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Ultrasonic Lcr wave technique for residual stress measurements in carbon steel
weld joints fabricated by different weld pass sequences
A. Joseph1*, Govind K. Sharma1, B. Purnachandra Rao1 and K. Nataraj2
1Nondestructive

Evaluation Division, Metallurgy and Materials Group,
Indira Gandhi Centre for Atomic Research, Kalpakkam-603102.
2Department of Physics, National Institute of Technology, Trichy-620015, India
*E-mail: joseph@igcar.gov.in
Low carbon steel is the most commonly used material for various applications because its cost is relatively low.
Different methods are employed to reduce residual stresses in carbon steel weld joints. Post weld heat treatment
(PWHT) is the most commonly used method to relieve/reduce the residual stresses. Use of different sequential
weld passes during welding is one of the alternate methods used to get minimum residual stresses in higher thickness
double 'V' carbon steel weld joints. A study was undertaken to nondestructively quantify the residual stresses
present in carbon steel weld joints made using three different weld pass sequences. For this study, three sets of 20.0
mm thick low carbon steel double 'V' weld joints were fabricated with three different weld pass sequences using the
Manual Metal Arc Welding (MMAW) process. Ultrasonic based residual stress measurements offer estimation of
surface, sub-surface and bulk residual stresses. Details of critically refracted longitudinal (Lcr ) ultrasonic wave
technique employed for residual stress measurements are discussed in this paper. The residual stress values of
carbon steel weld joints obtained using the ultrasonic Lcr technique showed minimum longitudinal tensile residual
stresses in the weld joints made by alternate weld pass sequence as compared to the other two weld pass sequences.
The ultrasonic Lcr technique used is nondestructive, portable and low cost technique for residual stress measurements.
This technique can also be used for in-situ measurement of residual stresses in operating components.
Keywords: Residual stress, ultrasonic technique, carbon steel, sequential welding passes

Introduction
Residual stresses are the stresses that exist within a
material without application of an external load. They
are sometimes called as internal stresses or locked-in
stresses. Their magnitudes are within the elastic limit of
the material. Residual stresses can be tensile as well as
compressive in nature. Generally, presence of tensile
residual stresses in components is detrimental to the
integrity of component1 as they tend to open a crack.
Knowledge of residual stresses allows one to accurately
estimate the safety factor and remaining useful life of a
component in fabricated condition and in service,
respectively2. Since, fatigue cracks and stress corrosion
cracks always initiate on surface, it is often accepted
that evaluation of surface/sub surface residual stresses
should be adequate to assess the resistance to fatigue
A. Joseph is Life Member of USI.

and stress corrosion cracking3-5. Various nondestructive
and destructive techniques are employed to measure the
residual stresses and their profiles in weld joints6-11.
Ultrasonics based residual stress determination
technique is governed by the theory of acoustoelasticity
i.e. the stress dependence of ultrasonic velocity12-14.
Experimental findings predicted that out of all the
combinations of ultrasonic wave propagation direction
and stress field direction, longitudinal waves propagating
parallel to the stress field are the most sensitive to change
in stress and least affected by texture15-16. Critically
refracted longitudinal (Lcr ) wave travels at the surface/
subsurface of the material. As the wave propagates, it
degenerates fast into the material and at times, it is also
referred to as surface skimming bulk longitudinal waves
17-19 . Hence, the receiver probe must be placed at
appropriate distance from the transmitter probe to receive
the Lcr wave signals. This Lcr wave travels on the surface
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and subsurface, so it carries the stress information of a
few millimeters thick at a few MHz frequencies.
Therefore, Lcr wave technique is an excellent technique
for quantitative evaluation of longitudinal stress on the
surface and sub surfaces of the weld joints9, 16-19.
Low carbon steel is the most commonly used steel
because its cost is relatively low while it provides
material properties that are acceptable for many structural
applications. Manual Metal Arc welding (MMAW)
processes is widely used for welding carbon steel
components. Different methods are employed to reduce
residual stresses in welded structures20-24. The common
methods used for residual stress relieving are (i) Post
weld heat treatment (annealing), (ii) Vibration, (iii)
Mechanical, (iv) Shot peening and (v) Ultrasonics etc.
Post weld heat treatment (PWHT) is most commonly
used method to relive/reduce the residual stresses.
However, PWHT can be detrimental for certain steels.
Detrimental effects of PWHT include scaling, loss of
finish, distortion, temper embrittlement, over-softening,
sensitization and reheat cracking, which mean that
control of heating and cooling rates, holding temperature
tolerances and the times at holding temperature are
extremely important, and must be carefully controlled
in order to realise the full benefit of the PWHT process.
The extent of relaxation of the residual stresses depends

on the material type and composition, the temperature
of PWHT and the soaking time at that temperature. The
other methods (vibration, shot peening and ultrasonics
etc.) are rarely used for residual stress relieving. Use of
different sequential weld passes during welding is an
alternate method to get minimum residual stresses in
higher thickness double V weld joints. In this paper,
details of a ultrasonic Lcr technique used for residual
measurements in carbon steel weld joints fabricated by
sequential welding pass sequence are discussed. This
study will be useful to select a particular weld pass
sequence by which minimum residual stresses are
generated in low carbon steel weld joints.
Fabrication of low carbon steel weld joints using three
sequential welding passes
Low carbon steel plates of 20 mm thickness were
selected for the study. Surface grinding was carried out
on top and bottom surfaces of the plates to remove scale
and rust to obtain same surface finish. The plates were
annealed to remove the stresses present before welding
and to have similar grain sizes in all the plates. Three set
of 20 mm thick low carbon steel double 'V' weld joints
were fabricated with three different weld pass sequences
using the Manual Metal Arc Welding (MMAW) process

Table 1 – Chemical composition of the low carbon steel plates.

Element
Wt. %

C

Mn

Si

Cr

Ni

V

P

S

Fe

0.15

1.46

0.34

<0.30

<0.30

<0.004

0.015

0.021

Bal.

(a)

(b)

(c)

Fig. 1 (a-c) Details of different weld pass sequences employed during the welding of carbon steel plates are shown for three
different welded plates (Plate A, Plate B and Plate C), respectively.
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with 7018 type electrodes. The chemical composition of
the low carbon steel plates used for making the weld
joints is given in Table 1 and the details of the weld pass
sequences employed during welding are given in the
Fig. 1. Totally 8 weld passes were used in each weld
joint. In the first set of double V weld joint (Plate A), the
weld passes were alternatively made on both the sides.
In the second set of double V weld joint (Plate B), four
passes were made on one side and then four passes were
made on the other side. In the third set (Plate C), root
passes were made alternatively on both the sides and
then two filling passes were made alternatively on both
the sides and then final filling passes were made
alternatively on both sides. Same weld parameters (i.e.
voltage, current and welding speed etc.) were used during
welding and only the weld pass sequence was varied.
The weld parameters used in the welding are given in
Table 2. The photographs of the three carbon steel weld
joints fabricated by sequential weld passes are given in
Fig. 2. The carbon steel weld joints were used for the
study in as welded condition and weld bead crown was
not flushed out. Grinding of weld crown may alter the
residual stress values and hence the weld joints were
used in as welded condition. The parent metals of all the
weld joints have similar microstructures.

Theory of Acoustoelasticity
The theory of acoustoelasticity defines relation
between changes in velocity of ultrasonic waves in a
medium with the changes in stress 12. It was first
developed by Hughes and Kelly, by using the
Murnaghan's 'Theory of finite deformation of elastic
solids'25. Change in acoustic wave velocity with respect
to change in stress is a non-linear property of the material
which could be explained by second and third order
elastic constants in hyper elastic stress-strain model25.
Hughes and Kelly derived the expression of velocity with
change in stress12. Bray and Tang9 used ratio of velocity
change due to stress (∆V)/V0 vs. applied stress plot to
estimate the acoustoelastic constant (AEC), where (∆V
= V–V 0); V and V0 are ultrasonic velocities of the
material with stress and annealed conditions respectively.
However, the estimation of precise ultrasonic velocity
and the ratio ∆V/V is rather indirect and at times more
error prone. Apart from the theory of acoustoelasticity,
it has been pointed out by Palanichamy et al.7 that the
measurement of transit time is straight forward and less
error prone for the measurement of residual stresses in
weld joints.
For a given fixed path length, the acoustoelastic
constant can be defined in terms of transit time

Table 2 – Details of the weld parameters used

t = t0 + Bσ (or) B = (t – t0)/σ

Weld parameter

Details

Base material
Base material plate size (mm)
Weld geometry
Electrode used and size
Polarity and weld position
Type of welding process
Open circuit voltage
Welding current and Voltage
Welding speed

Low carbon steel
200.0 × 150.0 × 20.0
Double 'V' butt joint
E-7018, 3.15 mm dia.
Reverse and 1 G
SMAW
96.8 V
90 - 95 A and 22 - 25 V
95 - 98 mm/min.

