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Elastic moduli of boron oxyfluoride glasses:

experimental determinations and application

of Makishima and Mackenzie’s theory
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Oxyfluoride glass system based on 60B2O3–(40 − x)PbO–xPbF2, where x = 0, 5, 10, 15, 20
and 25 mol% was prepared. The density of each glass was measured and the molar volume
was calculated. The velocities for both the longitudinal and the transverse ultrasonic waves
were measured by using the pulse-echo technique. The longitudinal, shear, Young’s and
bulk moduli were calculated from the measured velocity and density values. Makishima
and Mackenzie’s theory was applied to calculate the elastic moduli of the present glasses.
The calculated values are consistent with the measured ones. The measured and the
calculated moduli were correlated for the composition of the glasses as a function of PbF2

content and they are increased with increasing PbF2. This is due to some structural changes
which occur upon replacing PbF2 instead of PbO content in the glass matrix.
C© 2002 Kluwer Academic Publishers

1. Introduction
Boron oxide glass is one of the best known glass-
formers, as well as, a very good host matrix for heavy
metal oxides (HMO). This is because it vitrifies up to
very high additions of the heavy metal oxides. Lead
oxide is an interesting component of borate glasses not
only because PbO can enter the glass network both as
a network modifier and former but also because of the
extreme differences between the masses of the boron
and the lead atoms which favors spectroscopic inves-
tigations. Moreover, low melting borate glasses con-
taining PbO have valuable technical significance. The
possibility of modifying the dimensionality of the B2O3
structure by replacing some of the oxygen atoms by the
F atoms had been explored [1]. Most previous works
[2–6] on borate glasses are concentrated to study the
structure, electrical and thermal properties. The sin-
gle bond strength of the B O (809 KJ/mol) is consid-
ered to be very high, but boron ions are coordinated
by three oxygen in B2O3 glass. Thus, pure B2O3 glass
has low elastic modulus (∼20 GPa) and low Tg (glass
transition temperature), indicating that plastic deforma-
tion may take place easily under high stress [7]. As
other cations are introduced into B2O3 glass, boron
ions change their coordination number from three to
four causing an increase in Young’s modulus as indi-
cated by the case of B2O3–PbO glass [7]. The present
work is aimed to prepare an oxyfluoride glass system:
60B2O3–(40 − x)PbO–xPbF2, where x = 0, 5, 10, 15,
20 and 25 mol%. The density and molar volume will
be determined. The mechanical properties (longitudi-
nal and shear velocities, longitudinal, shear, Young’s,
bulk moduli and Poisson’s ratio) for this system will

be investigated by employing an ultrasonic pulse-echo
technique. Besides, the Makishima and Mackenzie’s
theory for elastic moduli [8, 9] will be applied to have a
comparison between the theoretical estimated and ex-
perimental calculated results of investigated properties
for the worked glasses.

2. Experimental
Glasses were prepared from chemically pure reagents,
H3BO3, PbO and PbF2 in a porcelain crucible for
30 min. at 800–900◦C melting temperature depend-
ing on chemical composition. The melt was poured
into a brass mould to obtain bar samples with dimen-
sions about 1.2 × 1.0 × 0.4 cm. The casted samples
were annealed near the glass transition temperature for
(∼300◦C) 1 hr and then they were cooled to room tem-
perature. The annealed samples were polished to have a
good parallelism faces to be suitable for the ultrasonic
measurements.

The density was measured by Archimede’s method
using CCl4 as an immersion liquid. The error in the den-
sity measurements was in the range of ±0.001 gm/cm3.
The molar volume was calculated according to:
Vm = M/ρ, where M is the molecular weight of the
glass sample and ρ its density.

The ultrasonic velocities, i.e, longitudinal and shear,
were measured by measuring the elapsed time between
the initiation and the receipt of the pulse, appearing
on the screen of the flaw detector USM2 Krautkramer
by standard electronic circuit (Philips PM 3055
Oscilloscope). The velocity was therefore obtained by
dividing the round trip distance by the elapsed time.
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The measurements have been conducted at 5 MHz fre-
quency. The relative error in the determined values of
the velocities is roughly ±30 m · s−1.

