K¢), number of bonds per
unit volume (ny), and average stretching force constant (F). The calculated ideal average crosslink
density, n. as given in Table 4, increase linearly with TiO, content. The relation between Ky/Ke
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and the calculated average ring size, | is inversely proportional with TiO, addition up to 15mol%
but at x = 20 mol%, K./Kas well as | decreased (Fig. 11).

Table 4. Values of coordination number (ny), crosslink density per cation (n.), cation-anion
bond length (r), and stretching force constant (F) of the oxides of TeO,, La,03 and TiO,.

Oxide Ny Ne r (nm) F(Nm?
TeO,[14] 4 2 1.98 219
La,0; [36] 7 5 253 144.06

TiO,[14] 6 4 1.96 226

Table 5. The values of average ring size (I), average cross-link density (N,), average

stretching force constant ( lfa ), theoretical bulk modulus (K.), ratio Ky, / K¢, and number
of network bond per unit volume, (ny) of (95-x) TeO»-5La,05-XTiO, glass system.

X [ m, E (Nm™) Koo(GPa) Ko/ Ke N, x10°%(m™)
(mol %)  +0.003 +0.10 +0.04 +0.02
0 0.485 2.29 212 79.39 2.19 8.27
5 0.484 2.38 213 82.81 2.26 8.62
10 0.482 2.48 214 86.19 2.29 8.97
15 0.479 2.57 215 89.39 2.32 9.29
20 0.469 2.67 215 93.38 2.23 9.70
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F 0.485
2.30 + E
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Fig.11. Ky /K, ratio and average atomic ring size (I) of (95-x)TeO,-5La,05-xTiO, glass system
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4. Discussion

Density is an effective tool to indicate structural compactness [37]. The increase or
decrease of density (p), can be due to either change in molecular mass (M), or molar volume (V).
Generally, it is expected that the density and the molar volume should show opposite behavior to
each other. However, our present study shows that as TiO, content is increased, both p and V,
decreased (Fig. 2). The decrease in p suggests that it is not dominated by the decreasing in V, but
by the large reduction in M due to the smaller atomic mass of TiO, (molecular mass, 79.87g/mol™)
compared toTeO, (molecular mass, 159.60 g/mol™) of the glass system. Moreover, previous study
on xTiO,-95Te0, [38] and 5Bi,03-xTi0,-(90-x)TeO, [18] also show that the decrease in density
was suggested to be correlated with the addition of the relatively lightweight atoms of titanium.

Our suggestion for the increase in rigidity with addition of TiO, is due to structural
modification as evidenced by FTIR results (Fig.3). FTIR analyses which showed shift in
absorption peaks assigned to TiO, from 844 to 866 cm™ indicate increase in BO [22, 39] which
was found to be more dominant than NBO with addition of TiO,. Moreover, the increase in the
value of T, can be interpreted to support the increase in rigidity of the glass system. The glass
stability AT showed an increasing behaviour and among the glass samples, the 75Te0,-5La,05-
20TiO, sample displayed the highest thermal stability which indicates that strongest resistance
against thermal shocks [40].

On the other hand, the behaviour of both longitudinal, v, and shear velocity, vs in the glass
system can be due either change in density (p) or change in independent moduli (C. and u)
according to Eq. (2) and (3). In the present study, the increase in both v, and v; is suggested to be
due to both the decrease in p (Figs. 2) and the increase in C, and u (Figs. 7) with addition of TiO..
However, since the behaviour of v and vs (Figs. 6) are quite similar to C,_ and u (Figs. 7), it gives
insight that the velocities were much more dominated by the increase in C,_ and u. Meanwhile, the
increase in C and u indicates increase in stiffness and rigidity respectively of the glass system
(Figs. 7). The obvious increase in both C_ and « at x = 20 mol% indicates larger improvement in
stiffness and rigidity of the glass samples with addition of TiO,. In addition, the increases may also
be due to formation of stronger glass network which is attributed to stronger bond strength of Ti-
O bond (305 kJ/Mol ) in comparison to Te-O bond (285 kJ/Mol) [41].