... (1)

where 't' is the measured ultrasonic transit time at
different loading conditions, t0 is the transit time
measured under no load condition, B is the AEC defined
in terms of transit time and σ is the applied or residual
stress present in the material. Thus, the estimation of
AEC i.e. 'B' becomes simpler through above equation.
In general, 't' is continuously measured with applied
stress (within the elastic limit of the material under stress)
and then transit time ('t') vs. applied stress (σ) graph is
plotted. The slope of the graph gives the value of AEC
of the material under test.

Fig. 2 Photographs of the three carbon steel weld joints (Plate A, Plate B and Plate C) fabricated by different sequential welding
passes
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Ultrasonic Lcr Probe Design
Ultrasonic Lcr probe has been designed to generate Lcr
waves in the material7, 8. The incident angle of the
ultrasonic waves produced by the transducer element
should be introduced to the material at the first critical
angle, by providing a specially fabricated 'Perspex
wedge'. At first critical angle, the transmitted longitudinal
wave is refracted by 90° to the normal and the wave
traverses on the surface and subsurface of a few
millimeters thick. This surface skimming longitudinal
wave is less sensitive to texture effects and most
sensitive to the stress field. First critical angle for carbon
steel and Perspex combination can be determined by
Snell's law:
sin i/sin r = Vp/Vs

the L cr waves generated by the transmitter probe.
Transmitter and receiver probes (10 mm diameter) both
are placed opposite to each other and assembled in a
housing by separating them with an appropriate distance
of 61 mm between them. Two probe arrangements
(sender-receiver) in the molded form as a single assembly
is used to maintain constant distance between the probes
and it had improved the accuracy and repeatability in
the measurements. The 2 MHz Lcr probe assembly thus
fabricated is shown in Fig. 4 and its approximate physical
dimension is 88 mm (long) × 30 mm (height) × 10 mm
(width).

... (2)

where 'i' is the angle of incidence of wave in the Perspex,
'r' is the angle of refracted longitudinal wave, Vp and Vs
are the longitudinal wave velocity in Perspex and Steel,
respectively. Longitudinal wave velocity in perspex and
steel are taken from literature as 2730 ms–1 and 5900
ms–1, respectively. Thus the first critical angle for Perspex
and Steel combination is found to be ~28°.
L cr wave generally traverses in the surface and
subsurface regions up to 3 mm depth for certain distance
and later it degenerates into bulk waves. Lcr wave
generation and propagation in the material is
schematically shown in Fig. 3. Two separate ultrasonic
Lcr wave probes were arranged in tandem mode on
a steel plate and their effectiveness in sending and
receiving the Lcr wave amplitude was found. Based on
this, the Lcr wave propagation path in the low carbon
steel was fixed as 61 mm approximately. Receiver probe
was designed similar to the transmitter probe to detect

Fig. 3 Schematic diagram of Lcr wave generation principle.

Fig. 4 Photographs of two probe ultrasonic Lcr wave assembly
(88 mm × 30 mm × 10 mm)

Acoustoelastic constant (AEC) determination
AEC value is different for different metals. It is
determined by performing tensile testing and ultrasonic
time of flight measurements. Standard tensile specimen
of low carbon steel with 6 mm thickness and 110 mm
gauge length was used. Figure 5 shows the standard
tensile specimen with Lcr wave probe under tensile
testing setup. The tensile specimen was mounted in a
Universal tensile testing machine, with the probe tied
by elastic rubber band. Enough care was taken to remove
any air gap between the transducer and the tensile
specimen so that proper L cr wave transmission is
achieved. The tensile load was increased and at regular
stress levels the ultrasonic signal was collected by a
system comprising of ultrasonic pulser/receiver and a 5
GHz Digital Oscilloscope interfaced with a PC. Upto
yield strength (300 MPa) of the low carbon steel, the
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Fig. 5 Ultrasonic Lcr wave probe assembly mounted to the
tensile testing specimen for acquisition of signal for
determination of AEC constant.

Fig. 6 The Lcr wave transit time difference with respect to
zero stress condition showed linear behavior with
applied stress.

tensile load was applied and ultrasonic signals were
collected and transit time measurements were
made with the resolution of 0.2 ns with an overall
accuracy of +/-1 ns. Transit times measured were plotted
against stress and a straight line fit was made [Fig. 6].
The slope of the line gives the AEC and is found to be
0.098 ns/MPa as shown in Fig. 6. The AEC determined
in the study is probe dependent. As long as this probe
only is being used for the carbon steels this AEC value
is applicable.

region. At each location transit time measurements were
carried out 5 times and the average value is taken for
calculation. The measurement of transit time difference
is estimated by cross correlation of the trigger pulse with
the Lcr signal. Thus, transit times of Lcr waves at various
grid lines were measured and these measurements were
repeated for all the other welded plates and the transit
time profile was recorded against the distance from the
weld center. In this study, we had tried to measure very
small change in the residual stresses due to change in
the sequence of weld passes. The two probe assembly
avoided unwanted errors in the transit time measurements
and small variations in the values of residual stresses
could be determined.

Transit time measurements on the low carbon steel
weld joints
To measure the residual stress on the low carbon
steel weld joints, grid lines were marked on the plates at
both the sides of weld (heat affectd zones and parent
metal regions) with regular intervals of 5 mm. Since,
longitudinal stress was selected for analysis, Lcr probe
was placed on the grid lines along the weld direction
and ultrasonic signals were stored in data files. The
typical data acquisition set up (schematic diagram and
photograph) is shown in Fig. 7. The carbon steel weld
joints were used in as welded condition and weld crowns
were not flushed out. The surface on the weld crown
region was not uniform and hence ultrasonic transit time
measurements could not be made on the weld metal

Results and discussion
The values of transit time 't0' were obtained for each
carbon steel plate before welding. After welding the
plates, transit time 't' values were obtained at each
location on the weld joints. Transit time difference (t0–
t), which is the indirect measure of the residual stress,
varied from one place to another on the welded plates.
The positive and negative deviation in transit time from
t0 indicates the existence of tensile and compressive
residual stresses, respectively. AEC for low carbon steel
is determined by the tensile testing and it is found to be

6
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(a)

(b)

Fig. 7 (a-b) Schematic diagram and photograph of the experimental set up used for acquisition of Lcr signal from the carbon
steel weld joints.

0. 098 ns/MPa (Fig. 6). Maximum transit time difference
was found closer to the weld metal, indicating high tensile
stress while the nearby zone was found to have minimum
transit time, indicating the existence of compressive
stress. The transit time deviations measured were used
in equation (1) and the corresponding residual stress
values were determined.
The values of longitudinal residual stresses obtained
on the top and bottom surfaces of the three carbon steel
weld joints are given in the Table 3. The error band in
the measured residual stress values is 10 MPa (±5 MPa).
Residual stress profiles obtained for the three low carbon
steel weld joints on the top and bottom surfaces are given
in Figs. 8 and 9, respectively. The following observations
can be made from the residual stress profiles obtained
on the three low carbon steel weld joints:
i. In all the three weld joints with different weld pass

sequences, the stresses are tensile in regions close
to the weld metal and the maximum tensile stress
is present adjacent to weld metal bead i.e. at the
heat affected zones.
ii. In the regions away from the weld metal, the tensile
residual stress values got reduced and changed
their nature to compressive residual stress.
iii. The zones closer to the weld bead have
experienced tensile residual stress because of the
hindrance offered by the adjacent material which
was relatively at low temperature during the
solidification and to equilibrate these tensile
stresses, regions away from the weld joint
undergone compression.
The irregular stress variation over the plates is
attributed to non-uniform temperature distribution over
the plates during welding and solidification. Maximum

7
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Table 3 – Longitudinal residual stress values measured using ultrasonic Lcr wave technique in carbon steel weld joints prepared with different
welding pass sequences.

