Journal of Scientific Research and Advances

Elastic and mechanical properties of high purity Na-Ca-P-B:Cu glasses–
quenching route
S. Shailajhaa*, K. Geethaa, P. Vasantharanib
5

10

15

Cite this article: J. Sci. Res. Adv. Vol. 2, No. 3, 2015, 108-114.
Glasses in the system Na2O-CaO-B2O3-P2O5-CuO with different CuO contents have been prepared by
melt quenching technique. X-ray diffraction, Pulse echo analysis and Vickers hardness analysis were
investigated. The amorphous and few crystalline nature of these samples was verified by XRD. Elastic
properties, Poisson’s ratio, micro-hardness and Debye temperature were assessed by sound wave velocity
measurements. The results showed that, density increases, the molar volume decreases as both the
ultrasonic velocity and the transition temperature increases with increasing the concentration of CuO.
Elastic properties studies on the network structure of these glass samples, have revealed that Cu+/Cu2+
ions are incorporated in the form of CuO, decreasing the molar volume and compensate for the decrease
in the average coordination number of boron atoms which was the reason for the increase in elastic
moduli. Hardness was analysed by Vickers hardness tester. The results showed that the mechanical
strength of the glass was increased with the increase of CuO content.
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Newly glassy materials from alkali borate glasses with high ionic
conductivity are receiving considerable attention because of their
unique properties and their potential applications[1-4]. Alkali
borate glasses show the anomalous composition dependences of
physical properties, such as density, sound velocity and thermal
expansion by the addition of alkali oxide to pure B2O3 glass[5]. In
these glasses two group of bands, one due to the trigonal BO3 and
the second due to the tetragonal BO4 units are present. Borate
glasses are also interesting as inorganic hosts for transition metal
ions.
Phosphate glasses have recently been considered for many
applications due to a series of attractive properties such as low
glass transition and melting temperatures, high thermal expansion
coefficient, biocompatibility, low dispersion and high refractive
indices, which recommend them in many applications such as,
photonics, fast ion conductors[6-9] and glass to metal seals[1012], self cleaning ability for NH3 gas adsorption and most
recently biomedical engineering. Previous studied have clarified
that these applications require the optimization of phosphate
based glasses property that is achievable by tuning their
composition and structure.
Na2O causes a reduction in the melting point and facilitate the
homogenization of the glass system, thereby decreasing the
possible structural defects[13]. The role of Na2O in the B2O3
network is to modify the host structure through the
transformation of the structural units of the borate network from
[BO3] to [BO4].
Sodium Diborate is a type of glasses that consists of one-third of
sodium oxide and two-third of boron oxide. This type of borate
glasses draws great attention due to their improved electrical and
optical properties when modified by phthalocyanine or by rare
earth ions. The presence of P2O5 in the matrix of alkali borate
This article is © S. Shailjha et al.
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glasses improves the glass quality and enhances the IR
transmission, especially when modified the rare earth ions.
Furthermore, borophosphate glasses possess a variety of other
useful parameters. The combination of two glass formers P2O5
and B2O3 is an intrinsically interesting subject of study. The
properties of the mixed glasses are specific to the mixture, being
distinct from the properties of either pure or phosphate networks.
The basic units of pure amorphous borate glasses are trigonal
BO3 groups, whereas the basic units of pure amorphous
phosphate glasses are PO4 tetrahedra linked through covalent
bridging oxygens. The addition of modifier oxide to borate and
phosphate networks has differing effects. In a borate network, the
addition of a modifier oxide the degree of polymerization, the
boron coordination changes from trigonal to tetrahedral, and the
basic units changes from BO3 to BO4. In the phosphate network,
the addition of a modifier oxide has the opposite effect, it has a
depolymerizing effect; the extra oxygen atoms introduced by the
modifier oxides form negative non-bridging oxygen sites, whose
charge is compensated by the positive charge of the modifier
cations [14].
Copper phosphate glasses have interesting electrical conduction
and optical absorption in the visible, resulting in coloration of the
glass. In Addition, copper in sodium borophosphate glasses have
improved chemical durability; therefore, copper contribute to the
stabilization of the glass structure. From the technological
importance of these glasses and their interesting properties and
potential applications, it would be interesting to study the role of
CuO oxides in the formation of a glass with their
participation[15].
Glasses have important advantages over crystals because of their
potentially higher doping levels of rare earth ions, flexible
geometry and ease of fabrication. The broader spectral features in
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glasses also favour energy transfer process. Our paper is a
continuation of research concerning the behaviour of transition
metal ions in glasses of various chemical compositions based on
their optical spectra.
Ultrasonic characterization of materials is a versatile tool for the
inspection of their microstructure and their mechanical properties.
This is possible because of the close association of the ultrasound
waves with the elastic and the inelastic properties of the
materials. There have been studies and reports on several binary
alkali borate glasses, which show that there is a correlation
between elastic properties and borate glass structure [14].
In the present study, we study micro-hardness, longitudinal and
shear sound wave velocities and their elastic properties of Na2OCaO-B2O3-P2O5:CuO glasses. Part of this work was published by
S.Shailajha et al. in the journal of Spectrochemica Acta Part A:
Molecular and Biomolecular Spectroscopy[16]. In addition, an
attempt has been to do such kind of correlation between the
changes in ultrasound velocities and elastic properties to the
anticipated structural changes in the CuO doped borate glassy
network using XRD.

