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Longitudinal and shear ultrasonic wave velocities were measured in binary Li2O–2B2O3 glasses doped with
different transition metal oxides (TMOs) (where TMO = V2O5, Fe2O3, Cr2O3, NiO, TiO2, MnO2 and CuO)
using pulse echo technique. Measurements were carried out at 4 MHz frequency and at room temperature. Elastic
moduli and some other physical parameters such as acoustic impedance, Debye temperature, thermal expansion
coefficient, and latent heat of melting were calculated. Results indicated that these parameters depend upon the
TMO modifier i.e., the ionic radius of the transition metal cation. Quantitative analysis has been carried out, in
order to obtain more information about the structure of these glasses, based on bond compression model, and the
Makishima and Mackenzie model, i.e., the cation–anion bond of each TMO.

PACS numbers: 61.43.Fs, 43.35.Ae, 62.20.Dc, 65.40.De

1. Introduction

Among the various experimental methods available for
studying the structure-property relations, elastic prop-
erties of solid materials are of considerable significance
because their measurements yield information concern-
ing the forces between the atoms or ions. This is fun-
damentally important in interpreting and understanding
the nature of bonding in the solid materials. Therefore,
the choice of the most appropriate material for particular
application requires knowledge of its mechanical proper-
ties. Hence, elastic properties are suitable for describing
the glass structure as a function of composition [1]. There
have been studies and reports [2–4] on several binary al-
kali borate glasses, which show that there is a correlation
between elastic properties and borate glass structure. In
Li2O–B2O3 glass system [4], the elastic properties have
been discussed in terms of boron coordination.

Oxide glasses containing transition metal oxides
(TMO) are of continuing interest because of their ap-
plicability in memory switching, electrical threshold, and
optical switching devices, etc. [5–7]. The structural and
electronic properties of these glasses as well as their opti-
cal, magnetic, and mechanical properties depend on the
relative proportions of the different valence states of the
TM ions present. In case of borate glasses, the change
of some BO3 to BO4 takes place with the addition of
transition metal oxides [8].

Shelby [9] reported that glass transition temperature
(Tg) is strictly related to cross-link density in the glass
network, the tightness of packing in the network and the

coordination of the network formers. Mandal et al. [10]
studied the (Tg) for (V2O5)100-x–(Fe2O3)x glasses. They
observed an increase in Tg with the increase in Fe2O3 con-
tent in the glass structure, and explained this as due to
the higher cross-link density in the iron vanadate glasses
than in the vitreous V2O5. El-Alaily and Mohamed
[11] have investigated the differential thermal properties
and the crystallisation behaviour of binary Li2O–B2O3

glasses doped with V2O5 and Fe2O3 oxides. They re-
ported that Tg and crystallisation temperatures (Tc) val-
ues of the glass composition doped with Fe2O3 are higher
than that doped with V2O5.

A series of borate rich metalloborophosphates doped
with different transition metals (Fe, Ni, Cu) have been
prepared by Tao Yang et al. [12]. Their structures have
been solved by single crystal diffraction techniques. The
authors reported that the transition metal ions are dis-
torted octahedral coordinated, and the Cu2+ octahe-
drons with Cu–O bond lengths are shorter than Ni–O
bonds which in turn are shorter than Fe–O bonds.

Marzouk et al. [13] have investigated the optical prop-
erties of binary Li2O–B2O3 glasses doped with transition
metals V2O5, Fe2O3, NiO, MnO2 oxides. They observed
that optical energy gap increases with transition met-
als as in the following order: V2O5 < Fe2O3 < NiO <
MnO2, which indicates the increase in the connectivity
of the glass network structure with the same order.

El-Alaily and Mohamed [14] showed that the refractive
index of lithium borate glass as a base glass composition
has lower value than that with 2 wt.% of V2O5, which is
lower than that with 2 wt.% of Fe2O3. This increase in
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refractive index from the base glass composition to that
with 2 wt.% of Fe2O3, results in the compacting the glass
structure.

In the light of these observations, the present study
was aimed to investigate the influence of doping differ-
ent types of TMO on the mechanical properties and the
network structure of binary Li2O–B2O3 glasses, using ul-
trasonic pulse-echo technique.