Residual stress values (MPa)
Distance
from Weld
CL (mm)

15
20
25
30
35
40
45
50
55
60
65
70
80
90
100

Plate A
Top side
(2, 4, 6, 8)

Plate A
Bottom side
(1, 3, 5, 7)

Plate B
Top side
(5, 6, 7, 8)

Plate B
Bottom side
(1, 2, 3, 4)

Plate C
Top side
(1, 3, 4, 7)

Plate C
Bottom side
(2, 5, 6, 8)

Left

Right

Left

Right

Left

Right

Left

Right

Left

Right

Left

Right

65
24
–46
–82
–76
–45
–35
–25
–24
–24
–24
–16
–12
0
8

46
15
–56
–76
–60
–26
–26
–52
–36
–15
–27
–35
–16
8
2

38
26
–60
–70
–93
–101
–55
–58
–60
–68
–76
–44
–25
–19
10

49
8
24
0
8
–8
–33
–49
–57
–65
–45
–16
–12
–14
4

78
44
26
3
–8
–16
3
11
20
–26
–13
–26
3
3
–5

98
16
20
24
–8
–8
–16
20
8
8
8
–8
16
–8
8

66
–30
–40
–57
–57
25
20
0
–8
33
33
33
0
0
0

83
63
63
46
–19
10
–15
–19
14
–3
–27
–35
–44
–44
8

122
–46
–128
–142
–142
–102
–96
–46
–34
–26
–30
–25
5
–5
3

126
–102
–130
–146
–148
–95
–90
–53
–40
–45
–20
20
8
0
0

125
102
35
–86
–112
–116
–103
–71
–79
–54
11
27
–22
12
5

147
112
26
–66
–96
–108
–102
–57
–41
–8
33
49
24
–24
0

Note: Compressive residual stress is indicated by -ve sign.

tensile residual stresses measured in the three low carbon
steel weld joints made by different weld pass sequence
are 65 MPa, 98 MPa and 126 MPa on the top surface

and 49 MPa, 83 MPa and 147 MPa on the bottom surface
respectively. Use of alternate weld pass sequence during
welding of carbon steel would have experienced more

Fig. 8 Typical longitudinal residual stresses profile on the top side of the carbon steel weld joints A, B and C measured by
ultrasonic Lcr wave technique.
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Fig. 9 Typical longitudinal residual stresses profile on the bottom side of the carbon steel weld joints A, B and C measured by
ultrasonic Lcr wave technique.

uniform heating and cooling and resulted in less value
of tensile residual stresses. Use of alternate weld pass
sequence will be useful to minimize the tensile residual
stresses in the critical welded structures which, in turn,
will increase its safety factor. Studies clearly establish
that Lcr technique can be used to verify the efficiency of
weld pass sequence towards minimizing the residual
stresses in weld joints. The ultrasonic Lcr technique is
nondestructive and also portable and it can be used in
the plant for insitu measurement of residual stresses.
The cost involved for ultrasonic Lcr method of residual
stress measurement is less when compare to hole drilling
strain gauge and other methods.
Conclusion
The residual stress values were obtained by
nondestructive ultrasonic Lcr wave technique on three
pairs of low carbon steel weld joints fabricated using
different weld pass sequences. From the present study,
it is concluded as follows:
i.

Lower longitudinal tensile residual stresses are
present in the weld joints made by alternate weld
pass sequence (Plate A) when compared to the other
two weld pass sequences (Plates B & C).
ii. It is recommended to use alternate weld pass
sequence during the welding of thick carbon steel
components to get minimum residual stress values.

iii. The ultrasonic based Lcr wave technique is capable
finding small variations in residual stress values and
the residual stress distribution patterns across the
low carbon steel weld joints due to different weld
pass sequence employed during welding.
iv. The ultrasonic Lcr technique used is nondestructive,
portable and low cost technique for residual stress
measurements. This technique can also be used for
in-situ measurement of residual stresses in operating
components.
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Comparative study of gallic acid with ethanol and acetone at 298 K
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The density, viscosity and ultrasonic velocity have been measured for binary mixture of gallic acid with ethanol
and acetone of fixed equal volumes of the components at temperatures of 298 K. The experimental data have been
used to calculate some acoustic and thermodynamic parameters like adiabatic compressibility, free length, acoustic
impedance, relaxation time and internal pressure. From the properties of the acoustical parameters, the nature and
the strength of interactions in these binary systems are discussed. Increase in velocity and decrease in adiabatic
compressibility shows strong association and interaction in the constituents' molecules. Some possible reasons on
the increase or decrease of acoustic and thermodynamic parameters with temperature change are presented.
Keywords: Gallic acid, adiabatic compressibility, viscosity, free length, internal pressure.

Introduction
The ultrasonic studies are extensively used to estimate
the thermodynamic properties and to predict the
intermolecular interactions of binary mixtures. Ultrasonic
investigation of liquid mixture have significant
importance in understanding intermolecular interaction
between the component molecules as that finds application in several industrial and technological processes.
Derived parameters from ultrasonic velocity measurements provide qualitative information regarding the nature
and strength of molecular interactions in liquid mixtures.
This has been studied for various binary and ternary
mixtures with respect to variation in concentration of
the liquids and temperatures1-2.
Hydrolysable tannin that contains several units of gallic
or ellagic acid esterifies with glucoses-OH to produce
complex tannin compounds. At the center of a hydrolysable tannin molecule, there is a carbohydrate (usually
D-glucose). Hydrolysable tannins are hydrolyzed by
weak acids or weak bases to produce carbohydrate and
phenolic acids. Tannins are a natural organic material
that can be the byproducts of nature's fermentation
process. The hydroxyl groups of the carbohydrate are
partially or totally esterified with phenolic groups such
as gallic acid.
M.S. Deshpande and N.R. Pawar are the Life Member of USI.

Materials and Methods
The liquid mixture of various concentrations in mole
fraction was prepared by taking AR grade chemicals.
The study was carried out for the temperatures 298 K,
303 K and 308 K and 313 K at fixed frequency 2 MHz.
The temperature of the liquid mixture was kept constant
within an accuracy of ±0.1 K by using thermostat. The
experimental temperature was maintained constant by
circulating water with the help of thermostatic water bath.
Viscosity measurements were taken using Ostwald's
viscometer with an accuracy of ±0.1 Nsm–2. The flow of
time was measured by a digital stop watch capable of
registering time accurate to ±0.1 s. An average of three
sets of flow of time for each solution was taken for the
purpose of calculation of viscosity. The density of the
solution was determined accurately using 10 ml specific
gravity bottle and electronic balance and accuracy in the
density measurement is ±1 × 10–5gm/cm3. An average
of triple measurements was taken into account4.
(i) Adiabatic Compressibility (β)
β = 1/U2.ρ
(ii) Intermolecular free length (Lf)
Lf = KTβ1/2
where KT is the temperature dependent constant
and 'β' is the adiabatic compressibility, U, the
ultrasonic velocity and ρ the density
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(iii) Internal Pressure (πi)
πi = bRT (kη/U)1/2 (ρ2/3/Meff7/6)
where, 'b' stands for cubic packing, which is
assumed to be '2' for all liquids, 'k' is a
dimensionless constant independent of
temperature and nature of liquids. Its value is
4.281 × 109 'T' is the absolute temperature in
Kelvin, 'Meff' is the effective molecular weight,
'R' is the Universal gas constant, 'η' is the
viscosity of solution in N.S.m –2, 'U' is the
ultrasonic velocity in m.s–1 and 'ρ' is the density
in kg.m–3 of solution.
(iv) Relaxation time (τ)
τ = 4/3. (β.η)
where 'β' is the adiabatic compressibility and
'η' is the viscosity of the mixture.
(v)

Viscosity measurement
η2 = η1 (t2/t1) (ρ2/ρ1)
where, η1 = Viscosity of water, η2 = Viscosity

Fig. 1 Ultrasonic velocity versus molar concentration

Fig. 2 Density versus molar concentration
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of mixture, ρ1 = Density of water, ρ2 = Density
of mixture, t1 = Time of flow of water, t2 = Time
of flow of mixture5.