Materials and methods
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Fig. 2 Longitudinal (a) and shear (b) waveform
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All the used reagents were analytical grade and employed as
received without further purification. The composition of the
glass was Na2O, CaO, P2O5, B2O3 and dopant of CuO for which
the oxides composition and samples code are listed in Table 1.
The starting materials were reagent grade of Na2O, CaO, P2O5
and B2O3. Stoichiometric mixture of Na2O, CaO, P2O5 and B2O3
were weighed and mixed thoroughly in an agate mortar with
pestle for about 2 hours to get good homogeneity. The batch
mixture was transferred into an Alumina crucible. The crucible
was covered and heated in an electric furnace for about 6 hrs at
the temperature of 930K to allow the phosphate to decompose
and react with other batch constituent before melting occur,
ordinarily. The glass samples were then annealed in an oven at
130 K for 2 hours to reduce thermal stresses. The glass samples
were polished using diamond disc and diamond powder to
produce parallel opposite surfaces for ultrasonic velocity
measurements. The photograph of the glass samples is shown in
Fig.1.

Fig. 3 XRD patterns for samples S0 – S4

Methods
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X-Ray diffraction analysis
The amorphous nature of the samples is confirmed by X-ray
diffraction technique using Xpert-pro diffracted method operated
at 40 kV voltage and 30 mA current from 10o to 80o utilizing
CuKα radiation source (=1.54060 Å).

Fig. 1 Photograph of NCPBC glass samples
55
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Fig. 4 XRD Patterns for Samples S5 – S10
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Density measurements
The densities of the glasses were determined by Archimedes
method with benzene as an immersion liquid and applying the
relationship (1)
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(3)

Longitudinal modulus L = ρU 2

(4)

Shear modulus G   U s2

(5)

Bulk modulus K  L   4 G

(6)

Young’s modulus E= (1+) 2G

(7)

Poisson’s ratio    L  2G 



(8)

Microhardness H  1  2 

(9)

3

 2L  G 
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The elastic strain produced by a small stress can be described by
two independent elastic constants, Longitudinal modulus (L) and
Shear modulus (G) [17]. Elastic moduli were calculated using the
following standard relations (4) – (12) [17].


(2)

Where d is the sample thickness (mm) and ∆t is the time interval
(s). The measurements were repeated three times to check the
reproducibility of the data. The estimated error in the velocity
measurements were ±11 ms-1 and ±8 ms-1 for longitudinal and
shear velocities, respectively. Figs 2 (a) & (b) show one such
echo wave form obtained for longitudinal and shear waves.
Vickers hardness measurements
The Hardness measurements have been made in the Vickers scale
(Hv) with a SHIMADZU apparatus. The visualization of the
pyramidal stamp has been observed by using microscope. The
accuracy is 0.001 g/mm2. From deformation fracturepatterns in
Vickers indenter tests, the values of the Vickers hardness, Hv for
the glasses were evaluated using the standard equation,

H v  1.854

40

(1)

B

where  B is the density of the immersion liquid, and where W1
and W2 are the sample weights in air and in the immersion fluid,
respectively. The experiments were repeated three times to obtain
an accurate value of the density. The estimated error in these
measurements was about ±0.001gcm-3.
Ultrasonic measurements
To measure the ultrasonic velocity in the glass samples, an
ultrasonic flaw detector, PANAMETRICS 5800PR was used. The
ultrasonic waves were generated from a quartz transducer with a
resonant frequency of 5MHz and acts as transmitter-receiver at
the same time. The ultrasonic wave velocities U can be calculated
by following equation,

