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acoustic properties of some tellurite glasses using one of the artificial intelligence techniques (arti-
ficial neural network). The artificial neural network (ANN) technique is introduced in the current
study to simulate and predict important parameters such as density, longitudinal and shear ultra-
sonic velocities and elastic moduli (longitudinal and shear moduli). The ANN results were found to
be in successful good agreement with those experimentally measured parameters. Then the presented
ANN model is used to predict the acoustic properties of some new tellurite glasses. For this purpose,
four glass systems xNb;Os5-(1 —x)TeO,, 0.1PbO-xNb,05-(0.9 — x)TeO,, 0.2PbO-xNb,05-(0.8 — x)TeO,
and 0.05Bi;03-xNb,05-(0.95 — x)TeO, were prepared using melt quenching technique. The results of
ultrasonic velocities and elastic moduli showed that the addition of Nb,Os as a network modifier provides
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oxygen ions to change [TeO4] tbps into [TeOs] tps.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Over the last few decades, tellurite-based glasses have been the
subject of both academic and technological interest. These glasses
possess high refractive indices with low dispersion values, a low
tendency to crystallize, good chemical resistance, good semicon-
ducting properties and low melting points [1-6]. The structure of
tellurite glasses has been investigated previously using IR, Raman
spectroscopy, X-ray, and neutron diffraction techniques. The main
focus of these studies was on the structural units in the glass net-
work. In general, the structure and properties of oxide glasses are
strongly dependent on the nature and concentration of the con-
stituent oxides. Thus, in tellurite glasses, modifier atoms cause
changes in the basic structural units, namely TeO4 trigonal bipyra-
mid (tbp) and TeOs3 trigonal pyramid (tp) units, both of which have
a lone pair of electrons occupying one of the equatorial positions.

Niobium-containing tellurite glass with starting composition
of (90 — x)TeO,-10Nb,05-(x)Zn0O (x=0-15mol%) have been pre-
pared by Mohamed et al. [7] using melt-quenching method and
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studied the effect of reduction of TeO, with simultaneous increase
in ZnO on elastic properties. Infrared (IR) absorption spectra
showed increase in intensity of NbOg-assigned peak accompa-
nied by increase in intensity of ZnO,4 tetrahedra and TeOy4 trigonal
bipyramid (tbp) assigned peaks indicating formation of both non-
bridging oxygen, NBO and bridging oxygen, BO, respectively, with
addition of ZnO. The initial drop in ultrasonic velocity and related
elastic moduli observed at x=5 mol% indicates weakening of net-
work rigidity of the glass system due to structural modification as
a direct effect of TeO, reduction and existence of NBO. However,
further replacement of TeO, by ZnO at x>5 mol% contributed to
increase in BO causing rigidity of the glass network to improve.

The physical and optical properties (density, refractive index,
molar volume, glass temperature transition (Tg), crystallization
temperature (Tyx), optical absorption and energy gap) were deter-
mined by Wang et al. [8] for the ternary TeO,-Nb,05-Bi;03 glass
system. The glasses have high refractive indexes, which are more
than 2.0. It was found that the addition of Nb,0s5 and Bi;Os3 to
TeO, glass increases the refractive index value as well as density,
whereas the TeO,-Nb,05-Bi; 03 glass system has small domain.
The refractive index of the glasses increases with increasing molar
volume, tendency for small energy band gap, optical band gap and
metallization criterion.

Tellurite glasses containing calcium and bismuth oxides have
been prepared by Chagraoui et al. [9] at 800°C and investigated
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by X-ray diffraction, DSC, IR and Raman spectroscopy. The crys-
talline phases of glasses in TeO,—CaO revealed yTeO, phase which
transforms into the stable aTeO2 phase up to 500 °C. IR and Raman
studies show the transition of TeQy4, TeO3+; and TeO3 units with
increasing CaO content. The value of refractive index and density of
glasses have been measured. The investigation in the system using
XRD reveals new phases.

Zou and Toratani [10] have modified the derived equa-
tions by Makishima and Machenzie for direct determination of
the elastic modulus of glasses from composition and obtained
an excellent agreement between the measured and estimated
values of elastic modulus for over 50 different glasses. The
authors used these derived equations to develop a new glass
Li,O-MgO-Al,03-Y,03-TiO,-Si0, system with high elastic mod-
ulus to provide a solution to the vibration problem rapid rotation
magnetic disk and allow higher track density per inch to be
achieved for high performance hard-disk drives (HDDs).

Artificial intelligence had proved its capability in simulating and
predicting the behavior of the different physical phenomena in
most of the engineering fields. artificial neural network (ANN) is
one of the artificial intelligence techniques that have been incor-
porated in various scientific disciplines. Kheireldin [11] presented
a study to model the hydraulic characteristics of severe contrac-
tions in open channels using ANN technique. The successful results
of his study showed the applicability of using the ANN approach in
determining the relationship between different parameters with
multiple input/output problems. Abdeen [12] developed neural
network model for predicting flow characteristics in irregular open
channels. The developed model proved that ANN technique was
capable with small computational effort and high accuracy of pre-
dicting flow depths and average flow velocities along the channel
reach when the geometrical properties of the channel cross sec-
tions were measured or vice versa. Allam [13] used the artificial
intelligence technique to predict the effect of tunnel construc-
tion on nearby buildings, which is the main factor in choosing
the tunnel route. Allam [13] predicted the maximum and min-
imum differential settlement necessary precautionary measures.
Abdeen [14] presented a study for the development of ANN models
to simulate flow behavior in open channel infested by submerged
aquatic weeds. Mohamed [15] proposed an artificial neural net-
work for the selection of optimal lateral load-resisting system
for multi-story steel frames. Mohamed [15] proposed the neural
network to reduce the computing time consumed in the design
iterations. Abdeen [16] utilized ANN technique for the development
of various models to simulate the impacts of different submerged
weeds’ densities, different flow discharges and different distribu-
taries operation scheduling on the water surface profile in an
experimental main open channel that supplies water to differ-
ent distributaries. Abdeen and Hodhod [17] introduced the (ANN)
technique to investigate the effect of light local weight aggre-
gate on the performance of the produced light weight concrete.
The results of their study showed that the ANN method with less
effort was very efficiently capable of simulating the effect of dif-
ferent aggregate materials on the performance of light weight
concrete.