Fig. 3 Viscosity versus molar concentration

Fig. 4 Adiabatic compressibility versus molar concentration

Fig. 5 Acoustic impedance versus molar concentration

12

J. PURE APPL. ULTRASON., VOL. 38, NO. 1 (2016)

Fig. 6 Relaxation time versus molar concentration

Fig. 7 Free length versus molar concentration

Fig. 8 Internal pressure versus molar concentration

Results and discussion
The comparative study of experimental velocity at a
temperature 298 K for various concentrations is as shown
in Fig. 1. It is observed that Gallic acid with acetone has
highest ultrasonic velocity as compared to gallic acid
with ethanol. The rise in velocity in acetone suggests
that there may be the strong association of the component
in the medium. The variation of ultrasonic velocity can
be explained on the basis of nature of chemical bonding
and their interaction between component molecules.
The density of gallic acid with ethanol is greater than
in acetone as shown in Fig. 2. In ethanol density is
increased so that number particles in a region of ethanol
are more than acetone.
Viscosity decreases in gallic acid with acetone system,
suggesting thereby more association between solute and
solvent molecules of gallic acid with ethanol6-9 as shown
in Fig. 3.
Figure 4 shows that adiabatic compressibility increases
with solute concentration for the systems. The decrease
of adiabatic compressibility with increasing concentration clearly indicates the presence of solute-solvent
inter-actions due to aggregation of solvent molecules
around solute molecules. A strong intermolecular Hbonding interaction exists between gallic acid and
acetone and ethanol. Relatively it is more in gallic acid
and ethanol solution.
Acoustic impedance is more in acetone compared to
ethanol. Figure 5 shows that impedance trend in acetone
is more compare to ethanol. Ultrasonic velocity and
acoustic impedance shows dip at 0.05 molar concentrations, whereas the adiabatic compressibility and free
length shows peak at corresponding concentration as
shown in Figs. 5 and 7. This shows the complex formation
and molecular dissociation. It also indicates weakening
of hydrogen bond at this molar concentration. The
increase in Z with increase in concentrations of solutes
can be explained in terms of inter and intra molecular
interactions between the molecules of liquid systems.
This indicates significant interaction in liquid system.
It is observed that in Fig. 6 the relaxation time increases
with increase in concentration of gallic acid with ethanol
and decrease in acetone of solution. The variation of
relaxation time is a collective effect of the density,
viscosity and ultrasonic velocity10-11.
The intermolecular free length (Lf) also follows the
same trend as that of adiabatic compressibility; the
decrease in free length with increase in both the concentration reveals the presence of strong interaction as shown
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in Fig. 7. It is more in ethanol as compared to acetone.
Internal pressure values (πi) increases with increase in
both the concentrations. Internal pressure is greater in
ethanol solution as compared to acetone solution.
Conclusion
The nonlinear variation of ultrasonic velocity and other
thermo acoustical parameters with molar concentration
of gallic acid with ethanol and acetone shows the
intermolecular interaction occurs in constituent
molecules. This provides useful information about the
nature of intermolecular forces existing in the mixture.
The observed complex formation in the binary liquid
mixture may be due to the formation of hydrogen bonding
and the tendency of solute-solvent interaction.
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Evaluation of thermo-acoustical parameters of strong electrolytesmetal sulphates in aqueous medium at different temperatures
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Values of ultrasonic velocity (U), density (d) and viscosity (η) have been measured in aqueous solutions of
zinc sulphate and magnesium sulphate in different concentrations over the temperature range 298.15K to 313.15K
at 5K interval. The thermo-acoustical parameters, such as acoustic impedance (Z), isentropic compressibility (Ks),
apparent isentropic compressibility (Ks, φ), intermolecular free length (Lf), relative association (RA), relaxation time
(τ), Gibb's free energy change (∆G), solvation number (Sn), ultrasonic attenuation (α/f2), internal pressure (πi) and
free volume (Vf) have been computed to assess the ion-solvent and ion-ion interactions in these solutions. It is found
that the ion-solvent and ion-ion interactions depend on concentration, temperature, ionic size, ionic field strength
and nature of the ion. The structural arrangement of molecules in electrolyte solutions has been discussed on the
basis of electrostatic field (ionic field) of ion. The qualitative intermolecular elastic forces between the solute and
solvent molecules are explained in terms of compressibility. The variation of solvation number with respect to
temperature and concentration of electrolyte solution has been explained in the light of dipolar interaction between
solute and solvent.
Keywords: Isentropic compressibility, internal pressure, solvation number, ultrasonic attenuation, free volume.

Introduction
Ultrasonic wave is a non-destructive and mechanical
wave, which behaves like a powerful probe to investigate
physico-chemical properties of aqueous electrolytes1,2.
The liquid state is an intermediate state between perfect
disorder of molecules in a gas and of perfect order of
molecules as in a solid. To study the change from chaos
to order, the liquid state of matter has attracted the
attention of many researchers over the last several years.
So, always it has posed a problem to researchers in
arriving at a general conclusion regarding its state. Since
ultrasonic wave is a high frequency and low amplitude
wave, due to its penetrating nature through liquid
medium, it is of interest to study its interaction with
matter to throw light into the molecular interaction and
molecular kinetic properties of the materials.
Ultrasonic velocity measurements have been extensively used to study the molecular interactions in

Bidyadhar Swain is Life Member of USI.

electrolyte solutions and to get significant information
on the arrangement of molecules in aqueous electrolyte
solutions3-5. It is desirable that any discussion about
thermo-acoustical and thermodynamic parameters
of electrolytes is connected to ions as ions are playing
vital role in an electrolyte solution. The effect of
concentrations and temperatures of electrolyte solution
help understand ion-solvent (solvation) and ion-ion
(electrostatic) interactions.
In the present investigation, we have studied various
thermo-acoustical parameters, such as acoustic
impedance (Z), isentropic compressibility (Ks), apparent
isentropic compressibility (Ks,φ ), intermolecular free
length (Lf ), relative association (RA), relaxation time (τ),
Gibb's free energy change (∆G), solvation number (Sn),
ultrasonic attenuation (α/f2), internal pressure (πi) and
free volume (Vf ) in different concentrations and at
different temperatures ranging from 298.15K to 313.15K
at 5 K interval to examine the ion-solvent and ion-ion
interactions in the aqueous solutions of ZnSO4 and
MgSO4, which have wide applications in pharmaceutical,
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medicinal, agricultural, environmental, textile industry,
leather industry, etc.
Materials and Methods
Zinc sulphate and magnesium sulphate used were of
GR or AR grades and dried over anhydrous CaCl2 in
desiccator before use. All solutions were prepared in nonconducting water (Sp. cond. ~10–6 S.cm–1). The solutions
were prepared on the molal basis and conversion of
molality to molarity was done by using standard
expression6 using the density data at the corresponding
temperature. The solute content of the solutions varied
over a concentration range of 6.0×10–3M to 8.0×10–2M
for all measurements.
Velocity measurement
Ultrasonic velocity measurements in the electrolyte
solutions at different concentrations were made by using
a multi frequency ultrasonic interferometer operating at
a frequency of 2 MHz at different temperatures ranging
from 298.15 K to 313.15 K at 5 K intervals. The
measuring cell of interferometer is a specially designed
double-walled vessel with provision for temperature
constancy. A constant temperature water bath with an
accuracy of ± 0.05 K was used to circulate water through
the outer jacket of double-walled measuring cell
containing the experimental solution. The cell was
allowed to equilibrate for 30 minutes prior to making
the ultrasonic velocity measurements. The interferometer
was calibrated with water and the experimental value is
in good agreement with literature value7. The precision
of the ultrasonic velocity measurements was within
± 0.5 ms–1.
Density measurement
The densities of solutions were measured8 by relative
measurement method using a specific gravity bottle (25
ml capacity). At least five observations were taken and
the differences in any two readings did not exceed ±
0.02%. Sufficient care was taken to avoid any entrapment
of air bubble.
Viscosity measurement
Viscosity measurements were made9 using an Ostwald
viscometer in a water thermostat whose temperature was
controlled to ±0.05 K and efflux time was determined

using a digital stop clock with an accuracy of ±0.01 s.
An average of three sets of flow times for each solution
was taken for the calculation of viscosity. The values of
viscosity so obtained were accurate to within ± 0.3 ×
10–3cP.
Theoretical Aspects
The experimentally measured values of ultrasonic
velocity (U), density (d) and viscosity (η) in aqueous
solutions of zinc sulphate and magnesium sulphate at
different temperatures have been used to compute the
values of different parameters from the following
relations10-15:
Acoustic impedance (Z) = Ud