2. Experimental
2.1. Preparation of glasses

Binary Li2O–B2O3 glasses doped with different TMO
have been prepared by rapid quenching method. Batches
of each glass composition are listed in Table I. The an-
alytical grade materials of purity more than 99.9% of
Li2CO3, H3BO3, and TMO chemicals were used to pre-
pare the glass samples.

TABLE I

Composition of glasses.

Glass Composition [mol.%]

Li2O B2O3 TMO

A 33.38 66.62 0.0

B 33.35 66.55 0.1 (V2O5)

C 33.35 66.55 0.1 (Fe2O3)

D 33.35 66.55 0.1 (Cr2O3)

E 33.35 66.55 0.1 (NiO)

F 33.35 66.55 0.1 (TiO2)

G 33.35 66.55 0.1 (MnO2)

H 33.35 66.55 0.1 (CuO)

Appropriate amounts in wt.% of chemicals in powder
form were weighed using a digital balance (HR-200) hav-
ing sensitivity of ±0.0001 g. The homogeneity of the
chemicals mixture was achieved by repeated grinding us-
ing an agate mortar. The mixture was preheated at
673 K for 60 min (in platinum crucible) to remove H2O
and CO2. The preheated mixture was then melted in
a muffle furnace whose temperature was controlled at
1373± 10 K for 120 min, and bubble free liquid was ob-
tained. 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 473 K.
Annealing was carried out for a period of 120 min at
623 K. Bulk glass samples of about 1 × 1 × 4 cm3 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
±25 µm. The amorphous nature in all glass samples was
confirmed using X-ray diffraction (XRD).

2.2. Density measurements

Density (ρ) of all glass samples was measured employ-
ing the Archimedes principle at 298 K using toluene as
buoyant and applying the relation

ρ = ρb

(
Wa

Wa −Wb

)
, (1)

where ρb is the density of the buoyant, Wa and Wb are
the sample weights in air and the buoyant, respectively.
The experiment was repeated three times, and the esti-
mated error in density measurement for all glass samples
was found to be ±5 kg/m3.

2.3. Ultrasonic velocity measurements

The ultrasonic wave velocities were obtained apply-
ing pulse-echo technique by measuring the elapsed time
between the initiation and the receipt of the pulse ap-
pearing on the screen of a flaw detector (USIP20 —
Kraütkramer) via standard electronic circuit (Hewlett
Packard 54615 B). The velocity was therefore, calculated
by dividing the round trip distance by the elapsed time
according to the relation

U =
2X

∆t
, (2)

where X is the sample thickness and ∆t is the time in-
terval.

All ultrasonic wave velocity measurements were carried
out at room temperature 298 K using Karl Deutsch trans-
ducer S12 HB4 with fundamental frequency of 4 MHz
to measure longitudinal ultrasonic wave velocity, and
Kraütkramer transducer K4KY with fundamental fre-
quency of 4 MHz for measuring shear ultrasonic wave ve-
locity. The estimated error in velocity measurements was
±21 m/s for longitudinal wave velocity (Ul) and ±10 m/s
for shear wave velocity (Us).

3. Determination of elastic moduli

Elastic moduli (longitudinal L, shear G, bulk K, and
Young’s E) as well as the Debye temperature (θD), soft-
ening temperature (Ts), and Poisson’s ratio (σ) of binary
Li2O–B2O3 glasses doped with different TMOs have been
determined from the measured ultrasonic wave velocities
and density using the relations [15]:

L = ρU2
l , G = ρU2

s , K = L−
(

4G

3

)
,

E = (1 + σ)2G, σ =
L− 2G

2(L−G)
. (3)

The Debye temperature of the glass samples was ob-
tained from the relation given by [16] as

θD =
(

h

kB

)(
3ψNA

4πVa

) 1
3

Um , (4)

where h is Planck’s constant, kB is Boltzmann’s constant,
NA is Avogadro’s number, Va is the molar volume cal-
culated from the effective molecular weight and density
(i.e. M/ρ), Ψ is the number of atoms in the chemical
formula, and Um is the mean ultrasonic velocity defined
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by the relation

Um =
[
1
3

(
1

U3
l

+
2

U3
s

)]− 1
3

. (5)

The transmission and reflection of sound energy in
the glass sample was determined using the acoustic
impedance Zi given by the relation

Zi = Umρ. (6)
The latent heat of melting (∆Hm) as well as the diffu-

sion constant (Di) are given by the relationships [17]:

∆Hm =
9M

128

(
θDrikB

h

)2

, Di =
kBr2

i θD

96h
, (7)

where ri is the bond length of oxide constituents in terms
of chemical composition of prepared glasses.