In the present work, four different glass series
xNb;05—(1 —x)TeO,,  0.1PbO-xNb,05-(0.9 —x)TeO,,  0.2PbO
—XNb205—(0.8 —X)TEOZ and 0.053i203—XNb205—(0.95 —X)TEOZ
with different Nb,Os5 and constant PbO and Bi, O3 contents were
investigated. Both ultrasonic velocities and elastic moduli were
determined to investigate the effect of incorporation of Nb,Os5
on the network structure of these glasses. Then, a model using
one of the artificial intelligence techniques (ANN) was designed in
order to predict both the ultrasonic velocities and elastic moduli
of these four different glass series. Such a model enables the direct
simulation of very important parameters such as density, both

Table 1
Glass compositions.

Glass composition (mol%)

TeO, Bi, 03 Nb,0s PbO
0.95 - 0.05 -
0.9 - 0.1 -
0.85 - 0.15 -
0.8 - 0.2 -
0.9 - 0 0.1
0.7 - 0.2 0.1
0.8 - 0 0.2
0.7 . 0.1 0.2
0.6 - 0.2 0.2
0.75 0.05 0.2 -
0.7 0.05 0.25 -

ultrasonic velocities (longitudinal & shear) and elastic moduli
without melting raw material oxides as in some cases, they are of
high costs.

2. Experimental details
2.1. Preparation of glasses

Four glass series xNb,Os-(1-x)TeO,, 0.1PbO-xNb,05-(0.9 —x)TeO,,
0.2PbO-xNb,05—(0.8 —x)TeO, and  0.05Bi,03-xNb,05-(0.95 —x)TeO,  with
different Nb,Os and constant PbO and Bi, O3 contents have been prepared by rapid
quenching method. Batches of each glass composition are listed in Table 1. The
analytical grade materials of purity more than 99.9% of TeO,, Nb,Os, PbO, and Bi, O3
chemicals were used to prepare the glass samples.

Appropriate amounts in wt% of chemicals in powder form were weighed using
a digital balance (HR-200) having sensitivity of £0.0001 gm. The homogeneity of
the chemicals mixture was achieved by repeated grinding using an agate mortar.
The mixture was preheated at 673 K for 60 min (in a covered platinum crucible to
prevent volatilization of TeO;) to remove H,0 and CO,. The preheated mixture was
then melted in a muffle furnace whose temperature was controlled at 1173 K for
60 min, and bubble free liquid was obtained. The mixture was stirred intermediately
in order to obtain homogeneous mixture. The molten mixture was then poured in a
cuboidal-shaped split mold made of mild steel which had been preheated at about
575 K. Annealing was carried out for a period of 60 min at 723 K. Bulk glass samples
of about 1 x 1 x 4cm? were therefore obtained.

In order to measure the ultrasonic velocity accurately, each glass sample was
first ground on a glass plate using SiC abrasives by setting it in a holder to maintain
the two opposite faces parallel. It was then polished with fine alumina abrasive and
machine oil on a glass plate. The variation in the sample thickness was found to
be +20 wm. The amorphous nature in all glass samples was confirmed using X-ray
diffraction (XRD).

2.2. Density measurements

Density (p) of all glass samples was calculated employing Archimedes principle
using toluene as buoyant and applying the relation;

Wq
P =pPb (m) (1)

where pj, is the density of the buoyant, W, and W,, are the sample weights in air and
the buoyant respectively. The experiment was repeated three times, and the error
in density measurement in all glass samples is +0.005 g/cm3.

2.3. Ultrasonic velocity measurements

The ultrasonic wave velocities were obtained applying pulse-echo technique
by measuring the elapsed time between the initiation and the receipt of the pulse
appearing on the screen of a flaw detector (USIP20-Kraiitkramer) by standard elec-
tronic circuit (Hewlett Packard 54615 B). The velocity was therefore, calculated by
dividing the round trip distance by the elapsed time according to the relation;

2X
(O
At

where X is the sample thickness and At is the time interval.

All velocity measurements in this study were carried out at 4 MHz frequency,
and at room temperature 298 K. The estimated error in velocity measurements was
+20m/s for longitudinal wave velocity (Uy) and +12m/s for shear wave velocity
(Us).