(1)

1
U 2d
Apparent isentropic compressibility (Ks,φ)

Isentropic compressibility (Ks) =

(2)

= 1000 Ksc–1-Ks0d0–1(1000c–1d–M)

(3)

Intermolecular free length (Lf) = KT (Ks)½
Solvation number (Sn) =

n1n2–1[1–

Relative association (RA) =
Relaxation time (τ ) =

(4)

KS/KSo]

d ⎛ U0 ⎞
×
d 0 ⎜⎝ U ⎟⎠

(5)

1
3

(6)

4η
3U 2 d

(7)

Gibb's free energy change (∆G) = kBTln(kBTτ/h)
Ultrasonic attenuation

(α/f 2)

=

4π 2τ /2U
1

(8)
(9)

2

7

Internal pressure (π i ) = b ' RT ( Kη / U ) 2 ( d 3 / M eff 6 ) (10)
Free volume (Vf ) = (Meff U/Kη)3/2

(11)

where Meff = Σmi xi is the effective molecular weight, mi
is the effective molecular weight of the individual
constituent, xi is the mole fraction of the individual
constituent, K T = (93.875 + 0.375T) × 10–8 is the
temperature dependent Jacobson's constant, M is the
molecular mass of the solute, c is the molar concentration,
do and d are densities of pure solvent and solution,
respectively, U0 and U are the velocities of pure solvent
and solution, respectively, n1 and n2 are the number of
moles of solvent and solute, respectively, KS and KSo
are the isentropic compressibility of the solution and
solvent, respectively, b' is the cubic packing factor having
value '2' for all liquids, T is the temperature in Kelvin, α
is the absorption co-efficient or attenuation co-efficient
and 'f' is the frequency of ultrasonic wave (= 2MHz), kB
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Results and discussion
As previously10, the sound velocity (U) increases with
concentration of aqueous solutions of zinc sulphate and
magnesium sulphate. It also increases with increase
in temperature. Plots of ultrasonic velocity versus
concentration of these two electrolytes at different
temperatures are shown in Fig. 1(a)-(b). As expected,
the values of sound velocity in aqueous solutions of zinc
sulphate are higher than that of magnesium sulphate
because of the higher mass of the former than the latter.
The values of U were fitted to an equation of the form,

U = U0 + A'c + B'c3/2 + C'c2

(12)

where U0 is the sound velocity in water, c is the molar
concentration, and A', B' and C' are the empirical
constants. These constants are given in Table 1. The
variation of (U – U0)/c vs c1/2 are parabolic for lower
concentration and decreases linearly for the higher
concentration in aqueous solutions of ZnSO4 and MgSO4
at all temperatures agreeing fairly well with the Eq. (12).
Typical plots are shown in Fig. 2 over the concentration
range at 298.15K.
1
ZnSO4
(U-U0)c (m4.s–1.mol–1)

= 1.38 × 10–23JK–1 (Boltzmann's constant), h = 6.626 ×
10 –34 Js (Planck's constant), R=8.3143 JK –1 mol –1
(Universal gas constant), K = 4.281×109 is the dimensionless constant independent of temperature and nature of
liquid.

0.8

MgSO4

0.6
0.4
0.2
0
0

5
1/2

c

10
1/2

–3/2

(mol .m

)

Fig. 2 Plot of (U-U0)/c vs c1/2 for aqueous metal sulphates at
298.15K.

Fig. 1 Plot of ultrasonic velocity (U) vs c for aqueous (a) Zinc
sulphate (b) Magnesium sulphate.

From Table 2, it is observed that the acoustic impedance (Z), which assesses the absorption of sound wave
in a medium and determines the elastic behaviour
(i.e., the bulk modulus of elasticity) of the medium
increases with increase in concentration of electrolytes10.
This is well agreeing with the theoretical requirement
as density and ultrasonic velocity increase with increase
in the concentration of electrolytes. The increase in
Z values with concentration of electrolytes at all given
temperatures may be attributed to the effective solutesolvent interactions. The Z values also increase with
increase in temperature due to structural properties of
electrolyte in the solution and there occurs a structural
rearrangement as a result of hydration (Solvation)
leading to a comparatively more ordered state16,17.

Table 1 – Values of constants, A', B' & C' of Eq. (12), A", B" & C" of Eq. (13), Ks0, φ (m3.mol–1.Pa–1), A"' & B"' of Eq. (14) for ZnSO4 and
MgSO4 in aqueous solution at 298.15K

Electrolytes
ZnSO4
MgSO4

10A'

102B'

104C'

1013A"

1014B"

1017C"

1010Ks0,φ

1011A"'

1013B"'

11.006
7.335

-10.497
-6.147

-1.883
-11.072

-8.339
-5.709

7.528
4.667

-7.019
51.445

-10.133
-7.043

8.755
5.627

-594.467
3.738
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Table 2 – Values of Z (kg.m–2s–1), Ks (m2N–1) and Ks,φ (m3.mol–1.Pa–1) of aqueous electrolytes at different temperatures.

Z × 10–3

Con.
c × 10–3
(mol. m–3)

Ks × 1010

Ks,φ × 1010

Temperature (K)
298.15 303.15 308.15 313.15 298.15 303.15 308.15 313.15 298.15 303.15 308.15 313.15
Zinc sulphate

0.006
0.008
0.009
0.010
0.030
0.050
0.080

1498.9
1502.6
1503.9
1505.5
1512.3
1521.7
1533.1

1507.7
1511.3
1513.3
1514.6
1521.6
1529.9
1542.0

1514.8
1518.1
1519.4
1521.7
1528.2
1537.4
1549.8

1520.9
1524.2
1525.8
1528.1
1534.9
1544.2
1555.9

4.448
4.428
4.421
4.414
4.388
4.349
4.303

4.390
4.370
4.362
4.355
4.329
4.295
4.247

4.340
4.322
4.316
4.306
4.283
4.246
4.198

4.298
4.280
4.272
4.263
4.239
4.200
4.157

-7.186
-8.075
-8.040
-8.170
-4.061
-3.536
-3.028

-6.994
-7.892
-8.272
-8.205
-4.088
-3.396
-2.971

-6.528
-7.259
-7.286
-7.855
-3.837
-3.336
-2.944

-6.330
-7.075
-7.313
-7.865
-3.899
-3.359
-2.902

4.353
4.334
4.327
4.320
4.300
4.266
4.224

4.310
4.291
4.284
4.276
4.255
4.218
4.183

-4.265
-5.895
-6.106
-6.273
-2.990
-2.775
-2.469

-4.434
-5.971
-6.157
-6.313
-3.034
-2.733
-2.398

-4.315
-5.838
-6.026
-6.174
-3.048
-2.751
-2.432

-4.150
-5.677
-6.073
-6.388
-3.165
-2.849
-2.395

Magnesium sulphate
1496.0
1499.6
1500.9
1502.2
1506.8
1515.2
1525.4

1505.1
1508.7
1510.0
1511.3
1516.2
1524.1
1533.8

1512.5
1516.1
1517.4
1518.8
1524.0
1532.1
1542.4

1518.5
1522.2
1523.8
1525.4
1531.0
1539.5
1548.5

4.462
4.443
4.436
4.429
4.410
4.374
4.330

Therefore, ultrasound speed increases with increase in
temperature and the resistance offered by the solution to
the sound velocity increases resulting in an increase in
Z. The lower Z values of magnesium sulphate than the
zinc sulphate in aqueous solution may be due to lower
molecular mass and low molecular association due to
smaller ion. The values of isentropic compressibility, Ks
as calculated by Eq. (2) were fitted to an equation of the
form,
Ks = Ks0 + A"c + B"c3/2 + C"c2

(13)

where A", B" and C" are constants and K s0 is the
isentropic compressibility of water. The values of the
constants A", B" and C" are given in Table 1 for the
aqueous solutions of ZnSO4 and MgSO4 at 298.15 K.
Typical plots of (Ks – Ks0)/c vs c1/2 are shown in Fig. 3.
As observed, the value of Ks decreases with increase
in concentration of the solute at all temperatures. The
reason is that, when an electrolyte (solute) dissolves in
water (solvent) some of the surrounding solvent
molecules are closely attached to the ions due to the
influence of electrostatic field of the ions. Since the
solvent molecules are oriented in the ionic field
(electrostatic field), the solvent molecules are more
compactly packed in the primary solvation shell as
compared to the compactness in the absence of the ions.