4. Theoretical models

4.1. Bond compression model

The structure of oxide glasses can be described in
terms of the bond compression model which was first
introduced by Bridge et al. [18] for the study of
single-component glass, and later developed for multi-
-component glasses [19]. The model assumed two as-
sumptions:

(i) The elastic moduli only depend on the “connectiv-
ity” of the network (number of bonds per cation) and
the average force constant. The calculated bulk mod-
ulus (Kbc) according to this model and the first-order
stretching-force constant f , can be estimated according
to the relations

Kbc =
ρNA

9M

n∑

i

xi(nf)r2
i fi [GPa], fi = 1.7/r3

i , (8)

where xi is the mole fraction of the i-th oxide, nf is the
number of network bonds per glass formula unit, ri is the
bond length. Accordingly, the average bond stretching-
-force constant F̄ for a three-dimensional poly-
component oxide glasses can be estimated [19].

(ii) The ratio between the calculated bulk moduli and
the experimental one (Kbc/Kexp) is assumed to be di-
rectly proportional to the atomic ring size (`). The
atomic ring size is defined as the ring perimeter (number
of bonds times bond length divided by π), and is given
by the relation

` =
(

0.0106
Fb

Kexp

)0.26

[nm], (9)

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 con-
stant F̄ .

4.2. Makishima and Mackenzie model

Makishima and Mackenzie [20, 21] presented theoreti-
cal model to calculate the elastic moduli of oxide glasses
in terms of chemical composition, which depends only on
packing density (Vt) and dissociation energy (Gt) of the

oxide constituents. The elastic moduli and Poisson’s ra-
tio were given as follows:

Em = 2VtGt, km = βVtEm, Gm =
3EmKm

9Km − Em
,

σm =
Em

2Gm
− 1, (10)

where β is the slope deduced from the linear regression
between the experimentally obtained bulk modulus and
the product of the packing density multiplied by the ex-
perimentally obtained Young modulus.

5. Results and discussions

The density and molar volume of the glass network de-
pend upon many factors such as structure, coordination
number, cross-link density, and dimensionality of inter-
stitial spaces [22].

Experimental values of density, molar volume, and ra-
tio of the molar volumes Vm(BO4)/Vm(BO3) which was
calculated according to Kodama et al. [23] using fractions
of BO4 units (N4) values (almost equals 0.5) calculated
theoretically according to Inaba et al. [24] are tabulated
in Table II. The density value of pure lithium borate glass
composition (sample A) is 2230 kg/m3. In addition, the
values of the densities of doped glasses with transition
metals (samples from B to H) are slightly increased till
they reach the value of 2253 kg/m3 for the glass compo-
sition doped with CuO as seen in Fig. 1. This is due to

Fig. 1. Variation of density with glass compositions.

the direct addition of 0.1 mol.% of transition metals to
the pure composition. On the other hand, the values of
molar volume of the studied glasses are slightly decreased
from 25.2673 m3/(kg mol) for the pure glass composition
(sample A) to 25.0236 m3/(kg mol) for sample H. This
decrease in the molar volume of the present glasses may
be attributed to the increase in ionic radii of the TMO
ions from vanadium to copper which fill the interstices
of the glass network structure. Furthermore, the val-
ues of the ratio of the molar volumes Vm(BO4)/Vm(BO3)
were found to change slightly from 0.335 to 0.322 indicat-
ing that BO4 units are preferentially included in the six-
-membered rings of pentaborate groups which are trans-
formed from boroxol rings [23].
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TABLE II
Variation of density ρ, molar volume Va, ratio
Vm(BO4)/Vm(BO3), longitudinal velocity Ul, shear
velocity Us.