The elastic onstants such as longitudinal L , shear S,
Young’s modulus E , bulk modulus B and Poisson’s
ratio σ have been determined by using Equations 1
to 5 respectively, where VL, VS are longitudinal and
transverse velocities and ρ is the glass density,
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The Debye temperture was calculated according to this
Equation,
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where h is Planck’s constant, K is Boltzman constant,
N is the Avogadro’s number, Vm is the molar volume of
the glass and V is the mean ultrasonic velocity which
is given by:
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The glass microhardness is calculated according to this
Equation,

H = (1 − 2σ )E

6(1 + σ )
(8)

3. Results and discussion
The composition, density and molar volume of the
present glasses which were designated as B-1, B-2,
. . . . . ., B-6 are given in Table I. Fig. 1 represents the

T ABL E I The composition (mol%), density ρ and molar volume Vm

of the present B2O3-PbO-PbF2 glasses

Sample no. B2O3 PbO PbF2 ρ (gm/cm3) Vm (cm3)

B-1 60 40 0 5.239 25.01
B-2 60 35 5 5.383 24.55
B-3 60 30 10 5.261 25.33
B-4 60 25 15 5.279 25.45
B-5 60 20 20 5.223 25.93
B-6 60 15 25 5.282 25.85

Figure 1 The variation of density and molar volume with composition
of the present glasses.

variations of the density and the molar volume with the
mol% of PbF2. It is found from this figure that very
small decrease in the density was observed while a no-
ticeable increase in the molar volume was a resulted
upon the addition of PbF2 instead of PbO in the present
borate oxyfluoride glasses. The less decrease in density
is due to the fact that the molecular weight of PbO (223)
is comparable to that of PbF2 (245). So the effect of the
relatively somewhat small difference of the molecular
weights is compensated by the large increase of the vol-
ume of the glass by adding PbF2 instead of PbO. The
increase of the molar volume, as shown in Fig. 1 is ex-
pected because the volume of PbF2 (17.04 × 10−6 m3)
is higher than that of PbO (11.28 × 10−6 m3).

In the present study the elastic moduli was calculated
by applying the Makishima and Mackenzie’s theory
[8, 9]. The Young’s modulus of a crystalline oxide is
given by the following,

E = 2αU

r3
o

(9)

where α is the Madelung constant, U is the attraction
electrostatic energy and ro is the interatomic distance.

In the glass, because of the disorder structure, it is
difficult to get a meaningful Madelung constant as for a
crystalline oxide. Makishima and Mackenzie [8, 9] pro-
posed to take the dissociation energy of oxides per unit
volume, G t, instead of the Madelung energy multiplied
by dimensionless term, relative to the packing density
factor, Vt. Therefore, Young’s modulus may then be
written as follows,

E = 2G tVt (10)

The factor G t can be obtained from the dissociation
energy per unit volume, UD and the molar volume of
the i component by the following relation,

G t = UD
ρi

Mi
(11)
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where ρi and Mi are the density and molar weight of the
component i , respectively. For the present glass system
the dissociation energy UD of the B2O3, PbO and PbF2
is obtained from the Hess’s cycle, by knowing the en-
thalpies of each component from [10] and are given in
Table III. In the case of a multicomponent glass, if xi

is the molar fraction of the component i , then:

G t =
∑

i

Gi xi (12)

In order to calculate the Vt factor of an oxide Mx Oy

glass, it is necessary to calculate firstly the individual
density factor, Vi factor of each oxide linked to the
packing compactness is:

Vi = 4π N

3

(
xr3

M + yr3
O

)
(13)

where, rM and rO the ionic radii of the cation and anion
respectively. Thence, the total packing density factor is
given by:

Vt = ρ

M

∑
i

Vi xi (14)

Consequently, the Young’s modulus is given by the fol-
lowing Equation,

E = 2
ρ

M

∑
i

Vi xi

∑
i

Gi xi (15)

And the bulk modulus was calculated according to the
following relation

B = γ Vt E = 2γ V 2
t G t (16)

where γ = 0.807 is the slope deduced from the exper-
imental value of B for the present glass according to
[12].