4.403
4.384
4.377
4.370
4.351
4.317
4.275

0

5

10

0
–1
1013(Ks–Ks0)/c (m5.mol–1.N–1)

0.006
0.008
0.009
0.010
0.030
0.050
0.080

–2
–3
–4
–5

ZnSO4

–6

MgSO4

–7
–8

c1/2 (mol1/2.m–3/2)

Fig. 3 Plot of (Ks-Ks0)/c vs c1/2 for aqueous metal sulphates at
298.15K.

Thus, the electrostatic field of the ion causes compactness
of the medium due to ion-solvent interaction giving rise
to a phenomenon called electrostriction. The interstitial
spaces of water are occupied by the solute molecules
making the medium harder to compress, i.e., providing
greater electrostriction. The medium does not respond
to further application of pressure. So, the compressibility
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and internal pressure increase. Hence, isentropic compressibility as well as internal pressure describes the
molecular arrangement in the electrolyte solutions10.
Also the values of K s decrease with increase in
temperature for all concentrations of aqueous ZnSO4 and
MgSO4 solutions due to the fact that, with increase in
temperature, the compression of the medium becomes
more prominent, resulting a decrease in Ks values. As
observed, the isentropic compressibility value of aqueous
ZnSO4 solution is less than that of aqueous MgSO4
solution at all concentrations and temperatures due to
the higher molecular mass, and hence, due to more
electrostriction shown by the former than the latter.
The values of apparent molar isentropic compressibility, Ks, φ computed by means of Eq. (3) were fitted
into Eq. (14)
Ks,φ = Ks0, φ + A"'c1/2 + B"'c

vicinity of the ions causing electrostrictive solvation of
the ions. As seen, the values of Ks, φ of the sulphates are
in the order: Ks, φ (ZnSO4) < Ks, φ (MgSO4).
From Table 3 and Fig. 4 Typical plot is given for ZnSO4
Solution, it is observed that the intermolecular free length
(Lf ) decreases with increase in concentration of solution
at all temperatures in both the electrolytes. It indicates
that, there is a significant interaction between solute and
solvent suggesting the structure promoting behaviour on
addition of electrolytes18. The increase of temperature
increases the thermal energy of the system and decreases
the intermolecular forces thereby causing an expansion
in volume and decrease in density, and hence, free length

(14)

to obtain Ks0, φ, the limiting apparent molar isentropic
compressibility, A"' and B"' are constants, and are
given in Table 1. As observed the values of apparent
isentropic compressibility (Ks, φ) initially decrease(for
lower concentrations) and then increase(for higher
concentrations) with increase in concentration of the
solutions. The negative values of Ks, φ and Ks0, φ are due
to loss of compressibility of surrounding solvent
molecules because of strong electrostrictive forces in the

Fig. 4 Plot of intermolecular free length (Lf) vs c for aqueous
Zinc sulphate.

Table 3 – Values of Lf (m), Sn and RA of aqueous electrolytes at different temperatures

Lf × 1011

Con.
c × 10–3
(mol. m–3)

Sn

RA

Temperature (K)
298.15 303.15 308.15 313.15 298.15 303.15 308.15 313.15 298.15 303.15 308.15 313.15
Zinc sulphate

0.006
0.008
0.009
0.010
0.030
0.050
0.080

4.344
4.335
4.332
4.328
4.315
4.296
4.273

4.349
4.339
4.335
4.332
4.319
4.301
4.277

4.363
4.354
4.351
4.346
4.334
4.315
4.291

4.381
4.372
4.368
4.363
4.350
4.330
4.308

0.006
0.008
0.009
0.010
0.030
0.050
0.080

4.352
4.342
4.339
4.335
4.326
4.308
4.287

4.355
4.346
4.342
4.339
4.329
4.312
4.292

4.369
4.360
4.356
4.353
4.343
4.326
4.304

4.387
4.377
4.373
4.370
4.359
4.340
4.322

69.0
68.1
65.4
82.0
81.2
77.4
83.3
83.1
78.6
83.9
83.5
82.7
38.4
38.2
37.8
32.7
32.0
31.3
27.6
27.4
27.4
Magnesium Sulphate
38.7
59.4
62.2
64.5
29.4
26.6
23.3

39.9
60.1
62.8
65.0
29.8
26.4
23.0

39.4
59.5
62.2
64.3
30.0
26.6
23.3

64.3
76.4
78.4
82.3
37.5
30.6
27.2

1.0013
1.0010
1.0010
1.0012
1.0039
1.0067
1.0097

1.0012
1.0010
1.0014
1.0014
1.0043
1.0062
1.0097

1.0010
1.0005
1.0005
1.0012
1.0036
1.0062
1.0099

1.0009
1.0005
1.0007
1.0013
1.0040
1.0057
1.0099

38.4
58.6
62.6
65.8
30.9
28.0
23.1

1.0011
1.0008
1.0008
1.0008
1.0021
1.0041
1.0064

1.0012
1.0010
1.0010
1.0010
1.0024
1.0041
1.0061

1.0012
1.0010
1.0010
1.0010
1.0026
1.0045
1.0068

1.0011
1.0009
1.0011
1.0013
1.0032
1.0045
1.0068
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100

ZnSO4
MgSO4

80

Sn

60

40

20

0
0

5
c × 10–3 (mol.m–3)

10

Fig. 5 Plot of solvation number (Sn) vs c for aqueous metal
sulphates at 298.15K.

298.15K

1.012

303.15K

RA

increases. Therefore, intermolecular free length increases
with increase in temperatures. The intermolecular free
length of aqueous ZnSO4 is less than that of aqueous
MgSO4 due to the less isentropic compressibility value
of former than the latter.
The number of solvent molecules surrounded the solute
and taking part in the formation of primary shell with
the central ion is termed as solvation number19. In the
present investigation, it is observed that the solvation
number (Sn) computed for two electrolytes is positive in
aqueous medium at all the experimental temperatures
indicating the appreciable solvation of solute or structure
forming tendency of the solute. The solvation number
increases with increase in concentration and attains
maximum value at specific concentration at all
experimental temperatures indicating increased dipolar
interaction between solute and water molecules20. The
maximum value of solvation number at specific
concentration indicates stronger ion-solvent interaction.
Further, it starts to decrease with increase in concentration suggesting increased ion-ion interaction. The
resultant values of the Sn depend upon solute-solvent
and solute-solute interaction occurring in the solution21,
22. With rise in temperature, the Sn values decrease in
aqueous ZnSO 4 solution but reverse is the case in
aqueous MgSO4 solution.
Typical plots of Sn versus c are shown in Fig. 5.
The relative association (RA) is another important
property 23 of the electrolyte solution which can be
studied to understand the ion-ion or ion-solvent
interactions. It is influenced by two factors: (i) breaking

1.01

308.15K

1.008

313.15K

1.006
1.004
1.002
1
0

5
c × 10–3 (mol.m–3)

10

Fig. 6 Plot of relative association (RA) vs c for aqueous
Magnesium sulphate.

up of the associated solvent molecules on addition of
the solute and (ii) the solvation of solute molecules. The
former leads to a decrease and the latter to an increase
of relative association. In the present study, RA increases
with increase in concentration of solution24 due to the
decrease in intermolecular free length and also increases
in electrostatic interaction for both the electrolyte
solutions. It suggests that the solvation of the sulphate
salt predominate over the breaking-up of the solvent
structure. As observed from Fig. 6 (Typical plot is given
for MgSO4 solution), RA values of both the sulphates
increase linearly with concentration for all experimental
temperatures. At very dilute solution the decrease is due
to breaking up of the solvent on addition of metal
sulphates. But, it varies irregularly with increase in
temperatures.
Relaxation time ( τ) is directly proportional to coefficient of viscosity and inversely proportional to the
isentropic compressibility of solutions. From Table 4, it
is clear that, relaxation time increases with increase in
concentration of electrolyte suggesting the rearrangement of molecules due to co-operation process and
reinforcement of H-bonds 25 . Further the rise in
temperature weakens the H-bonds due to thermal
vibration, and structure breaking effect predominates
over H-bond formation causing decrease in τ in both the
electrolyte solutions26.
The value of ∆G increases with increase in concentration of both the electrolytes suggesting shorter time
for rearrangement of molecules. But, it decreases with
increase in temperature as given in Table 4 due to increase
in kinetic energy of the molecules by thermal energy and
takes longer time for rearrangement of molecules for a
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Table 4 – Values of τ (s), ∆G (kJ.mol–1) and α/f2 (Np.s2m–1) of aqueous electrolytes at different temperatures.