Glass ρ Va
Vm(BO4)
Vm(BO3) Ul Us

[kg/m3] [m3/(kg mol)] [m/s] [m/s]

A 2230±5 25.267±0.002 0.335 6059±21 3702±10

B 2236±5 25.264±0.002 0.335 6263±21 3732±10

C 2242±5 25.184±0.002 0.331 6328±21 3742±10

D 2237±5 25.237±0.002 0.333 6342±21 3747±10

E 2251±5 25.042±0.002 0.323 6428±21 3801±10

F 2241±5 25.153±0.002 0.329 6632±21 3848±10

G 2243±5 25.137±0.002 0.328 6796±21 3863±10

H 2253±5 25.024±0.002 0.322 7155±21 3990±10

Values of ultrasonic wave velocities (longitudinal and
shear), elastic moduli, and Poisson’s ratio of the in-
vestigated glasses are also listed in Table II. Both lon-
gitudinal (Vl) and shear (Vs) wave velocities increased
from 6059 and 3702 m/s to 7155 and 3990 m/s, respec-
tively, for pure composition (sample A) and those doped
with 0.1 mol.% of different (TMO) ions from samples B
to H as given in Table II and shown in Fig. 2. This
means that the values of the measured wave velocities
of the studied samples doped with TMO are in the fol-
lowing order: 33.38 Li2O − 66.62 B2O3 − 0.1 V2O5 <
33.35 Li2O − 66.55 B2O3 − 0.1 Fe2O3 < 33.35 Li2O −
66.55 B2O3 − 0.1 Cr2O3 < 33.35 Li2O − 66.55 B2O3 −
0.1 NiO < 33.35 Li2O − 66.55 B2O3 − 0.1 TiO2 <
33.35 Li2O − 66.55 B2O3 − 0.1 MnO2 < 33.35 Li2O −
66.55 B2O3 − 0.1 CuO. In general, the increase of ultra-
sonic wave velocity is related to the increase in connectiv-
ity of the glass network. This increase in ultrasonic wave
velocities can be explained by the decrease in molar vol-
ume (i.e. the decrease in the inter-atomic spacing) which
means that the TMO ions with octahedral coordination
are involved in the glass network as modifiers by occu-
pying the interstitial positions which cause the increase
in the average number of the network bonds per unit
volume. Therefore, it can be suggested that the TMO
modification leads to an increase in the network connec-
tivity of the studied glasses with the mentioned order,
supporting the preliminary works [10–14] on lithium bo-
rate glasses doped with different transition metal oxides.

Table III gives the experimentally estimated values
of the elastic moduli: longitudinal modulus L, shear
modulus G, Young’s modulus E, bulk modulus K. As
seen from Table II, all elastic moduli values showed
that the lowest values are for the pure lithium borate
glass composition. These parameters have the values
of 81.9 GPa, 30.6 GPa, 73.5 GPa, and 41.1 GPa, re-
spectively. Doping with 0.1 mol.% of TMO ions from
V2O5 to CuO will cause an increase in elastic moduli
to 115.9 GPa, 35.9 GPa, 91.4 GPa, and 67.5 GPa, re-
spectively, as shown in Table II. Rajendran et al. have
investigated the mechanical properties of P2O5–Na2O–

Fig. 2. Variation of (longitudinal and shear) ultrasonic
wave velocities with glass compositions.

Fig. 3. Plot of bulk modulus with molar volume.

CaO–TiO2 glasses [25]. The authors reported that the
transition metal ions enter the glass network in a position
which create a cross-linking between the phosphate tetra-
hedra (TM–O–P instead of P–O–P), and consequently
improve the stability and mechanical properties of the
glass [25].

Figure 3 shows the variation of bulk (K) modulus with
the molar volume of glass compositions doped with differ-
ent TMOs. From this figure it is noted that a decrease in
volume should lead to an increase in bulk modulus with
changing the type of TMO doped in the lithium borate
glasses. It is clear from the above results that the type of
bonding in the network structure plays a dominant role
in deciding the rigidity of these glass structures, and the
decrease in bulk modulus is associated with the change
in the number of bonds per unit volume and coordina-
tion of the glass network [26]. Therefore, it is clear why
the elastic moduli behaviours of the present glass system
have increased in the same order as the ultrasonic wave
velocities as well as the number of bonds per unit vol-
ume increases from 1.033×1028 to 1.044×1028 m−3 (see
Table IV) which consequently means the increase in the
connectivity of the network structure.
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TABLE III

Variation of longitudinal modulus L, shear modulus G, Young’s modulus
E, bulk modulus K, ratio G/C12, Poisson’s ratio σ of all glass compositions.