(2)
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2.4. Determination of elastic moduli

Elastic moduli (longitudinal (L), shear (G), bulk (K), and Young’s (E)) as well
as Debye temperature (6p), and Poisson’s ratio (o) of the glasses series have been
determined from the measured ultrasonic wave velocities and density using the
relations [18];

3 (3)
E=(1+0)2C

(L-26)
o= (Z(L—G))

1/3
h 3¥Na

9D— (E) (fﬂva) Um (4)

where h is Planck’s constant, kg is Boltzmann'’s constant, N4 is Avogadro’s number,

V, is the molar volume calculated from the effective molecular weight and density

(i.e. M/p), ¥ is the number of atoms in the chemical formula, and Uy, is the mean
ultrasonic velocity defined by the relation,

-1/3
1 1 2
" (3 <”+“)> ”

3. Theoretical models

3.1. Bond compression model

The structure of oxide glasses can be described in terms of bond
compression model which was first introduced by Bridge et al. [19]
for the study of single-component glass which was later devel-
oped for multi-component glasses [20]. The model assumed two
assumptions:

(i) The elastic moduli only depends on the “connectivity” of the
network (number of bonds per cation) and on the average force
constant. The calculated bulk modulus (K} ) according to this model
and the first-order stretching-force constant f, can be estimated
according to the relations;

n
N,
Koc(GPa) = B4 (2
i

1.7
fi=3

3
I

(6)

where x; is the mole fraction of the ith oxide, ng is the number of
network bonds per glass formula unit and r; is the bond length.
Accordingly, the average bond stretching-force constant F for a
three-dimensional poly-component oxide glasses can be estimated
[20].

(ii) The ratio between the calculated bulk moduli and the exper-
imental one (Ky,/Kexp) is assumed to be directly proportional to
the atomic ring size (£). The atomic ring size is defined as the ring
perimeter (number of bonds times bond length divided by ) and
is given by the relation;

F 0.26
{(nm) = [0.0106 b ] (7)
Kexp

where Kexp is the experimental bulk modulus and Fb is the bond
bending force constant of the glass, which is proportional to the
average bond stretching force constant F.

The average crosslink density per unit formula of glass is given
as,

e = ;in(nc)imc)i )

where n. is the number of crosslink density per cation which equals
the number of bonds less 2, N. is the number of cations per glass

J

Activation Funclion

Fig. 1. Typical picture of a model neuron that exists in every neural network.

formula unit and 7 is the total number of cations per glass formula
unit.

Also, the average number of bonds per unit volume of glass is
given as,

ny = anf

=nNap/M )

where Ny is the number of formula units per unit volume and n is
the co-ordination number.

3.2. Makishima and Mackenzie model

Makishima and Mackenzie [21,22] presented theoretical model
to calculate the elastic moduli of oxide glasses in terms of chemical
composition, which depends only on packing density (V;) and dis-
sociation energy (G;) of the oxide constituents. The elastic moduli
and Poisson’s ratio were given as follows:

Em = 2V:Gt
K = ﬂVtEm
_ 3EmKm 10
Cm = R — Em (10)
m
Om = G, 1

where f is the slope deduced from the linear regression between
the experimentally obtained bulk modulus and the product of the
packing density multiplied by the experimentally obtained Young'’s
modulus.

3.3. Numerical model

It is quite important within the current study to highlight the
advantages and limitations of the artificial neural network (ANN).
ANN technique can simulate and predict very important param-
eters such as density, both ultrasonic velocities (longitudinal &
shear) and elastic moduli without the need to go through an exper-
imental program which will save money and time. On the other
hand, ANN is limited to the existence of part of data availability for
developing and training the network and is sensitive to the accu-
racy of the data which is quite reflected in the predicted results.
This means that if the training data are not accurate enough, the
predicted results will not be accurate because of data accuracy.

Neural networks are models of biological neural structures.
Abdeen [12] has described in details, the structure of any neu-
ral network. Briefly, the starting point for most networks is the
model neuron as shown in Fig. 1. This neuron is connected to mul-
tiple inputs and produces single output. Each input is modified by
a weighting value (w). The neuron will combine these weighted
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output 1

input

(Negative) 0 (Positive)

Fig. 2. The sigmoid activation function.

inputs with reference to a threshold value and an activation func-
tion to determine its output. This behavior follows closely the real
neurons work of the human’s brain. In the network structure, the
input layer is considered as distributor of the signals from the exter-
nal world while hidden layers which are considered to be feature
detectors of such signals. On the other hand, the output layer is
considered as a collector of the features detected and produces the
response.

3.4. Neural network operation

It is quite important for the reader to understand how the neu-
ral network operates to simulate different physical problems. The
output of each neuron is a function of its inputs (X;). In more details,
the output (Y;) of the jth neuron in any layer is described by two sets
of equations as follows:

U= (Xiwy) (mn

and
Y; = Fu (Uj + ;) (12)

For every neuron, j, in a layer, each of the i inputs, X, to that layer
is multiplied by the previously established weight, w;;. These are all
summed together, resulting in the internal value of this operation,
U;. This value is then biased by the previously established threshold
value, t;, and sent through an activation function, Fy,. This activa-
tion function can takes several forms such as; Step, Linear, Sigmoid,
Hyperbolic, and Gaussian functions. The Hyperbolic function used
in this study, is shaped exactly as the Sigmoid one with the same
mathematical representation as in Eq. (12), butit ranges from —1 to
+1 rather than from 0 to 1 as in the Sigmoid one (Fig. 2). Thus it has
the interesting property, that there is inhibition near 0, but values
at either extreme will be excited to the full level in opposite sense.
In addition, the Hyperbolic function can be considered as a switch
with anintermediate range where it can be discriminated. However
the Linear function always generates outputs which are propor-
tional to the inputs up to the level of full output. An important
distinction is that the linear function is stepped at the point when
it transforms from proportional output to the full output, whereas
the Hyperbolic and Sigmoid functions are always smooth and are
differentiable. Differentiability of the neuron activation function is
an important factor in getting consistent back-propagation training
behavior, Shin [23].

1

fO= 7o (13)

Table 2
Key input variables for ANN model.

Table 3
Key output variables for ANN model.