Bulk modulus (K.), is a measure of resistance of a material to uniform compression [33].
The steady increase of K. as shown in Fig. 8 for x < 15 mol% with addition of TiO, indicates a
decrease in compressibility. However, at x = 20 mol%, addition of the larger amount of TiO,
seems to cause a much larger decrease in compressibility. Meanwhile, the increase in the Young's
modulus (E) indicates increasing stiffness of the glass system with the addition of TiO.,.

Poisson’s ratio, o is defined as the ratio between lateral and longitudinal strain produced
when tensile force is applied [10] and it practically decrease with increasing cross-link density and
vice versa [10, 14, 34]. Our present results show that o decreased gradually for x < 15mol% of
TiO, followed by a larger decrease at x = 20 mol% of TiO, (Fig. 9) indicating that the actual
crosslink density increased gradually for x < 15 mol% before a larger increase at x = 20 mol%.
This supports our suggestion that TiO, acts as network former in the glass system. On the other
hand, the increase in hardness, H (Fig. 9) indicates the increase in stress required to eliminate free
volume in the glass [14]. The large increase in H, at x= 20 mol% with addition of TiO, follows
from the slight surge in overall rigidity and stiffness of the glass network.

Debye temperature, 9 represent the temperature where all modes of vibration in solids are
excited [42] and an increasing 6p usually implies an increase in the rigidity of the glass. In this
study 6, may be affected by V, and v,,. However, as illustrated in Fig. 10, since the behavior of v,
is closely similar to that of 8y therefore, it can be concluded that the changes in 8y is dominated by
the value of v,. Futhermore, as v,, depends on v, and v, thus, the change in 8 correctly reflects the
change in rigidity and stiffness of the glass system [17, 32, 33].

Theoretical bulk modulus, K. of the glass system was calculated using the bulk
compression model and it is found to be consistently higher than K. values (Fig. 11) which
indicates that the actual compression mechanism is slightly different from the ideal compression
mechanism [42]. The increase in the Kycvalues is related to the replacement of the tellurium atoms
with coordination number n¢ = 4 and ideal crosslink density per cation n, = 2 by the transition
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metal titanium atoms which has a coordination number n;= 6 and ideal crosslink density percation
n.= 4 (Table 4). The values of the ratio Ky/K. gradually increased from 2.19 to 2.32 for x < 15
mol% before a sudden drop to 2.23 at x = 20 mol% with addition of TiO,. This indicates for x < 15
mol%, increase in non-isotropic compression and some other mechanism took place such as ring
deformation or bending [16, 17, 32]. However, the decrease in K /K. at x = 20 mol% indicates ring
deformation or bending was reduced with addition of TiO,. On the other hand, the average atomic
ring size, | tend to decrease from 0.485 nm to 0.469 nm indicating stronger influence of I on K, as
expressed by Eq. (11) Thus, the decreasing of | indicates stiffening of the glass [10]. However, our
Kye/Ke value of around 2 suggests that although there were some deformations or bending taking
place during compression, the main compression mechanism was still mainly isotropic ring
compression.

5. Conclusions

Effects of concurrent addition of TiO, and reduction of TeO, on elastic, strcture and
thermal properties of (95-x)TeO,-5La,03-xTiO, (x = 0, 5, 10, 15, 20 mol %) lanthanum tellurite
glass system have been studied. Independent elastic moduli, C_ and u and related elastic moduli
and the Debye temperature, 6p were observed to increase with substitution of TiO, from x = Oto x
=20 mol% indicating increase in stiffness and rigidity of glass system. Our results were supported
by FTIR analyses which showed increase of BO which enhanced network lingkage and DSC
analysis which showed increase in the glass transition temperature, T,. The results suggests the
role of TiO, as a network former. Our analysis using bulk compression and ring deformation
models revealed that Ky/K. ratio increased from 2.19 (x = 0 mol%) to 2.32 (x = 15 mol%)
indicating slight increase in ring deformation or bending upon compression with addition of TiO..
However, the decrease in K,./Ke at x = 20 mol% indicates a reverse effect.
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