Glass L G E K G/C12 σ

[GPa] [GPa] [GPa] [GPa]

A 81.9±0.9 30.6±0.2 73.5±0.3 41.1±0.9 1.473±0.006 0.202±0.006

B 87.7±0.9 31.1±0.2 76.3±0.3 46.2±0.9 1.225±0.006 0.225±0.006

C 89.8±0.9 31.4±0.2 77.3±0.3 47.9±0.9 1.163±0.006 0.231±0.006

D 90.0±0.9 31.4±0.2 77.4±0.3 48.1±0.9 1.158±0.006 0.232±0.006

E 93.0±0.9 32.5±0.2 80.1±0.3 49.7±0.9 1.163±0.006 0.231±0.006

F 98.6±0.9 33.2±0.2 82.7±0.3 54.3±0.9 1.030±0.006 0.246±0.006

G 103.6±0.9 33.5±0.2 84.5±0.3 59.0±0.9 0.913±0.006 0.261±0.006

H 115.3±0.9 35.9±0.2 91.4±0.3 67.5±0.9 0.823±0.006 0.274±0.006

TABLE IV

Values of B–O bond lengths in BO3 and BO4 units, theoretical
bond compression bulk modulus Kbc, Kbc/Kexp ratio, average
ring diameter `, average stretching force constant F , number of
bonds per unit volume Nb, and packing density Vt of all glass
compositions.

Glass B–O B–O Kbc Kbc/Kexp ` F Nb Vt

(BO3) (BO4) [GPa] [nm] [N/m] ×1028 [m3/

[nm] [nm] [m−3] mol ]

A 0.1289 0.1579 115.53 2.809 5.503 391.4 1.033 0.688

B 0.1289 0.1579 115.52 2.502 5.339 391.3 1.033 0.689

C 0.1288 0.1577 115.96 2.420 5.291 392.2 1.036 0.691

D 0.1289 0.1579 115.70 2.406 5.282 391.1 1.035 0.689

E 0.1286 0.1575 116.77 2.352 5.246 393.4 1.043 0.694

F 0.1288 0.1577 116.15 2.248 5.188 392.1 1.038 0.691

G 0.1287 0.1577 116.24 2.248 5.188 392.4 1.039 0.692

H 0.1285 0.1574 117.00 2.071 5.076 394.0 1.044 0.695

TABLE VI

Comparison of experimentally estimated elastic moduli (longitu-
dinal L, bulk K, and Poisson’s ratio σ) with those obtained the-
oretically using theoretical models.

Glass La
exp Lb

th Lc
m Ka

exp Kb
th Kc

m σa
exp σb

th σc
m

[GPa] [GPa] [GPa] [GPa] [GPa] [GPa]

A 81.9 85.3 86.7 41.1 45.2 47.1 0.202 0.227 0.239

B 87.7 96.3 88.3 46.2 51.0 48.9 0.225 0.227 0.249

C 89.8 100.1 89.0 47.9 53.0 49.7 0.231 0.227 0.252

D 90.0 100.4 88.9 48.1 53.2 49.7 0.232 0.226 0.253

E 93.0 103.8 91.0 49.7 55.0 51.7 0.231 0.227 0.261

F 98.6 108.3 92.1 54.3 57.3 53.2 0.246 0.227 0.269

G 103.6 108.3 93.1 59.0 57.3 54.4 0.261 0.227 0.273

H 115.3 118.7 97.5 67.5 62.8 59.1 0.274 0.227 0.291
a Experimental.
b Calculated using bond compression model.
c Calculated using Makishima and Mackenzie model.
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An important parameter describing the dimensional-
ity of the glass system investigated is the ratio G/C12

given by Chen et al. [27], where C12 = L− 2G. The au-
thors claimed that this ratio is considered as an indicator
of the character of the force field. It was observed that
G/C12 = 1 when the type of the forces is central, and
G/C12 6= 1 if the type of forces is non-central. Moreover,
it was found that as the ratio of G/C12 approaches to
unity, the central force field may reduce the fraction of
the broken bonds in the glass structure. Therefore, the
decrease of the ratio G/C12 from 1.473 for the pure glass
composition to 0.823 for the glass composition doped
with 0.1 mol.% of CuO (see Table III) indicates that the
types of forces are non-central and also confirms the in-
crease in the connectivity of the network structure.