Therefore, the shear modulus S and Poisson’s ratio σ

are determined by knowing the values of the bulk and
Young’s moduli by the following Equations,

S = 3E K

9K − E
(17)

σ = E

2S
− 1 (18)

All the above parameters and moduli have been cal-
culated and given with their experimentally determined

T ABL E I I The velocities VL and VS (m/s) (both longitudinal and transverse), longitudinal modulus, L (GPa), the experimental and calculated
Young’s modulus, E (GPa), bulk, B and shear moduli, S (GPa), and Poisson’s ratio of the present borate oxyfluoride glasses

Sample no. VL (m/s) VS (m/s) La (GPa) Ea (GPa) Eb (GPa) Ba (GPa) Bb (GPa) Sa (GPa) Sb (GPa) σ a σ b

B-1 3700 2176 71.72 61.65 65.40 38.65 35.83 24.81 27.35 0.243 0.196
B-2 3690 2170 73.29 62.60 68.97 39.49 39.14 25.35 28.59 0.243 0.206
B-3 3850 2265 77.98 66.68 69.28 41.99 38.82 26.99 28.81 0.243 0.202
B-4 3700 2176 72.27 61.77 71.35 38.94 40.49 24.99 29.57 0.243 0.206
B-5 4000 2350 83.57 71.33 72.42 45.11 41.26 28.84 29.99 0.243 0.207
B-6 4300 2530 97.66 83.53 75.00 52.58 43.37 33.81 30.95 0.243 0.212

aExperimental Young’s modulus.
bCalculated Young’s modulus.

TABLE I I I The dissociation energy per mole UD, volume unit Vi and
dissociation energy per unit volume Gi of each component

Compound UD (KJ/mol) Vi × 10−6 (m3) Gi (KJ/mol/m3)

B2O3 2654 20.79 69.091
PbO 468 11.28 16.775
PbF2 1004 17.04 33.741

TABLE IV The dissociation energy per unit volume G t, volume unit
Vt, average crosslink density per cation nc, number of bonds nb, Debye
temperature θD and the microhardness H of the present boron oxyfluo-
ride glasses

Sample Vt × 10−6 nb × 1028 H
no. G t (m3) nc (m−3) θD (GPa)

B-1 48.16 0.679 1.25 8.19 207 4.249
B-2 49.01 0.704 1.34 8.70 208 4.314
B-3 49.86 0.695 1.44 8.79 215 4.598
B-4 50.71 0.704 1.53 9.09 209 4.397
B-5 51.56 0.702 1.63 9.26 226 5.155
B-6 52.32 0.717 1.72 9.65 238 5.761

Figure 2 The variation of the longitudinal and shear wave velocities
with composition of the present glasses.

values in Tables II to IV. The calculated values of UD,
Gi and Vi of the present B2O3, PbO and PbF2, see
Table III, are agreed with that obtained from Rocherulle
and Matecki [11, 12]. Table II and Fig. 2 show the lon-
gitudinal and shear wave velocities with composition
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Figure 3 The variation of the longitudinal modulus with composition of
the present glasses.

Figure 4 The variation of the measured and calculated shear modulus
with composition of the present glasses.

which increase by increasing PbF2 content instead of
PbO of the studied glasses. The measured longitudinal
modulus is increased by increasing PbF2 content, as
shown in Fig. 3 and given in Table II.