Output variables

Density Longitudinal Shear Longitudinal Shear
velocity velocity modulus modulus
Uy (Us) (L) (G)

The resulting output, Y}, is an input to the next layer or, it is a
response of the neural network if it is the last layer. In applying the
neural network technique, in this study Neuralyst Software was
used by Shin [23].

3.5. Neural network training

The next step in neural network procedure is the training oper-
ation. The main purpose of this operation is to tune up the network
to what it should be produced as a response. From the difference
between the desired response and the actual response, the error
is determined and a portion of it is back propagated through the
network. At each neuron in the network, the error is used to adjust
the weights and the threshold value of this neuron. Consequently,
the error in the network will be less for the same inputs at the
next iteration. This corrective procedure is applied continuously
and repetitively for each set of inputs and corresponding set of out-
puts. This procedure will decrease the individual or total error in
the responses to reach a desired tolerance.

Once the network reduces the total error to the satisfactory limit,
the training process may stop. The error propagation in the network
starts at the output layer with the following equations:

Wi = Wl’] + LR (Ein) (14)
And
=1 (1-%) (4-%) 19

where, w;; is the corrected weight, w'ij is the previous weight value,
LR is the learning rate, e; is the error term, X; is the ith input value,
Y; is the output and d; is the desired output.

3.6. Artificial neural network model

To simulate and predict the acoustic properties of some tel-
lurite glasses such as density, (longitudinal and shear) ultrasonic
velocities and elastic moduli (Longitudinal and shear), numerical
model was using artificial neural network technique was designed
to simulate these important parameters. To develop a neural net-
work model, first input and output variables have to be determined.
Input variables are chosen according to the nature of the problem
and the type of data that would be collected. To clearly specify the
key input variables and their associated outputs, Tables 2-3 are
designed to summarize the neural network key input and output
variables, respectively.

Several neural network architectures are designed and tested in
this study to finally determine the best network model to simulate
very accurately the acoustic properties of tellurite glasses based on
minimizing the root mean square error (RMS-error). Fig. 3 shows a
schematic diagram for a generic neural network.

The training procedure for the developed ANN model, in the
current study, uses the experimental acoustic properties of some
tellurite glasses and then the model will be able to predict the

Input variables

BaO Sm203 PbO Nb205 L6203 V205 Bi203 Lizo B203

Cu0  CeOy ;0 WOs TeO,

Molecular weight  Density (calculated)
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Input # 1 Output # 1

Input # 2 Output # 2

Hidden layer
3 neurons

Hidden layer
3 neurons

Fig. 3. General schematic diagram of a simple generic neural network.

properties of other tellurite glasses without need to make new
experiments.

Table 4 shows the final neural network model and its associate
number of neurons. The input and output layers represent the key
input and output variables described previously.

The parameters of the network model developed in the current
study can be described with their tasks as follows:

Learning rate (LR): determines the magnitude of the correction
term applied to adjust each neuron’s weights during training pro-
cess=1.

Momentum (M): determines the “life time” of the correction
term as the training process takes place=0.9.

Training tolerance (TRT): defines the percentage error allowed
in comparing the neural network output to the target value to be
scored as “right” during the training process=0.001

Testing tolerance (TST): it is similar to training tolerance, but it
is applied to the neural network outputs and the target values only
for the test data=0.003

Inputnoise (IN): provides a slight random variation to each input
value for every training epoch =0.

Function gain (FG): allows a change in the scaling or width of
the selected function=1.

Scaling margin (SM): adds additional headroom, as a percentage
of range, to the rescaling computations used by Neuralyst Software,
Shin (1994), in preparing data for the neural network or interpret-
ing data from the neural network=0.1.

Training epochs: number of trails to achieve the present accu-
racy=231940

Percentage relative error (PRR): percentage relative error
between the numerical results and actual measured value for and
is computed according to equation (16) as follows:

Absolute Value (ANN_PR-AMV)
AMV

PRE — ( ) « 100 (16)

where:
ANN_PR: predicted results using the developed ANN model.
AMV: actual measured value.
MPRE: maximum percentage relative error during the model
results for the training step =0.5%.

Table 4
The developed neural network model.

No. of layers No. of neurons in each layer

Input First Second Third Output
layer hidden hidden hidden layer
5 16 13 9 7 5

7.5

—=—xNb,0, - (1-x) TeO,
—e—0.1PbO - x Nb,0O, - (0.9) TeO,

7.0 —4—0.2 PbO - x Nb,O, - (0.8-x) TeO,
e —¥—0.05Bi,0, - x Nb,0, - (0.95-x) TeO,
(5}
B 651
C
2
> 6.0+
c
[
o

B

5.0 41—
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28

NbZO5 mol % content

Fig. 4. Variation of density of the four investigated glass series with Nb,Os mol%
content.

4. Results and discussions
4.1. Density and molar volume

Density is a powerful tool for exploring changes in the struc-
ture of glasses. It is affected by structural softening/compactness,
change in geometrical configuration, coordination number, cross-
link density and dimension of interstitial spaces of the glass.

The chemical composition of studied glasses, their density val-
ues and molar volume are given in Table 5 while Fig. 4 showed the
variation of density with addition of different Nb, O5 mol% contents
at the expense of TeO, while the contents of PbO and Bi, O3 con-
tents are constants. It is evident that with increasing Nb,O5 mol%
content, the density values were found to decrease. The decrease
in density values with addition of Nb,Os5 is expected if we take
into consideration the additive density rule. The density of Nb,Os5
is 4.600 g/cm3 which is much lower than TeO, (5.900 g/cm?), Bi, 03
(8.900 g/cm3)and PbO (9.350 g/cm3)[24]. As suggested by Komatsu
et al. [25], the structural unit of TeO,-based glasses changes grad-
ually from asymmetrical TeO4 trigonal bipyramid (tbps) to TeO3
trigonal pyramid (tps) accompanied with increasing amounts of
other components such as alkali and alkali earth elements.