τ × 1013

Con.
c × 10–3
(mol. m–3)

∆G × 1020

α/f2 1015

Temperature (K)
298.15 303.15 308.15 313.15 298.15 303.15 308.15 313.15 298.15 303.15 308.15 313.15
Zinc sulphate

0.006
0.008
0.009
0.010
0.030
0.050
0.080

5.450
5.450
5.459
5.461
5.540
5.515
5.524

4.811
4.802
4.821
4.849
4.866
4.850
4.887

4.259
4.282
4.287
4.301
4.311
4.342
4.316

0.006
0.008
0.009
0.010
0.030
0.050
0.080

5.432
5.426
5.459
5.462
5.456
5.447
5.473

4.814
4.805
4.821
4.842
4.838
4.823
4.828

4.266
4.276
4.287
4.297
4.300
4.294
4.269

3.765
3.766
3.811
3.820
3.826
3.830
3.841

0.5016 0.4648 0.4276
0.5016 0.4640 0.4300
0.5023 0.4657 0.4304
0.5025 0.4681 0.4317
0.5084 0.4696 0.4328
0.5065 0.4682 0.4358
0.5072 0.4714 0.4332
Magnesium sulphate
3.741 0.5003 0.4651 0.4283
3.730 0.4998 0.4643 0.4293
3.792 0.5023 0.4656 0.4304
3.797 0.5025 0.4675 0.4314
3.796 0.5021 0.4671 0.4317
3.785 0.5014 0.4659 0.4311
3.792 0.5034 0.4663 0.4286

given concentration27.
Ultrasonic attenuation (α/f2) is a measure of spatial
rate of decrease in the intensity level of the ultrasonic
wave and attenuation co-efficient (α) is characteristic of

0.3882
0.3884
0.3935
0.3945
0.3952
0.3956
0.3969

7.174
7.159
7.166
7.165
7.259
7.206
7.195

6.287
6.262
6.283
6.315
6.329
6.292
6.319

5.529
5.547
5.550
5.564
5.571
5.596
5.544

4.858
4.851
4.905
4.913
4.915
4.904
4.906

0.3854
0.3842
0.3914
0.3919
0.3917
0.3905
0.3913

7.160
7.137
7.176
7.176
7.158
7.127
7.138

6.299
6.274
6.291
6.315
6.301
6.265
6.251

5.544
5.547
5.557
5.568
5.564
5.542
5.491

4.834
4.811
4.888
4.891
4.882
4.852
4.849

the medium which depends upon the external conditions
like temperature, pressure and frequency of the
measurement. When temperature increases, the values
of ultrasonic attenuation decrease. The decrease in

Table 5 – Values of πi (Nm–2) and Vf (m3.mol–1) of aqueous electrolytes at different temperatures.
πi × 10–6

Con.
c × 10–3
(mol. m–3)

Vf × 107

Temperature (K)
298.15

303.15

308.15

313.15

298.15

303.15

308.15

313.15

0.006
0.008
0.009
0.010
0.030
0.050
0.080

2748.68
2751.75
2755.23
2757.54
2780.41
2779.98
2786.71

2630.94
2631.40
2639.17
2647.76
2655.65
2654.53
2669.92

0.21542
0.21537
0.21368
0.21164
0.20994
0.21018
0.20669

0.25679
0.25403
0.25331
0.25158
0.25015
0.24632
0.24718

0.30718
0.30611
0.30032
0.29866
0.29722
0.29536
0.29263

0.006
0.008
0.009
0.010
0.030
0.050
0.080

2741.15
2743.02
2752.62
2754.74
2753.93
2757.92
2770.30

2629.50
2630.20
2635.77
2642.94
2642.92
2644.04
2649.83

2519.06
2408.44
0.18024
2528.03
2411.10
0.17969
2530.53
2426.96
0.17903
2537.48
2432.57
0.17867
2542.38
2436.98
0.17441
2556.40
2441.87
0.17475
2554.28
2450.60
0.17345
Magnesium sulphate
2519.38
2399.34
0.18159
2525.55
2398.93
0.18130
2529.89
2420.51
0.17945
2534.21
2423.75
0.17907
2536.83
2425.56
0.17911
2540.51
2426.80
0.17864
2538.08
2432.71
0.17637

0.21570
0.21562
0.21430
0.21261
0.21254
0.21250
0.21112

0.25671
0.25494
0.25369
0.25245
0.25170
0.25095
0.25184

0.31071
0.31100
0.30295
0.30193
0.30142
0.30112
0.29901

Zinc sulphate
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isentropic compressibility or increase in velocity of
ultrasonic wave indicates that the wave is less attenuated
in both the electrolyte solutions. But, it changes
irregularly with increase in concentration at all
temperatures in both the electrolytes.
The free volume (Vf ) is the effective volume accessible
to the centre of a molecule in a liquid. The structure of a
liquid is determined by strong repulsive forces in the
liquid with the relatively weak attractive forces providing
the internal pressure which held the liquid molecules
together. The free volume seems to be conditional by
repulsive forces whereas the internal pressure is more
sensitive to attractive forces. These two factors together
uniquely determine the entropy of the system. Thus, the
internal pressure, free volume and temperature seem to
be the thermodynamic variables that describe the liquid
system of fixed composition 10. From Table 5, it is
observed that free volume (Vf ) decreases with increase
in concentration of electrolyte and internal pressure (πi)
changes in a manner opposite to that of free volume in
all experimental temperatures. The decrease of Vf (or
increase of πi) at a given temperature indicates the
formation of hard and/or tight solvation layer around the
ion 28,29 due to more ion-solvent interaction. With
increase in temperature, thermal energy of the molecules
increase, hence available free volume (Vf ) increases (or
πi decreases).
Conclusion
The results of the present study reveal that specific
ion-ion and ion-solvent interactions play an important
role for explaining the different thermo-acoustical
parameters of strong electrolytes in aqueous medium at
four different temperatures 298.15K, 303.15K, 308.15K
and 313.15K. These interactions result in attractive forces
which promote the structure forming tendency. It is also
noticed that the strength of molecular interaction weakens
with rise of temperature which may be due to weak
intermolecular forces and thermal energy of the system.
However any deviation from the usual behaviour is
probably due to characteristic structural changes in the
system.
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Mechanical and thermophysical properties of europium monochalcogenides
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The ultrasonic properties of europium chalcogenides EuX (X = O, S and Te) have been computed at room
temperature along <100>, <110> and <111> orientations. The higher order elastic constants have also been computed
using Coulomb and Born-Mayer potential upto second nearest neighbour and these are applied to compute ultrasonic
properties. The mechanical and thermal properties like Youngs modulus, bulk modulus, Cauchy's relation, Zener
anisotropy factor, fracture to toughness ratio, Debye temperature have also been calculated for finding the future
performance of these materials. Since these materials follow the Born stability criteria, so these are mechanically
stable. The fracture to toughness ratio is less than 1.75, hence these are brittle in nature. The results of present
investigation have been analysed in correlation with mechanical and thermophysical properties of the similar materials.
Keywords: Monochalcogenides, elastic properties, thermal properties, ultrasonic properties.

