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Abstract— Lead based borate glass systems of binary PbO - 

B2O3 with different compositions are prepared by melt-

quenching technique. Density of all the glass samples is 

measured using relative measurement method. The 

longitudinal and shear ultrasonic velocities are measured for 

all the compositions at 303 K and at 10 MHz frequencies 

using the Pulse Echo overlap method. Elastic moduli and 

other parameters such as molar volume, Poisson’s ratio, 

acoustic impedance, microhardness, Debye and softening 

temperature and thermal expansion co-efficient are calculated 

from density and velocity data, and they are used to gain 

knowledge about the structural and physical properties of 

these glasses and are correlated to the rigidity and 

compactness of the glass systems. The thermal stability of the 

glass samples is investigated by Thermo Gravimetric (TG) 

Analysis and it is used to measure the weight loss as the 

temperature of the sample is increased. Differential thermal 

analysis (DTA) is used to identify the glass transition 

temperature, crystallization temperature and melting 

temperature. 

Key words: Density, Longitudinal Velocities, Pulse Echo 

Technique and Thermal Analysis 

I. INTRODUCTION 

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 inelastic 

properties of the materials. The propagation of ultrasonic 

waves in solids provides important information regarding the 

atomic and molecular motion in the material. The velocity of 

ultrasonic waves and the elastic properties are particularly 

suitable parameters for characterizing glasses as a function of 

their composition and describing the compactness of glass 

structure (Sidek, et al. 2006). Density is considered an 

important physical property in the field of glass science, 

especially where the glass structure is concerned.  

Elastic property is one of the most important 

properties which have direct bearing on the glass structure 

especially, dimensionality and connectivity. During the 

process of modification, coordination number, connectivity 

and dimensionality vary in an interesting fashion. The 

structural and physical properties of any glass system can be 

altered by the addition of a network modifier. Modification is 

generally brought about by the reaction of the oxygen 

supplied by the modifier oxide with B2O3 which results in the 

structural changes. A very important consequence of the 

structural change is the effective dimensionality of the glass 

structure which depends upon the concentration of structural 

units. For the complete characterization of these glasses, the 

study of change in the structural and physical properties of 

the glass network is more essential and the ultrasonic non-

destructive testing is useful for the complete characterization 

of the material. 

A variety of glass systems have been investigated by 

ultrasound velocity measurements which yield information 

about elastic moduli, Poisson’s ratio, acoustic impedance, 

softening and Debye temperature (Veeranna Gowda, et al. 

2005; Hwa and Chao, 2005; Saddeek, 2005; Rajendran, et al. 

2001).  Narayana Reddy, et al. (2008) have studied the elastic 

properties and structure of lead-boro-vanadate glasses and 

they reported that the ultrasonic velocities and elastic moduli 

values increase with increase in concentration of PbO which 

increases the dimensionality of the glass network. 

Borate glasses have been widely investigated due to their 

technological applications. Borate 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 of higher bond 

strength, lower cation size, and smaller heat of fusion, and it 

vitrifies upto very high addition of the heavy metal oxides. 

B2O3 can be considered as having the highest glass formation 

tendency because molten B2O3 does not crystalline by itself 

even when cooled at the slowest rate.  

The size of B3+ ion is very small and it can fit into 

the trigonal void created by three oxide ions in mutual 

contact, forming a BO3 unit. BO3 units are the primary 

building blocks in all borate glasses. Since boron in BO3 is 

electron deficient, it can accept two more electrons in the 

form of a covalent bond. This happens when an oxide ion is 

available in the glass composition for such additional bonding 

and the BO4 tetrahedral units are thus readily formed in borate 

glass structures (Siva Prasad, et al. 2011).  

The present study is aimed to investigate the 

physical and elastic properties of the network structure of 

binary (50-x) Li2O-50B2O3-xNa2O (where x =10, 15, 20, 25 

and 30 mol%) glass system, using ultrasonic technique. 