At the same time, the values of molar volume (V) were found
to increase with increasing Nb,0Os5 contents as shown in Fig. 5.
This increase was expected since the atomic radii of tellurium,
niobium, bismuth and lead atoms are 1.38A, 1.64A, 1.48A and
1.46 A, respectively. In general, the increase in molar volume indi-
cates the increase of voids in the glass network structure. Therefore,
the increase in molar volume with increasing modifier Nb,O5 con-
tent confirms the transformation of TeO4 trigonal bipyramids to
TeOs trigonal pyramids with non-bridging oxygen atoms and con-
sequently means that the structure becomes more open. These
behaviors were confirmed by the results of fractal bond connec-
tivity (d =4G/K) and number of bonds per unit volume which were
calculated according to bond compression model [19,20] as shown
in Table 5.

4.2. Ultrasonic studies

As shown in Eq. (3), the elastic moduli are proportional to the
square of velocity and a plot of ultrasound velocities vs composition
is indicative of relative structure. The compositional dependence
of Uy and Us are shown in Table 5 shows the variation of longitudi-
nal, shear, bulk and Young’s elastic moduli as a function of Nb,Os5
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Table 5

3571

Density (p), molar volume (V,), longitudinal velocity (U;), shear velocity (Us), bulk modulus (K), Poisson’s ratio (o), Debye temperature (6p), fractal bond connectivity (d),
Dissociation energy (G;), cross-link density (n.), number of bonds per unit volume (n,) and micro-hardness (H).

Glass composition (mol%) p(glem3)  Vox10°¢ U(m/s) Us(m/s) K(GPa) o Op (K) d Gi (KJ/em®)  nc n, x10%° (m~3)  H(GPa)
(m?3/mol)

T602 Bi203 Nb205 PbO

0.95 0.05 5.475 30.12 3352 1876 35.83 0.272 249 2.151 50.86 2.10 8.197 2.929
0.9 0.1 5414 31.44 3464 1911 38.60 0.281 255 2.049 51.81 2.20 8.045 2.883
0.85 0.15 5.302 33.11 3677 1949 44.83 0.305 261 1.797 52.77 2.30 7.822 2.623
0.8 0.2 5.242 34.50 3922 2087 50.19 0.302 281 1.820 53.72 2.40 7.681 3.006
0.9 0 0.1 5.845 28.39 3091 1746 32.09 0.266 229 2221 4745 2.00 8.484 2.783
0.7 0.2 0.1 5.529 33.86 3767 2079 46.59 0.281 287 2.052 51.26 242 7.826 3.489
0.8 0 0.2 7.278 23.68 2882 1495 38.76 0.316 205 1.679 44.99 2.00 10.174 1.996
0.7 0.1 0.2 6.025 30.36 3151 1784 34.25 0.264 241 2239  46.89 2.22 8.330 3.016
0.6 0.2 0.2 5.904 32.78 3692 2177 43.17 0.233 306 2.593  48.79 2.44 8.082 4.971
0.75 0.05 0.2 5.330 36.80 3633 1879 45.26 0.317 262 1.663 52.80 2.46 7.364 2.291
0.7 0.05 0.25 5.130 39.27 3990 2175 49.31 0.289 300 1969 53.75 2.56 7.054 3.420

Table 6

(E/G) ratio, theoretical bond compression bulk modulus (Kj), average ring diameter (£), (Kyc/Kexp) ratio, theoretical Makishima and Mackenzie bulk modulus (K ) and

theoretical Makishima and Mackenzie Poisson’s ratio (o).

Glass composition (mol%) (E/G) Kpe (GPa) £ (nm) (Kpe/Ke) Km (GPa) Om
TEOZ BizOg Nb205 PbO

0.95 0.05 2.544 77.54 4.874 2.164 38.32 0.268
0.9 0.1 2.563 75.47 4.753 1.955 40.49 0.272
0.85 0.15 2.609 72.81 4,545 1.624 42.40 0.276
0.8 0.2 2.605 70.95 4.389 1414 48.48 0.298
0.9 0 0.1 2.531 80.62 5.032 2.513 32.03 0.250
0.7 0.2 0.1 2.562 72.03 4.462 1.546 47.19 0.301
0.8 0 0.2 2.632 96.30 4.776 2.485 38.39 0.296
0.7 0.1 0.2 2.528 77.56 4.874 2.264 37.89 0.280
0.6 0.2 0.2 2.467 74.12 4.538 1.717 43.81 0.263
0.75 0.05 0.2 2.635 67.85 4.499 1.499 42.06 0.238
0.7 0.05 0.25 2.577 64.53 4.377 1.309 52.41 0.235

contents. As in Table 5, both U; and Us and elastic moduli increase
with increase of Nb,O5 concentration over the entire composition
studied. This variation of ultrasound wave velocities and elastic
moduli can be explained on the basis of the structural considera-
tion of tellurite glass network. As reported before by Lin et al. [26],
the network structure of the TeO,-Nb,O5 glasses changes with the
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Fig. 5. Variation of molar volume of the four investigated glass series with
Nb,Os mol% content.

content of Nb>* ions. When the Nb,Os content is lower, most of
Te*" jons exist as [TeOy4] tbps and form Te-O chains, the [TeOy]
tbps link each other both in apical sharing and in edge sharing,
only a few of [TeOs] tps exist in the glass network. The Nb>* ions
exist as [NbOg] octahedra to link the chains as shown in Fig. 6.
Due to insufficient linkage of the Te-O chains because of insuf-
ficient amount of Nb5* ions in the TeO,-Nb,0s glass, the glass
network easily loses its stability. Therefore, the metastable edge-
sharing [TeO4] tbps will first form edge-sharing 3-TeO, phase at
lower temperature. The apical-sharing [TeO4] tbps are more stable
than the edge-sharing ones, they will form a-TeO, phase with sim-
ilar structure at higher temperatures. Te-O chains connected with
Nb>* ions are more stable, they will form Te3Nb,0; phase with api-
cal sharing structure [27] at much higher temperatures. When the

¢ ol

B [Te0i

@ [NbOg]

lower Nb5* content higher Nb5* content

Fig.6. Schematicdiagram ofthe TeO; glass network modified by Nb,Os as a network
modifier.