Also referring to Table II and Figs 4–6, it can be
seen that the calculated values for the elastic moduli of
the present oxyfluoride glasses using Makishima and
Mackenzie’s theory, are in agreement with those ex-
perimental ones. This means that the Makashima and
Mackenzie’s theory can be applied to the mixed cova-
lent and ionic bonds.

The substitution of PbO by PbF2 in the present boron
oxyfluoride glass causes an increase in the Young’s
modulus and all the remaining elastic moduli as shown
in Figs 4–6 which can be expected from their difference
in bond strength, respectively. The measured Young’s
modulus of the present glass of the sample B-1 which
is undoped with PbF2 is about 61.65 GPa is consistent
with that obtained by Soga [7], ∼60 GPa.

Figure 5 The variation of the measured and calculated bulk modulus
with composition of the present glasses.

Figure 6 The variation of the measured and calculated Young’s modulus
with composition of the present glasses.

The Debye temperature θD increases with the in-
crease of PbF2 content as shown in Fig. 7 and indicated
in Table IV. This means that the rigidity of the glass
has been increased [13]. Fig. 8 and Table IV reveal that
the microhardness H increases with increasing PbF2
content, and this in turn would interpret the increase of
the glass rigidity which agreed with the result obtained
above from θD data.

The substitution of oxygen by fluorine in boron oxide
can lead to a significant modification of the boron coor-
dination polyhedra i.e., new units can be expected due
to the formation of triangle based chains, connections
of the chains by O or F, chain cut-off with genera-
tion of terminal groups [14, 15]. The different possi-
bilities are BO3, BO2F, BOF2 for triangle shape and
BO2F2, BOF3, BO3F, BO4 for the tetrahedra coordina-
tion [14, 15]. So that, according to the structural study
of the boron oxyfluoride glass which contains PbF2
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Figure 7 The variation of the Debye temperature with composition of
the present glasses.

Figure 8 The variation of the microhardness with composition of the
present glasses.

instead of PbO will form the following groups as were
given by [15]:

(a) BO3 triangles playing the role of chain crosslink,
(b) BO2F with the F atom non-bridging,
(c) BOF2 triangles with two non-bridging F atoms

(chain terminating groups),
(d) BO2F2 tetrahedra which form chain crosslinks

through pendant F atoms;

Also, BOF3 tetrahedra which provide the precur-
sor structure for the BF3 molecule bubble nucleation
[1, 16]. According to the above discussed structrural
view point, it is expected that the BO2F2 tetrahedra
which form chain crosslinking through F atoms is the
predominant structural group of the present glass in the
presence of BO3 triangles which also make crosslinking
of the glass structure. This is confirmed by the calcula-

tion of the crosslink density per cation, nc, (1.25–1.72)
and the number of bonds per unit volume of each glass
sample, nb (8.19 × 1028–9.65 × 1028 m−3) which were
increased by increasing PbF2 content of the present
glasses, see Table IV. And this would interpret the in-
crease of the elastic moduli of the studied glasses.

4. Conclusion
The results of the studied boron oxyfluoride glasses can
be concluded as follows:

1. The density is slightly decreased and the molar
volume is to some extent, increased by increasing the
PbF2 content. This is due to that, the molecular weight
of the PbF2 is relatively close to that of PbO. Also, the
volume of PbF2 (17.04 × 10−6 m3) is larger than that
of PbO (11.28 × 10−6 m3).

2. The values of the velocities for both the longitudi-
nal and the shear ultrasonic waves were increased with
increasing the PbF2 content. The mechanical properties
such as: longitudinal, Young’s, bulk and shear moduli
were also increased with increasing PbF2 content. This
was due to the crossliking of the glass structure.

3. The Makishima and Mackenzie’s theory was ap-
plied to calculate the elastic moduli for the tested
glasses. The calculated values of the elastic moduli ac-
cording to this theory were in well agreement with the
corresponding experimental ones. So that, the above
theory is applicable to calculate the elastic moduli of
the oxyfluoride glasses, as well as, those of the oxide
[8, 9] and fluoride [12] glasses.
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