II. EXPERIMENTAL TECHNIQUES 

A. Preparation of Glasses 

Glass samples belonging to some lead borate binary glasses 

were prepared by melt quench technique using the starting 

materials as PbO and B2O3 of reagent purity grade. The 

required amount (approximately 15g) in mol% of different 

chemicals in powder form was weighed using a single pan 

balance having an accuracy of ± 0.001g and ground in a 

mortar.  The mixture corresponding to the desired 

compositions was melted in silica crucible in a muffle 

furnace. The molten mixture was cast into a copper mould 

having the dimension of 10 mm diameter and 6 mm thickness. 

Then the glass samples were annealed at 250ºC to avoid the 

mechanical strain developed during the quenching process. 

The prepared glass samples were polished and the surfaces 

were made perfectly plane and smoothened by diamond disc 
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and diamond powder. The samples prepared were chemically 

stable and non-hygroscopic. 

B. Measurement of Density 

The density (ρ) of the prepared glass samples was determined 

by Archimedes method using double distilled water as 

buoyant at room temperature. The following relation is used: 

W
ba

a













                                  (1) 

Where, a is the weight of the glass samples in air, b 

is the weight of the glass sample in water and ρw is the density 

of water. 

C. Measurement of Sound Velocity 

The ultrasonic longitudinal and shear velocities of the 

specimen have been determined using the conventional pulse 

echo method at room temperature (303 K) by making use of 

10 MHz X-cut and Y-cut transducers. These transducers act 

as both transmitters and receivers of the ultrasonic pulse.  

Ultrasonic velocity is calculated using the relation 

t

d2
U                                                 (2) 

Where, U is the velocity of the specimen (ms-1), d 

is the thickness of the specimen(mm) and t is the transit 

time(μs).Various parameters of the glass specimen are 

calculated using the standard expressions given below: 

 
Where ρ, Uℓ and Us are the measured density, 

longitudinal  and shear ultrasonic velocity and h, K, N and Vm 

are the Planck’s constant, Boltzmann’s constant, Avogadro’s 

number and molar volume of the sample respectively.  

The mean sound velocity Um is given by 

      
Softening temperature (Ts)   

                                               (12) 

Where Mw, the molecular weight of the glass and C, 

is constant equal to 0.5074 × 105cmK-1/2 s. Thermal expansion 

coefficient  

(αp)= 23.2 (Ul – 0.57457)                             (13) 

Specimen 
Nominal composition (mol. %) 

PbO B2O3 

PB 1 35 65 

PB 2 40 60 

PB 3 45 55 

PB 4 50 50 

PB 5 55 45 

Table 2.1: Nominal Composition of PB Glass Samples 

 
Fig. 1: Plate 1 Pb Glass Specimen 

III. RESULT AND DISCUSSION 

The experimental values of density, molar volume, 

longitudinal velocity and shear velocity for different 

compositions of PB glass system are listed in Table 3.1. The 

calculated values of longitudinal, shear, bulk and Young’s 

moduli and Poisson’s ratio are reported in Table 3.2. The 

acoustic impedance, microhardness, Debye and softening 

temperature and thermal expansion co-efficient are presented 

in Table 3.3.  

The density is a powerful tool capable of exploring 

the changes in the structure of glasses. The variation of 

density and molar volume are shown in Tables. 3.1. As can 

be seen from the Table, the increase in density is due to higher 

molecular weight of PbO compared to that of B2O3 and it is 

the expected result. The increase in density for the system PB 

reveals the change in the structure of the glass network with 

increasing PbO content. That is, the increase in density from 

4.020 to 5.71510-3 kg m-3 may be attributed to the more close 

packed nature (compactness) of the glass structure.  

A reverse trend is followed in molar volume. The 

molar volume of PbO–B2O3 glasses decreases linearly with 

increasing the PbO content (Doweidar, et al. 1997). The 

decrease in the molar volume can be attributed to the larger 

packing factor of PbO than that of B2O3.  