3572 M.S. Gaafar et al. / Journal of Alloys and Compounds 509 (2011) 3566-3575

Nb, 05 content in the glass is increased, more and more Nb>* ions
will connect Te-0 chains as [NbOg] octahedra, just like the [NbOg]
octahedral chain between [TeO4] tbp chains in the Nb,Te4 013 crys-
tal, in which some of the polyhedra are linked by edge sharing
[28]. The introduced Nb,Os will also provide oxygen ions to change
more [TeO4] tbps into [TeOs] tps. It seems that the glass network is
strengthened by enhancing the linkage of Te-O chains. The tellu-
rite network will also come to homogenization, because of uniform
distribution of Nb>* ions among the Te-0 chains, though some of
the tellurium-oxide polyhedra still link each other in edge sharing.
These results were confirmed by the increase in both cross-link
density (nc) which was calculated according to bond compres-
sion model [19] and dissociation energy (Gi) which was calculated
according to Makishima and Machenzie model [21,22] as shown
in Table 2. Moreover, the increase in bulk modulus is may be due
to the incorporation of Nb,Os5 contents with bond energy of Nb-O
bond (~771 kJ/mol) which is higher than the bond energy of Pb-O
(~382k]/mol) and Te-O bonds (~376 kJ/mol) [24]. Further more,
the calculated values of bulk modulus (Ky;) (see Table 6) accord-
ing to Makishima and Machenzie model were found to be in good
agreement with those determined experimentally in Table 5.

Poisson’s ratio (o) is formally defined for any structure as the
ratio of lateral to longitudinal strain produced when tensile forces
are applied. In solid materials, the tensile strain produced in the
network is unaffected by the cross-links while the lateral strain is
greatly decreased with increasing covalence of bonds [19]. Bridge
and Higazy [20] have suggested a close correlation between Pois-
son’s ratio and cross-link density which is defined as the number of
bridging bonds per cation. They reported that crosslink density val-
ues of two, one, and zero are related to the values of Poisson’s ratio
of 0.15, 0.29, and 0.4, respectively. For stresses parallel to chain
structure, Young’s modulus (E) will increase with bond stretch-
ing force constant while shear modulus (G) will increase with the
bond bending force constant. Thus, as the ratio of bond bending
force constant to stretching force constant increases, the ratio (E/G)
decreases [19,20].

In the first two glass systems xNb,Os5-(1-x)TeO, and
0.1PbO-xNb,05—(0.9 —x)TeO,,  with  increasing  modifier
Nb,05 mol% content the values of (E/G) ratio were found to
increase as shown in Table 6, which means the decrease in the
ratio of bond bending force constant to stretching force constant
confirming that most of Nb>* ions are associated with Te** ions
to change [TeO4] tbps into [TeO3] tps without the linking of Te-O
chains. Therefore, the values of fractal bond connectivity (d) were
found to decrease with increasing Nb, 05 mol% content. Moreover,
the increase in Poisson’s ratio (o) in these two glass systems means
the increase in the ratio of lateral to longitudinal strains confirming
the decrease in the linkages between Te-O chains.

At the same time, in the Ilast two glass sys-
tems, 0.2PbO-xNb,05-(0.8—-x) TeO, and 0.05Bi;O3-x
Nb,05-(0.95 — x)TeO,, with increasing Nb;Osmol% content
the values of (E/G) ratio were found to decrease as shown in
Table 6, which consequently means the increase in the ratio of
bond bending force constant to stretching force constant confirm-
ing that the Nb®* ions are acted to increase the linking of Te-O
chains. Therefore, the values of fractal bond connectivity (d) were
found to increase with increasing Nb,Os mol% content. Moreover,
the decrease in Poisson’s ratio (o) in these two glass systems
means the decrease in the ratio of lateral to longitudinal strains
confirming the increase in the linkages between Te-O chains.
Moreover, the values of Poisson’s ratio (o) calculated according
to Makishima and Machenzie model (see Table 6) were found to
be in good agreement with those determined experimentally in
Table 5.

Therefore, the behaviors of Poisson’s ratio with increasing
Nb,Os concentration over the entire glass compositions confirm

the increase in cross-link density and consequently the increase in
elastic moduli.

Debye temperature (6p) plays an important role in solid materi-
als in the determination of elastic moduli and atomic vibrations. 6p
represents the temperature at which all the high-frequency ‘lattice’
vibrational modes are excited. It is known that Debye temperature
depends directly on the mean ultrasound wave velocity [29], so
Debye temperature increases as the modifier Nb,O5 concentration
increases, Table 3. The increase in 8p can be explained by taking into
account two factors. The first is the increase in the uniform distri-
bution of Nb>* ions among the Te-O chains, and consequently the
increase in the cross-link density of the glass network structure.
The second is the increase in the relative strength of bonds.