U 
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W1 W2 

Calculation

E
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Acoustic impedance Z  U  

(10)

Thermal expansion coefficient  p  23.2U   0.57457 (11)
Debye temperature   h  9 N 
D


K  4Vm 
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(12)

Um

where h, K, N and Um are the Planck’s constant, the Boltzmann’s
constant, the Avagadro’s number and the mean ultrasonic
velocity of the sample respectively. The uncertainties in elastic
moduli, Poisson’s ratio, microhardness, acoustic impedance,
thermal expansion coefficient and Debye temperature were
acquired from experiments repeated three times of densities and
the ultrasonic velocities. These results are shown in Table 2- 4.

60

(3)
Table 2 Values of Density (), Longitudinal Velocity (U), Shear
Velocity (Us)

Where F is an applied load and d is the mean indentation diagonal
for a diamond pyramid indenter.

Name of
the
Samples

Density
 X 10-3
kg m-3

Molar
Volume
cm3/Mol

Table 1 Composition of Glass System

S0 (Pure)

1.2821

51.587

5650.22

2917.07

S1

1.3040

50.752

5527.89

2907.06

S2

1.3152

50.351

5646.55

3056.89

S3
S4
S5
S6
S7
S8
S9
S10

1.3245
1.3284
1.3321
1.3399
1.3410
1.3464
1.3548
1.3621

50.028
49.912
49.803
49.541
49.529
49.362
49.085
48.851

5724.29
5732.38
5864.28
5893.98
5919.24
5924.32
5985.08
6029.09

3125.67
3143.96
3245.39
3265.71
3292.79
3325.60
3395.48
3431.58

35

Sample
Code
S0 (Pure)
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10

Na2O
26.9
26.9
26.9
26.9
26.9
26.9
26.9
26.9
26.9
26.9
26.9

Composition (mol%)
CaO
B2O3
24.4
2.6
24.4
2.6
24.4
2.6
24.4
2.6
24.4
2.6
24.4
2.6
24.4
2.6
24.4
2.6
24.4
2.6
24.4
2.6
24.4
2.6

P2O5
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1

Dopant
(CuO)
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

Ultrasonic Velocity
Ums-1
Longitudinal
Shear (Us)
(U)

65

This article is © S. Shailjha et al.

www.jsciresadv.weebly.com

J. Sci. Res. Adv. 2015, 2(3), 108-114 | 110

Table 3 Values of Elastic moduli
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Name of
the Sample

Longitudinal
Modulus
L X 109
Nm-2

Shear
Modulus
G X 109
Nm-2

Bulk
Modulus
K X 109
Nm-2

S0 (Pure)
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10

40.93
39.85
41.93
43.40
43.65
45.81
46.55
46.99
47.25
48.53
49.51

10.91
11.02
12.29
12.94
13.13
14.03
14.29
14.54
14.89
15.62
16.04

26.39
25.15
25.55
26.15
26.14
27.10
27.49
27.60
27.64
27.70
28.13

Young’s
Modulus
E X 109
Nm-2

28.77
28.85
31.77
33.32
33.74
35.90
36.54
37.10
37.82
39.45
40.43

Table 4 Values of Poisson’s ratio (), Acoustic impedance (Z), Micro
hardness (H), Thermal expansion coefficient (p) and Debye temperature
(D)
Name of
the
sample
S0
(Pure)
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10

()

Z x 107
Kgm-2s-1

H x 109
Nm-2

p K-1

D K

0.3183

0.724

1.32

131071.87

309.08

0.3089
0.2927
0.2876
0.2849
0.2793
0.2785
0.2759
0.2700
0.2627
0.2604

0.721
0.743
0.758
0.761
0.781
0.790
0.794
0.798
0.811
0.821

1.40
1.70
1.83
1.88
2.06
2.11
2.17
2.28
2.47
2.56

128233.88
130986.67
132790.17
132977.81
136037.89
136727.01
137313.13
137430.78
138840.55
139861.51