It is observed from the Table. 3.2 That, both longitudinal 

(Ul) and shear velocity (Us) increase linearly with increase in 

mol% of PbO content. The increase in ultrasonic velocity has been 

attributed to an increase in packing density because of the 

transformation of coordinated boron BO3 into BO4. Due to this 

packing density, the rigidity of the glass system increases and 

hence the ultrasonic velocities and elastic constants.  Here, the 

obtained longitudinal wave velocity is greater than that of shear 

wave velocity because the particles oscillate parallel to the 

direction of propagation for longitudinal waves and they oscillate 

transverse to the direction of propagation for shear waves (Elif 

Eren and Semra Kurama, 2012). 
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Elastic properties of lead–boro–vanadate glasses 

have been carried out by Narayana Reddy, et al. (2008). From 

their investigation it is found that the sound velocities and 

elastic moduli values increase with increase in concentration 

of modifier oxide PbO. That is, the addition of modifier oxide 

to vitreous B2O3 network creates BO4 unit. This leads to 

increase in network dimensionality and connectivity. 

Specimen 

Density 

(ρ 10-3 

kg m-3) 

Molar 

volume 

Vm 

(m3/mol) 

Ultrasonic velocity 

ms-1 

Longitu

dinal 

velocity 

(Uℓ) 

Shear 

velocity  

(Us) 

PB 1 4.020 30.68 4009.8 2086.0 

PB 2 4.476 29.27 4126.6 2119.3 

PB 3 5.058 27.36 4210.3 2267.5 

PB 4 5.462 26.04 4296.3 2299.3 

PB 5 5.715 24.65 4431.8 2401.0 

Table 3. 1: Values of density (ρ), molar volume (Vm), 

longitudinal velocity (Uℓ) and shear velocity (Us) of PB 

glass system 

Specimen 

Longitu

dinal 

modulu

s 

L (GPa) 

Shear 

modu

lus 

G  

(GPa) 

Bulk 

modu

lus 

K  

(GPa) 

Young

’s  

modul

us 

E  

(GPa) 

Poiss

on’s 

ratio 

(σ) 

PB 1 64.63 17.49 41.31 45.98 0.314 

PB 2 76.22 20.10 49.41 52.30 0.300 

PB 3 89.66 26.00 54.98 67.39 0.295 

PB 4 100.81 28.87 62.31 74.69 0.293 

PB 5 112.25 32.94 68.32 85.15 0.291 

Table 3.2: Values of longitudinal (L), shear (G), bulk (K) 

and Young’s      modulus (E) and Poisson’s ratio (σ) of PB 

Glass System 

Speci

men 

Acoust

ic 

impeda

nce 

(Z  

10-7 

kgm
-2

s
-

1
) 

Micro 

hardn

ess 

H 

(GPa) 

Debye 

tempera

ture θ
D
 

(K) 

Softeni

ng 

tempera

ture Ts  

(K) 

Therm

al 

expans

ion co-

efficie

nt  (α
p 

× 10-6 

K-1) 

PB 1 1.611 2.16 463.56 263.16 9.301 

PB 2 1.847 2.66 484.60 259.14 9.572 

PB 3 2.129 3.54 505.67 277.02 9.766 

PB 4 2.346 3.97 524.55 278.60 9.966 

PB 5 2.532 4.56 551.12 298.34 10.280 

Table 3.3: Values of acoustic impedance (Z), microhardness 

(H), Debye temperature (θD), softening temperature (Ts) and 

thermal expansion co-efficient (αp) of PB glass system 

Singh and Bhatti  (1994) have suggested that the 

addition of  heavy metal oxide (or) transition metal oxide to 

vitreous B2O3 changes the structure to a rigid and compact 

structure due to change in the coordination number of boron 

from 3 to 4 and it causes increase in ultrasonic velocity.   