Table III gives the values of Poisson’s ratio σ. They
have increased from 0.202 to 0.274 with changing the type
of TMO ions from samples A to H. This increase in Pois-
son’s ratio can be explained in terms of ionic bonds that
are formed in the glass network. In addition, Bridge and
Higazy [28] have suggested a close correlation between
Poisson’s ratio and cross-link density which is defined as
the number of bridging bonds per cation. They reported
that the cross-link density of two, one, and zero are re-
lated to the values of Poisson’s ratio of 0.15, 0.39, and
0.4, respectively.

The Debye temperature (θD) is an important parame-
ter of solids, which represents the temperature at which
nearly all the vibrational modes are excited. Calculated
values of the mean ultrasonic velocity Um, Debye tem-
perature θD, acoustic impedance Z, latent heat of melt-
ing ∆Hm, diffusion constant Di, and thermal expansion
coefficient α of the glasses under study are collected in
Table V.

TABLE V

Variation of mean ultrasonic velocity Um, Debye tempera-
tures θD, acoustic impedance Zi, latent heat of melting ∆Hm,
diffusion constant Di, and thermal expansion coefficient α of
all glass compositions.

Glass Um θD Zi ∆Hm Di α

[m/s] [K] ×10−6 ×103 ×109 ×10−7

[kg m−2 s−1] [J] [m2 s−1] [1/◦C]

A 4088±23 571±3 91.17±0.12 1.528 3.376 92.36

B 4131±23 577±3 92.35±0.12 1.565 3.414 91.78

C 4145±23 580±3 92.92±0.12 1.578 3.428 91.93

D 4152±23 580±3 92.86±0.12 1.581 3.431 91.62

E 4211±23 590±3 94.78±0.12 1.631 3.488 91.57

F 4270±23 597±3 95.71±0.12 1.673 3.533 90.32

G 4295±23 601±3 96.33±0.12 1.694 3.554 90.20

H 4443±23 623±3 100.10±0.12 1.817 3.681 88.67

It can be observed from Table V that the Debye tem-
perature increased from 571 to 623 K, respectively, for
glass compositions from A to H doped with 0.1 mol.% of

TMO. The increase in the mean ultrasonic velocity from
4088 to 4443 m/s and consequently the increase in the
Debye temperature are mainly due to the increase of the
number of bonds per unit volume as a direct effect of
insertion of TMO ions into the glass network structure.

The values of the acoustic impedance Zi were found to
increase from 91.17×10−6 to 100.10×10−6 (kg m−1 s−1)
when the glass compositions changed from A to H. The
variation of the acoustic impedance indicates that the ad-
dition TMO ions (from V2O5 to CuO) causes the increase
in connectivity of the glass network, thereby increasing
the number of bonds per unit volume, resulting in higher
impedance to the propagation of ultrasonic waves in the
specimens [29].

Furthermore, latent heat of melting ∆Hm, and diffu-
sion constant Di were found to increase from 1.528×103 J
and 3.376 × 109 m2 s−1, respectively, to 1.817 × 103 J
and 3.681× 109 m2 s−1, respectively. This increase with
increasing the ionic radius of the TMO ions from vana-
dium to copper would explain the increase in the De-
bye and softening temperatures (i.e. the bond distances
used in the calculations are taken approximately equal to
the sum of the ionic radii of TM and oxygen ions [30]).
Also, calculated values of thermal expansion coefficient α
of the glasses under study (according to Makishima and
Mackenzie [31]) were found to decrease from 92.36×10−7

to 88.67×10−7 1/◦C. Srivastava and Srinivasan [32] have
stated that the thermal expansion coefficient of materi-
als depends on the strength of bonds. Therefore, the in-
crease in the number of bonds per unit volume explains
the decrease in the values of thermal expansion coeffi-
cient which confirm the increase in experimental elastic
moduli.