Microhardness (H) expresses the stress required to eliminate
the free volume of the glass. The free volume in the glass is the
openness of the glasses over that of the corresponding crystals [18].
The variation of H with the contents of Nb, 05 mol% is tabulated in
Table 5.1t can be seen that the micro-hardness has the same attitude
as the elastic moduli with increase Nb, 05 mol% concentration, and
hence the observed increase in H is related to the increase in the
rigidity of these glasses.

It is of great interest to interpret the variation in the exper-
imental elastic behavior observed in this study with the bulk
compression model put forward by Bridge et al. [19] and extended
by Abd El-Moneim [30,31] for predicting the compositional depen-
dence of elastic moduli of poly component oxide glasses. Table 6
gives the values of theoretical bond compression bulk modulus
(Kpc), ratio of (Kpc/Kexp) and ring diameter (£). It is quite clear from
Table 6 that the value of the bond compression bulk modulus (Kj,)
decreased from for all glass compositions as a direct effect of inser-
tion of Nb,05 modifier mol% content into the glass network. This
decrease in Ky, is expected since K, depends on the number of the
network bonds per unit volume (n;,) and the average bond lengths.

In general, the ratio (Kp./Kexp) is @ measure of the extent to
which bond bending is governed by the configuration of the net-
work bonds, i.e. this ratio is assumed to be directly proportional to
the ring diameter and inversely proportional to the experimentally
determined elastic moduli. Therefore, the values of (Ky,c/Kexp) ratio
and (¢) were found to decrease with addition of Nb,05 modifier
mol% content, confirming the increase in elastic. This observa-
tion is mainly due to the change in [TeO4] tbps into [TeO3] tps
which causes the increase in non-bridging oxygen atoms and con-
sequently the decrease in the number of network bonds per unit
volume.

4.3. Artificial intelligence technique

In this section, we have designed a model using one of the arti-
ficial intelligence techniques (ANN) as a training model in order
to be used for prediction of the density, both ultrasonic velocities
(longitudinal & shear) and elastic moduli (longitudinal & shear) of
our investigated glass series as shown in Table 7. More than 50
glass samples [32-41] were used for the training model. The main
advantage of our model is that it enables the direct simulation of
very important parameters of glasses such as density, both ultra-
sonic velocities (longitudinal & shear) and elastic moduli without
melting raw material oxides (as in some cases, they are of high
costs), depending on some theoretical parameter such as Molecu-
lar weight, dissociation energy of oxides as inputs for the model to
give the predicted outputs.

Figs. 7-11 show the plots of the experimentally obtained val-
ues of density, both ultrasonic velocities (longitudinal & shear), and
elastic moduli (longitudinal & shear) against those predicted using
our model. The solid straight lines represent slopes which are near
to unity implying the good agreement between the experimentally
obtained results and those predicted. Considering the uncertainty



Table 7

Measured density (p (M)), predicted density (o (ANN)), measured longitudinal velocity (U; (M)), predicted longitudinal velocity (U; (ANN)), measured shear velocity (Us (M)), predicted shear velocity (Us (ANN)), experimental

longitudinal modulus (L (M)), predicted longitudinal modulus (L (ANN)), experimental shear modulus (G (M)) and predicted shear modulus (G (ANN)).