The longitudinal, shear, bulk and Young’s moduli 

(Table 3.3) increase to over the entire composition of PbO. 

The increase in the values of the elastic constants has been 

attributed to an increase in the packing density, rigidity and 

hence the formation of stronger structural building units in 

the network (Shreekrishna Kumar, et al. 1997). The large 

difference between L and G arises from volume effect. The 

change in volume due to compressions and expansions 

involved in longitudinal strain is pronounced while no change 

in volume is involved in shear strain (Hesham, et al. 2003).  

The Poisson’s ratio is a measure of cross-link 

density of the glass systems. The change in cross-link density 

of the glass network is well understandable from the variation 

in Poisson’s ratio. From the Table 3.2., the observed decrease 

in the Poisson’s ratio with the addition of PbO indicates the 

compact or close packing of the glass structure and a 

reduction in the creation of NBO’s. Similar conclusion was 

drawn by Samir Y. Marzouk (2009).The increase in the 

values of acoustic impedance with increase in mol. % of PbO 

is shown in Table 3.3. The increasing trend of the values 

clearly confirms the strengthening of the glass network. 

According to Raghavariah and Veeraiah (2004), the 

increase in acoustic impedance of PbO-Sb2O3-As2O3 glasses 

reveals the considerable improvement in the hardness of the 

glass network, ie, the structure of PbO-Sb2O3-As2O3 glass is 

more rigid. Further, the increase in microhardness (as shown 

in Table 3.3) strengthens the glass structure, as the PbO 

content is increased. The continuous increase in micro 

hardness reveals the absence of non-bridging oxygen ion and 

these cause the rigidity of the glass network. (Ezz Eldin 

Metwalli, 2003).  

The results are further confirmed by other 

parameters, Debye temperature and softening temperature 

obtained from the measured velocity data. Debye and 

softening temperature are important parameters of a solid and 

are expressed by equations describing the properties arising 

from atomic vibrations. The increase in value of Debye 

temperature from the Table. 3.3 is possibly due to the charge 

center coming closer than the distance required statistically to 

achieve a more effective Coulomb interaction. Such 

interaction can give rise to high energy vibration models, 

thereby increasing the Debye temperature (Pakade, et al. 

1996).  The increased values of Ts (Table. 3.3) also signify 

greater stability of the elastic properties (Anderson, 1965). 

From the Table 3.3, it is observed that the thermal expansion 

co-efficient increases with increase in mol% of PbO and 

hence increases the rigidity of the glass system.  

IV. THERMAL BEHAVIOUR OF THE GLASS 

TG and DTA studies have been carried out for two samples 

namely, PB2 and PB4.  

A. Thermo Gravimetric and Differential Thermal Analysis 

of PB2 Glass Sample 

The thermal stability of the glass samples is investigated by 

Thermo gravimetric analysis (TGA) measurements. Thermo 

gravimetric analysis is used to measure the loss of weight as a 

function of temperature of the sample and differential thermal 

analysis is used to characterize the glass using thermo 

dynamical parameters. TG and DTA curves of PB2 glass 

sample are shown in Fig. 3.1.  It is observed from the curve of 

TG that the total weight loss in PB2 glass is 3%, the weight 
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loss of the first step corresponds to water released in the 

sample PB2 at 230oC and the other step corresponds to the 

decomposition of the glass sample. 

 
Fig. 3.1: Thermo Gravimetric and Differential Thermal 

Analysis Curves for PB2 Glass Sample 

The DTA curve for PB2 glass shows a small endothermic 

hump corresponding to the glass transition temperature Tg at 

220˚C and this is followed by an exothermic broad peak 

corresponding to the crystallization temperature Tc at 540˚C 

and other endothermic peak corresponding to the melting 

temperature Tm at 750˚C as given in Table 3.1. 

B. Thermo Gravimetric and Differential Thermal Analysis 

of PB4 Glass Sample.  