It is interesting to interpret the variation in the experi-
mental elastic behaviours observed in this study with the
bond compression model put forward by Bridge et al. [18]
which extended by Abd El-Moneim et al. [33, 34], and
Makishima and Mackenzie model [20, 21] for predicting
the compositional dependence of elastic moduli of poly-
-component oxide glasses. Table IV gives the values of
theoretical bond compression bulk modulus Kbc, ratio of
Kbc/Kexp, atomic ring diameter (`), average stretching
force constant F , average cross-link density n̄c, and pack-
ing density Vt. It is quite clear from Table IV that the
values of the bond compression bulk modulus Kbc (cal-
culated employing the theoretically obtained B–O bond
lengths in BO3 and BO4 units using the model proposed
by Hager and El-Hofy [35]) are slightly increased from
115.53 to 117 GPa, for all glass compositions under study.
Moreover, addition of very small amounts of TMO ions
to the pure composition (sample A) causes the increase in
the average stretching force constant F from 391.4 N m−1

(for sample A) to 394.0 N m−1 (for sample H). There-
fore, the increase in the values of Kbc and F explains the
increased elastic properties of the glasses network struc-
tures.

In general, the ratio Kbc/Kexp is a measure of the
extent to which bond bending is governed by the con-



Effect of Doping by Different Transition Metals . . . 677

figuration of the network bonds, i.e. this ratio is as-
sumed to be directly proportional to the ring diameter
and inversely proportional to the experimentally deter-
mined elastic moduli. The values of Kbc/Kexp ratio and
` were found to decrease from 2.809 and 5.503 nm to
2.071 and 5.076 nm, respectively, as shown in Fig. 4.
These increases in Kbc/Kexp and ` confirm the increase
in elastic moduli and therefore the network structure be-
comes more compact. This is due to the increase in the
number of bonds per unit volume from 1.033 × 1028 to
1.044×1028 m−3 as a direct effect of addition of 0.1 mol.%
of TMO from V2O5 to CuO for glass samples A to H.
Furthermore, the calculated values of the packing den-
sity Vt of the present glass compositions were found to
increase slightly from 0.688 to 0.695 m3/mol describing
the increase in the rigidity of the network structure.

Fig. 4. Plot of the ratio (Kbc/Kexp) and atomic ring
diameter (`) against glass compositions.

Theoretically estimated values of elastic moduli (longi-
tudinal L, bulk K, and Poisson’s ratio σ) obtained using
theoretical models were collected in Table VI. It is clearly
noted that there is good agreement between the experi-
mentally estimated elastic moduli and those theoretically
estimated.

6. Conclusions

The density, ultrasonic wave velocities, and elastic
properties of binary Li2O–B2O3 glasses doped with dif-
ferent TMO from V2O5 to CuO have revealed the follow-
ing conclusions:

1. The densities of the glass system studied were found
to be slightly increased, while the molar volumes
decreased.

2. Ultrasonic velocities (both longitudinal and shear),
and the Debye temperature values increased with
addition of small amounts of different TMO from
V2O5 to CuO, which is interpreted as due to the
increase in connectivity of the network structure.

3. Elastic moduli and Poisson’s ratio increased, cal-
culated values of thermal expansion coefficient de-

creased and number of bonds per unit volume in-
creased, indicating the increase in rigidity of the
network structure.

4. Theoretical values of elastic moduli and Poisson’s
ratio were calculated using theoretical model of
bond compression and Makishima and Mackenzie’s
theory, and showed good agreement with the ex-
perimental ones.

Acknowledgments

The authors wish to express their gratitude to
Prof. Dr. M.A. Sidkey, National Institute for Standards,
and Prof. Dr. H. El-Batal, National Research Center, for
their kind help and encouragements which they extended
to the authors throughout the period of this study.

References

[1] E. Schreiber, O.L. Anderson, N. Soga, in: Elastic
Constants and Their Measurement, Eds. J. Robinson,
S.E. Redka, The Kingsport Press, New York 2002,
p. 1.

[2] M. Kodama, J. Mater. Sci. 26, 4048 (1991).

[3] M. Kodama, T. Hirashima, T. Matsushita, Phys.
Chem. Glasses 34, 130 (1993).

[4] M. Kodama, T. Matsushita, S. Kojima, Jpn. J. Appl.
Phys. 34, 2570 (1995).