TeO, WO3 K,0 CeO, CuO B,03 Li,O Bi, 03 V505 Lay 03 Nb,0s PbO Sm;03 BaO £ (M) P (ANN) U (M) U, (ANN) Us (M) Us (ANN) L (M) L (ANN) G (M) G (ANN)
0.8 0.2 0 5.77 5.77 3366 3366 1951 1951 6535  65.35 2194 2194
0.8 0.15 0.05 5.45 5.45 3288 3289 1888 1888 5894 5897 1944  19.44
0.8 0.1 0.1 5.09 5.09 3190 3188 1805 1805 51.82 5175 16.58 16.59
0.8 0.05 0.15 4.77 4.77 3130 3126 1734 1737 46.68  46.57 14.33 14.37
0.8 0 0.2 4.5 4.5 3058 3062 1681 1678 42.07 4218 12.71 12.68
0.9 0.1 5.71 5.71 3429 3432 2102 2101 67.1 67.19 25.2 25.18
0.84 0.16 5.62 5.62 3390 3389 1981 1981 64.6 64.55 22,06 22.07
0.821 0.179 5.71 5.71 3476 3470 1887 1890 68.95 68.72 2032 2038
0.81 0.19 5.79 5.79 3477 3489 2034 2029 69.93 70.42 2393 2381
0.797 0.203 5.61 5.61 3684 3679 2232 2234 76.11  75.92 2794  27.99
0.1 0.6 0.3 2.58 2.58 5869 5866 3381 3382 88.87 88.78 2949 2952
0.2 0.5 0.3 2.92 2.92 5556 5564 3089 3086 90.11 90.38 2785 278
0.3 0.4 0.3 3.18 3.18 5090 5080 2875 2879 82.31 81.99 26.26 2633
0.35 0.35 03 34 34 4714 4719 2752 2750 75.64  75.82 2578 2574
0.5 0 0.5 4 3.99 3655 3655 2096 2096 53.38 53.35 17.55 17.55
0.5 0.05 0.45 4.38 4.38 3591 3593 2056 2056 56.43  56.56 18.5 18.51
0.5 0.1 0.4 4.8 4.79 3507 3504 1995 1995 59 58.77 19.09 19.06
0.5 0.15 0.35 5.19 52 3416 3416 1937 1937 60.54  60.66 19.47 19.49
0.5 0.2 0.3 5.62 5.62 3330 3333 1882 1883 6236 6241 19.92 19.92
0.5 0.25 0.25 6.03 6.03 3250 3250 1833 1832 63.71 63.7 2026 20.25
0.65 0 0.35 4 4 3992 3989 2362 2364 63.68  63.57 2229 2232
0.65 0.075 0.275 4.38 4.38 3694 3694 2159 2159 59.73 59.73 20.4 20.39
0.65 0.1 0.25 4.8 4.8 3364 3369 1950 1950 543 54.45 1824  18.23
0.65 0.125 0.225 5.19 5.19 3210 3204 1859 1860 5346  53.27 1794 1794
0.65 0.15 0.2 5.62 5.62 3066 3064 1769 1771 52.87 52.8 17.59 17.65
0.65 0.175 0.175 6.03 6.03 2939 2940 1682 1681 52.11 52.14 17.06 17.04
0.9 0.1 5.69 5.69 3415 3419 2093 2091 66.3 66.44 24.9 24.86
0.669 0.124 0.207 5.89 5.89 3294 3296 1906 1906 63.9 63.96 214 21.39
0.75 0.04 0.21 6.15 6.14 3038 3034 1711 1713 56.7 56.58 18 18.03
0.9 0.1 5.78 5.78 3447 3441 2149 2152 68.7 68.46 26.7 26.77
1 5.1 5.1 3404 3413 2010 2005 59.1 59.44 20.6 20.52
0.85 0.15 5.25 5.25 3532 3529 2031 2032 65.5 65.39 2166  21.69
0.8 0.2 5.77 5.77 3366 3366 1951 1950 6535 65.34 2194 21.93
0.79 0.21 5.39 5.39 3561 3559 2080 2081 6835  68.25 2332 2335
0.67 0.33 5.7 5.7 3555 3557 2098 2097 72.04 7211 25.09  25.07
0.77 0.14 0.09 5.67 5.67 3378 3380 1952 1951 64.7 64.77 21.6 21.58
0.74 0.21 0.05 5.78 5.78 3408 3411 2011 2010 67.14  67.25 2338 2335
0.77 0.2 0.03 6.03 6.03 3480 3480 2035 2035 73 72.98 2496 2497
0.5 0.3 0.2 6.68 6.68 3169 3168 1786 1786 67.1 67.06 213 21.31
0.75 0.2 0.05 6.11 6.11 3515 3514 2067 2067 7549 7545 26.1 26.11
0.95 0.05 5.48 5.75 3352 3320 1876 1863 61.52  63.39 19.27 19.95
0.9 0.1 5.41 5.86 3464 3421 1911 1898 6496  68.57 19.77 211
0.85 0.15 53 5.54 3677 3647 1949 1936 71.68 73.74 20.14  20.79
0.8 0.2 5.24 5.12 3922 3898 2087 2080 80.63 77.74 2283 2214
0.9 0.1 5.85 5.96 3091 3068 1746 1733 55.84  56.1 17.82 17.91
0.7 0.2 0.1 5.53 5.32 3767 3752 2079 2070 78.46  74.84 239 22.78
0.8 0.2 5.9 524 3692 3701 2177 2186 80.48 71.73 2798  25.03
0.7 0.1 0.2 6.03 6.23 3151 3144 1784 1774 59.82 61.59 19.18 19.59
0.6 0.2 0.2 7.28 7.57 2882 2890 1495 1486 60.45  63.17 16.27 16.7
0.75 0.05 0.2 533 5.85 3633 3605 1879 1889 70.35 76.04 18.82  20.89
0.7 0.05 0.25 5.13 4.95 3990 4007 2175 2192 81.67 79.45 2427 2378
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Fig. 7. Plot of the experimentally measured density of some tellurite glasses and
predicted density using (ANN).
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Fig. 8. Plot of the experimentally measured longitudinal velocity (V;) of some tellu-
rite glasses and predicted (Vjann)) using (ANN).
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Fig. 9. Plot of the experimentally measured shear velocity (Vs) of some tellurite
glasses and predicted (Vsann)) using (ANN).
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Fig. 10. Plot of the experimentally measured longitudinal modulus (L) of some
tellurite glasses and predicted (Lann) using (ANN).
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Fig. 11. Plot of the experimentally measured shear modulus (G.) of some tellurite
glasses and predicted (Gann) using (ANN).

of experimental data, the agreements in Figs. 7-11 are considered
to be very satisfactory. It shows that the model we designed gives
a better agreement as compared with Makishima and Machenzie
model. The difference between the predicted and experimentally
obtained values is lower than 0.5% in most cases and never greater
than 5% in the investigated glasses. Such a good approach for pre-
dicting our results reveals that our model is valid.

5. Conclusions

An artificial intelligence model have been developed for direct
estimation of the density, both ultrasonic velocities (longitudinal
& shear) and elastic moduli of oxide glasses from their com-
positions. Excellent agreements between the measured values
and the predicted values were obtained for over 50 different
tellurite glass compositions. Using this model we have suc-
cessfully prepared a new 4 glass series in xNb,Os5—(1 —x)TeO,,
0.1PbO-xNb,05-(0.9 — x)TeO,, 0.2PbO-xNb,05-(0.8 — x)TeO, and
0.05Bi; 03-xNby05—-(0.95 — x)TeO,. Such a model presents a new
possibility for the investigation of glass structures before making
experimental works. The experimental results of ultrasonic veloc-



M.S. Gaafar et al. / Journal of Alloys and Compounds 509 (2011) 3566-3575 3575

ities and elastic moduli for these 4 glass series showed that the
Nb, 05 acted as a network modifier which provides oxygen ions to
change [TeO4] tbps into [TeOs3] tps.
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