The TG and DTA curves for PB4 glass sample are shown in 

Fig.3.2. TG analysis reveals that there is no appreciable weight 

loss. The total weight loss in PB4 is 2 %. The weight loss of the 

first step corresponds to water released in the sample at 240 oC, 

and other steps correspond to decomposition of the sample. 

  
Fig. 3.2: Thermo Gravimetric and Differential Thermal 

Analysis Curves for PB4 Glass Sample 

The DTA curves show a small endothermic hump 

corresponding to the glass transition temperature at 250˚C. 

This is followed by an exothermic peak corresponding to 

crystallization temperature at 600˚C and other endothermic 

events corresponding to the melting temperature at 790˚C.  

The exothermic peak (Tc) is probably due to a reaction 

involving the crystallization process and it is observed by El-

Ghannam, et al. (2001). The endothermic peak (Tm) may be 

attributed to the melting of the glass sample. The thermal 

stability of glass is an important property both fundamentally 

and technologically and the structure of the glass determines 

its thermal stability. The close packed structure results in 

thermally stable glasses and the loose packed structure yields 

unstable glasses (Hirashima, et al.1988). From the values of 

Tg, Tc and Tm two parameters have been commonly employed 

to evaluate thermal stability index of glasses: (i) Glass 

stability factor S = (Tc - Tg); (ii) Hruby’s parameter Kg1, 

defined as Kgl = (Tc - Tg)/(Tm - Tc) (Thulasiramudu and 

Buddhudu, 2007). Hruby’s parameter gives information on 

the stability of the glass against devitrification.   

In both the samples PB2 and PB4, the glass 

transition (Tg), crystallization (Tc) and melting 

temperature(Tm) increase with increasing PbO content in the 

glass composition. This suggests that the glasses with a 

higher PbO content have a strong structural network (Young 

Han Kim, et al. 2012). According to Sidkey, et al. (1997), in 

open glass structure, the value of Tg declines. That is, the 

values of Tg decrease from 690 to 220 ºC with the addition of 

V2O5 from 20–80 mol% of V2O5 in phosphate containing 

vanadate glasses.  

On comparing the two glass specimen PB2 and PB4, 

the PB4 (50 mol% of PbO) glass has higher values of Tg, Tc 

and Tm, which leads to strong thermal stability and expands 

the glass formation region and increases the cross-link 

density of the glass sample. 

  Generally, the larger temperature interval of glass 

stability factor (S) indicates the higher glass forming ability 

(GFA), which means that the width of the super cooled liquid 

region can exist in a wide temperature range without 

crystallization and has a high resistance to the nucleation and 

growth of crystallization phases, leading to good GFA 

(Soliman, 2008). Table 3.4 gives the value of Tg, Tc, Tm, S 

and Kgl.  It is understood from the values of the parameters 

that PB4 glass sample is more stable than PB2 sample. 

Glas

s 

syst

em 

Glass 

transitio

n 

tempera

ture     

(Tg) ˚C 

Crystalliz

ation 

temperatu

re      (Tc) 

˚C 

Melting 

tempera

ture                

(Tm) ˚C 

Glass 

stabil

ity 

facto

r (S) 

Hruby,

s 

param

eter 

(Kg1) 

PB 

2 
220 540 750 330 1.52 

PB 

4 
250 600 790 350 1.84 

Table 3.4:  DTA Analysis of PB2 and PB4 Glass Samples 

V. CONCLUSION 

The density of the glasses increases and molar volume 

decreases as the lead concentration increases. The observed 

increase in the ultrasonic velocity, elastic moduli and other 

parameters with an increase in PbO content is attributed to the 

increase in rigidity of the glasses. Further the decrease in 

Poisson’s ratio with increase in concentration of PbO reveals 

the high cross-link density of PB glass system. The results of 

the thermal analyses show that the stability of glasses 

increases with the increase of lead content. 
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