309.32
325.44
333.26
335.35
346.17
348.92
351.73
355.37
363.19
367.54
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homogeneity of glass, but the value of density itself is not a
useful parameter. On the contrary, the determination of molar
volume from density data can provide information on different
aspects of the glass structure [19]. Generally, the density and the
molar volume show opposite behaviour. The change in the
density of the systems is related to the density of the structural
units when introducing the CuO. As can be seen from the Table
2, the density increases while the molar volume decreases with
increase of CuO concentration [20].
The change in density by addition of CuO is related to the
change in the atomic mass and atomic volume of the constituent
elements. It is clear that by increasing CuO, the molar volume
decreases, which is similar to the variation density that occurs
with increasing CuO content. The Cu ions may enter the glass
network interstitially; hence, some network B-O-B bonds are
broken and replaced by ionic bonds between Cu ions and singly
bonded oxygen atoms. Therefore, if one assumed that the only
effect of adding Cu cations was to break down the network B-OB bonds, then an decrease in the molar volume with CuO content
would be expected for the entire vitreous range of the studied
glass system. The addition of CuO increased the values of
density, which is most likely attributable to simultaneous filling
up of vacancies in the network by the interstitial Cu ions with an
atomic mass of 63.546. This increase in density indicates the
structural changes in the glass network, which is accompanied by
decrease in the molar volume [21].
Ultrasonic velocities and elastic moduli

55

The values of longitudinal and shear ultrasonic wave velocities
for all the samples are listed in Table 2 and are graphically
presented in Fig.5. The addition of CuO in glass interstices causes
more ions fill up the network, thus compacting the glass structure.
As a consequence, both longitudinal (U ) and shear velocity (Us)
increase linearly with increase in mol% of doped CuO in NCPBC
glass system, but the rate of increase of U is greater than that of
Us. The increase in ultrasonic velocity (both longitudinal and
shear) is attributed to an increase in packing density because of
the transformation of coordination. Due to this increase in
packing density, the rigidity of the glass system increases and
hence ultrasonic velocities and elastic constants. In this NCPBC
glass system, CuO plays a role of a network modifier. It will
modify the glass structure, thus causing the glass to become
harder. Although the glass is harder, this does not mean that the
glass is dense [21].
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Results and discussion
XRD
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The vitreous nature of the studied samples was tested by XRD.
The obtained XRD pattern of Pure and CuO doped glass samples
with various contents of Copper Oxide are presented in Figs. 3 &
4. For Sample S0, no crystalline phase is observed. By adding the
dopant compound of CuO, the samples S1 to S4, are crystalline in
nature. For S5 to S10, the crystalline phase changed to the
amorphous state due to increasing the dopant compound.

65

Density and molar volume
The values of density (ρ) and molar volume of all the glass
samples have been calculated and their values are displayed in
Table 2. Generally, when metal oxides are added into glass
network either a decrease or an increase in density will be
observed without any abnormal behaviour [18]. The density and
molar volume of the glass network depend upon many factors
such as structure, coordination number, cross-link density, and
dimensionality of intestinal spaces. Density measurements are
widely used to study the effects of composition on glass structure.
These measurements are usually employed to control the
111 | J. Sci. Res. Adv. 2015, 2(3), 108-114
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Fig. 5 Longitudinal & Shear velocity Vs Mole Fraction
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The independent elastic constants for isotropic solids and glasses
are the longitudinal modulus (L) and shear modulus (G). The
calculation of other elastic constants and Poisson’s ratio (σ)
depends on the values of the density and on both of the velocities.
The sound velocities also determine Young’s modulus (E), which
is defined as a linear stress over the linear strain and is related to
the bond strength. Additionally, the bulk modulus (K) is define as
the change in volume when a force is acting upon in all directions
[21].
The values of elastic moduli for all samples were calculated and
listed in Table 3 and are graphically presented in Figs. 6 &7. The
values of the elastic moduli increases linearly with increases in
the CuO content. That is, the addition of CuO to a borate glass
network , the glass structure is more closely packed [22]. The
increase in K with the increasing of CuO content in
borophosphate glass network confirming the increase in crosslink density and consequently increased rigidity of the glass
network structure [23].
The values of Poisson’s ratio (σ) for all samples were calculated
and listed in Table 4 and are graphically presented in Fig. 8.
According to Gaafaar, Poisson’s ratio 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
covalent bonds. Bridge and Higazy [24] have suggested a close
correlation between Poisson’s ratio and cross-link density which
is defined as the number of bridging bonds per cation [14].
According to Rao, Poisson’s ratio ( ) depends on the
dimensionality of the structure and cross-link density. A three
dimensional network structure (e.g., SiO2 or GeO2) has lower
value than that of a two-dimensional structure (e.g., B2O3 or
P2O5), since the number of bonds resisting a transverse
deformation decreases in that order. Therefore, addition of CuO
results in a decrease of σ due to the increase in N4(B) and the
presence of copper atoms which consequently means the increase
in dimensionality of the glass network structure [23].
The values of acoustic impedance (Z), microhardness (H),
thermal expansion coefficient (αp) & Debye temperature (ƟD) for
all samples were calculated and listed in Table 4 and are
graphically presented in Figs. 9 & 10. Microhardness (H)
expresses the stress required to eliminate the free volume
(deformation of the network) of the glass. The H has the same
attitude as the elastic moduli with increase of CuO concentration.
The increasing value of H indicated the increase in rigidity of the
glass system. According to Gaafaar, Debye temperature (ƟD)
plays an important role in solid materials in the determination of
elastic moduli and atomic vibrations. ƟD represents the
temperature at which nearly all modes of vibration in a solid are
excited and its increasing trend confirms the strong formation of
glass network. The continuous increase of ƟD also suggests the
compactness in the structure leading to increase in mean sound
velocity [14]. That is, the increase in ƟD is possibly due to the
charge centre coming closer than the distance required
statistically to achieve a more effective coulombian interaction.
Such interaction can give rise to high energy vibrational modes,
thereby increasing the ƟD [25].
The increasing values of the acoustic impedance (Z) and thermal
This article is © S. Shailjha et al.
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expansion coefficient (αp) for all strongly confirms the
strengthening of the glass network [26].