[5] A. Gosh, J. Appl. Phys. 64, 2652 (1988).

[6] J. Livage, J.P. Jollivet, E. Tronc, J. Non-Cryst. Solids
121, 35 (1990).

[7] Y. Sakurai, J. Yamaki, J. Electrochem. Soc. 132, 512
(1985).

[8] A.A. Soliman, S.A. Aly, H. Frhan, Y.M. Abo-Zeid,
Rad. Phys. Chem. 54, 499 (1999).

[9] J.E. Shelby, J. Appl. Phys. 46, 193 (1975).

[10] S. Mandal, S. Harzra, D. Das, A. Gosh, J. Non-Cryst.
Solids 183, 315 (1995).

[11] N.A. El-Alaily, R.M. Mohamed, Nucl. Instrum. Meth-
ods Phys. Res. B 179, 230 (2001).

[12] Tao Yang, G. Li, J. Ju, F. Liao, M. Xiong, J. Lin,
J. Solid State Chem. 179, 2534 (2006).

[13] S.Y. Marzouk, N.A. El-Alaily, F.M. Ezz-Eldin,
W.M. Abd-Allah, Physica B 382, 340 (2006).

[14] N.A. El-Alaily, R.M. Mohamed, Mater. Sci. Eng. B
98, 193 (2003).

[15] A.K. Varshneya, Fundamentals of Inorganic Glasses,
Acad. Press, New York 1994.

[16] O.L. Anderson, in: Physical Acoustics, Ed. W.P. Ma-
son, Vol. III B, Academic Press 1965, p. 45.

[17] A.R. Kumar, N. Veeraiah, J. Mater. Sci. Lett. 18, 475
(1999).

[18] B. Bridge, N.D. Patel, D.N. Waters, Phys. Status So-
lidi A 77, 655 (1983).

[19] B. Bridge, A.A. Higazy, Phys. Chem. Glasses 27, 1
(1986).



678 M.S. Gaafar et al.

[20] A. Makishima, J.D. Mackenzie, J. Non-Cryst. Solids
12, 35 (1973).

[21] A. Makishima, J.D. Mackenzie, J. Non-Cryst. Solids
17, 147 (1975).

[22] F.A. Khalifa, Z.A. El-Hadi, F.A. Moustaffa,
N.A. Hassan, Indian J. Pure Appl. Phys. 27, 279
(1989).

[23] M. Kodama, S. Feller, M. Affatigato, J. Thermal
Anal. Calorimetry 57, 787 (1999).

[24] S. Inaba, S. Fujino, K. Morinaga, J. Am. Ceram. Soc.
82, 3501 (1999).

[25] V. Rajendran, A.V. Gayathuri Devi, M. Azooz,
F.H. El-Batal, J. Non-Cryst. Solids 353, 77 (2007).

[26] V. Rajendran, N. Palanivelu, B.K. Chaudhuri,
K. Goswami, J. Non-Cryst. Solids 320, 195 (2003).

[27] C. Chen, Y. Wub, G. Hwa, Mater. Chem. Phys. 65,
306 (2000).

[28] B. Bridge, A.A. Higazy, Phys. Chem. Glasses 27, 1
(1986).

[29] V. Rajendran, H.A. El-Batal, Indian J. Pure Appl.
Phys. 33, 29 (1995).

[30] N. Umesaki, D.A.H. Cunnigham, N. Kamijo,
K. Hanada, Y. Iwadate, in: Proc. Second Int. Conf.
on Borates Glasses, Crystals and Melt, Abingdon
(UK) 1996, Eds. A.C. Wright, S.A. Feller, A.C. Han-
non, Society of Glass Technology, Sheffield (UK) 1997.

[31] A. Makishima, J.D. Mackenzie, J. Non-Cryst. Solids
22, 305 (1976).

[32] C.M. Srivastava, C. Srinivasan, Science of Engineer-
ing Materials, 2nd ed., New Age International (P)
Ltd., New Delhi 1997.

[33] A. Abd El-Moneim, Physica B 325, 319 (2003).

[34] A. Abd El-Moneim, L. Abd El-Latif, Phys. Chem.
Glasses 44, 446 (2003).

[35] I.Z. Hager, M. El-Hofy, Phys. Status Solidi A 198, 7
(2003).