Fig. 6 Longitudinal & Shear modulus Vs Mole fraction
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Fig. 7 Bulk & Young’s modulus Vs Mole fraction
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Fig. 8 Poisson’s ratio Vs Mole fraction
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Fig. 9 Acoustic Impedance & Microhardness Vs Mole fraction
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The increase in vickers hardness with increase in CuO wt% could
be understood in terms of the number of bridging oxygens present
in the glass. An increase in the concentration of bridging oxygens
produces the connectivity of the glassy network and the elastic
modulus of the glass.
Hardness increases with the average number of network
constraints per atom. In other words, hardness is governed by the
degree of network connectivity. Introducing alkalis into a Na2O
glass thus generally decreases Hv, whereas converting boron from
three-fold to four-fold coordination in B2O3 glass increases [28].
From the vickers hardness studies, the mechanical strength of the
sample is increased with increasing doped percentage. The
increase in hardness is related to the increase of the rigidity of the
glass, which further confirms the compactness structure of glass
samples [29].

Fig. 11 Vickers hardness for Samples S0 – S10
5

Fig. 10 Thermal expansion co-efficient & Debye Temperature

Conclusion

Vs Mole fraction

Vickers hardness (Hv)
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Hardness is observed that Vickers produced fracture patterns for
the present glass were radial cracks. The evaluated values of
Vickers hardness at room temperature in air are listed in the
Table 5 and are also shown in Fig. 11 as a function of
composition. It is seen that vickers hardness increases with
increase of CuO ratio [27].
Hardness is found to increase as the load is increased and it
attains a constant value for the load of 300g for pure and all
doped samples. Vickers microhardness measurement show that
the samples has a hardness value 342 g/mm2 for pure, 380 g//mm2
for 0.05 wt%, 409 g//mm2 for 0.1 wt%, 415 g//mm2 for 0.15 wt%,
466 g//mm2 for 0.2 wt%, 548 g//mm2 for 0.25 wt%, 549 g//mm2
for 0.3 wt%, 552 g//mm2 for 0.35 wt%, 553 g//mm2 for 0.4 wt%,
614 g//mm2 for 0.45 wt% and 626 g//mm2 for 0.5 wt% of CuO
doped.
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The XRD spectra suggest that the introduction of CuO was
favourable for the formation of crystalline phase. When
increasing CuO, crystalline phase changed to amorphous phase.
The amorphous nature was confirmed by the X-ray diffraction
and change in structure of the glass matrix due to the composition
effect. Our results of high ultrasonic velocity and elastic moduli
reveal the high strength of the sample is mainly associated to the
strong bonding between the constituent elements. The density,
ultrasonic wave velocities and elastic properties have revealed
that Cu2+ ions incorporated in the form of CuO, decreasing the
molar volume and compensate for the decrease in the average
coordination number of boron atoms which was the reason for the
increase in elastic moduli. The increasing trend of acoustical
parameters and the decreasing trend of poisson’s ratio indicates
that the glass system is stronger. The vickers hardness increase
with increasing CuO content , indicating the increase in
mechanical strength of the glass.

Table 5 Values of Vickers hardness (Hv)
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