Introduction
Ultrasonic studies have been applied as an important
tool for studying the microstructural features and inherent
properties of different rare-earth materials1-3 . The
structural inhomogeneities, dislocations, thermal
conductivity, specific heat etc. are well connected with
temperature dependent ultrasonic parameters of the rareearth materials. The properties of rare earth materials
have been studied extensively in literature 4-5 . The
partially filled f-orbitals lead to the anomalous behaviour
of rare earth materials 6-7. Many theoretical and
experimental studies have been done on europium
monochalcogenides having B1-type crystal structure8-13.
Higher order elastic constants, ultrasonic velocities and
ultrasonic attenuation for europium selenide (EuSe) have
been already described in our previous paper8. Varshney
et al. 9 computed elastic properties in EuX using an
effective interionic interaction potential taking into
consideration the long-range Coulomb as well charge
transfer interactions. A study of high-pressure phase
transition and elastic properties of europium
Mrs. Vyoma Bhalla, Devraj Singh and Meher Wan are the Life
Members of USI.

monochalcogenides has been carried out by Dubey and
Singh10. Farberovich and Vlasov 11 have applied the
augmented plane wave method (APW) for theoretical
study of europium monochalcogenides. Söllinger et al.12
applied the classical Heisenberg model for Monte Carlo
study of europium monochalcogenides. The electronic
structure and magnetic properties of EuX by the full
potential linear muffin-tin orbital method have been
investigated by Ghosh et al.13.
To the best of authors' knowledge, there is no evidence
for the ultrasonic study of europium monopnictides in
literature. The present paper deals with elastic, ultrasonic
and thermal properties of EuX (X = O, S and Te). The
second and third order elastic constants of europium
monochalcogenides, EuX have been evaluated using
Coulomb and Born Mayer potential in the temperature
range 100-300 K. The higher order elastic constants are
applied to compute the mechanical properties like
Young's modulus, shear modulus, bulk modulus,
Poisson's ratio, Breazeale's non linearity parameter.
Debye temperature, thermal conductivity, thermal
relaxation time, ultrasonic attenuation and ultrasonic
velocities have been calculated for longitudinal and shear
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waves propagating along <100>, <110> and <111>
directions and compared with available results. The
thermal conductivity is calculated using Cahill approach.
The ultrasonic attenuation is calculated using Mason's
approach.
Theory
The Coulomb and Born-Mayer type potential has been
applied to find out the second and third-order elastic
constants (SOECs and TOECs), following Brugger's
definition of elastic constants14 . Leibfried et al. 15
developed anharmonic theory of lattice dynamics to find
out elastic constants at different temperatures. This is
addition of elastic constant at 0 K and elastic constant at
a particular temperature, i.e.,
CIJ (T ) = CIJ0 + CIJvib
CIJK (T ) = C

and

0
IJK

+C

vib
IJK

(1)

CIJ and CIJK are the second and third order elastic
constants. '0' and 'vib' stands for 0 K and particular
temperature such as 100 K, 200 K and 300 K respectively.
The expressions for finding the values of Young's
modulus, bulk modulus, anisotropic shear modulus,
tetragonal modulus, Zener anisotropy parameter,
Poisson's ratio are given in our previous paper2.
Ultrasonic velocity along different crystallographic
directions <100>, <110> and <111> are computed with
following expressions16.
Along <100>,
Vl =

C11

ρ

and VS 1 = VS 2 =

C44

ρ

Along <110>,
Vl =

C11 + C12 + 2C44
and VS 1 =
2ρ

C44

ρ

; VS 2 =

C11 − C12
2ρ

Along <111>,
Vl =

C11 + 2C12 + 4C44
C − C + C44
and VS1 = VS 2 = 11 12
(2)
3ρ
3ρ

The Debye average velocity Vm has been calculated
using the values of Vl, VS1 and VS2.
⎡1 ⎧ 1
2 ⎫⎤
Vm = ⎢ ⎨ 3 + 3 ⎬⎥
⎣⎢ 3 ⎩VL VS 1 ⎭⎦⎥

−1/3

; along <100> and <111> directions

⎡1 ⎧ 1
1
1 ⎫⎤
= ⎢ ⎨ 3 + 3 + 3 ⎬⎥
⎢⎣ 3 ⎩VL VS 1 VS 2 ⎭⎥⎦

−1/3

; along <110> direction (3)

Debye average velocity is applied to compute Debye
temperature17 using following expression,

θD =


kB

1/3

⎡ 3n ⎛ N a ρ ⎞ ⎤
⎢ ⎜
⎟ ⎥ Vm
⎣ 4π ⎝ M ⎠ ⎦

(4)

where  = h/2 π, h = Planck's constants, kB = Boltzmann
constant, Na = Avogadro's number, ρ = density, M =
molecular weight, n = number of atoms in the unit cell
(= 2 for EuX).
The minimum thermal conductivity18 of the lattice
along different crystallographic direction has been
calculated at room temperature as given by,
(5)
where 'q' = atomic number per unit volume
Theory of ultrasonic attenuation was initially
developed by Akhieser19. Further this theory was
modified by Bommel and Dransfeld20 and finally by
Mason21. The Mason's modified form have been used
for determining ultrasonic attenuation [(α /f 2 ) l for
longitudinal wave and (α/f 2)s for shear wave]. The
expressions to find out ultrasonic velocity and ultrasonic
attenuation are given in our previous papers22, 23.

κm
Results and discussion
The SOECs and TOECs have been computed by means
of two basic parameters i.e., lattice constant and hardness
parameter. The lattice constants for EuO, EuS and EuTe
are 5.14 Å, 5.97 Å and 6.60 Å respectively. The value of
hardness parameter is taken as 0.313Å for all the
chalcogenides. The computed values of temperature
dependent SOECs and TOECs using Eq. (1) and the
Brugger's14 approach are given in Table 1. It is seen that
the values of C11, C44, C111, C166 and C144 increase with
temperature while C12, C112 and C123 decrease with
temperature. The values of C456 remains constant. It is
also seen that the values of elastic constants decrease
with increase in molecular weight. This type of behavior
of higher order elastic constants is already found in other
rare-earth materials such as praseodymium
monochalcogenides22, lanthanum monochalcogenides23
and rare-earth monoarsenides24.
The mechanical constants such as Young's modulus
(Y), bulk modulus (B), shear modulus, tetragonal moduli
(CS), Zener anisotropy (A) and Poisson's ratio (ν) are
computed using second order elastic constant and are
presented in Table 2.
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Table 1 – SOECs and TOECs (1010 N/m2) of EuX in the temperature range 100K-300K.

Materials

ECs→

SOECs

TOECs

Temp. [K]↓

C11

C12

C44

C111

C112

C123

C144

C166

C456

EuO

100
200
300

5.80
5.98
6.19

2.16
2.12
2.09

2.26
2.27
2.28

-86.9
-88.1
-89.7

-8.95
-8.76
-8.60

3.07
2.94
2.81

3.61
3.62
3.63

-9.29
-9.33
-9.38

3.58
3.58
3.58

EuS

100
200
300

4.43
4.62
4.82

1.10
1.07
1.04

1.18
1.18
1.18

-72.5
-74.0
-75.7

-4.47
-4.29
-4.11

1.56
1.42
1.27

1.99
1.99
2.00

-4.78
-4.80
-4.83

1.97
1.97
1.97

EuTe

100
200
300

3.60
3.79
3.97

0.71
0.68
0.64

0.76
0.76
0.77

-62.6
-64.3
-66.0

-2.78
-2.59
-2.40

1.02
0.86
0.69

1.33
1.33
1.34

-3.04
-3.06
-3.08

1.32
1.32
1.32

Table 2 – Mechanical constants Y, BT, C44, CS and G and B/G, A and ν of EuX at room temperature.

Material
EuO
EuS
EuTe

Y
BT
G
CS
C44
(1010N/m2) (1010N/m2) (1010N/m2) (1010N/m2) (1010N/m2)
5.42
3.55
2.63

3.46
2.30
1.75

2.19
1.43
1.05

2.05
1.89
1.66

The Born criterion of stability25 is expressed as
B = (C11+2C12)/3>0, C44> 0, CS = (C11- C12)/2 > 0 (6)
It is obvious from Table 2 that the values of B, C44 and
C S are greater than 1, so Born mechanical stability
criterion has been satisfied by these materials. Hence
these are stable substances. The ratio of B/G (fracture/
toughness) is less than 1.75 as given in Table 2. Thus,
europium monochalcogenides are brittle in nature. The
nature of bonding forces can be analysed from Poisson's
ratio. For central forces, the value of Poisson's ratio
should lie in the range 0.25<ν<0.5. For materials
considered in the present study, the value does not fall
in this range which means that the forces are non

2.26
1.18
0.77

B/G

A

ν

1.58
1.61
1.67

1.11
0.63
0.46

0.24
0.24
0.25

central26. The value of Young's modulus is greater for
EuO. Hence EuO is stiffer than EuS and EuTe.
The values of ultrasonic velocities for longitudinal
mode (Vl), shear modes (VS1 and VS2), Debye average
velocity (Vm) and Debye temperature (θD) are calculated
using second order elastic constants values in Eqs. (2) (4). The values of these parameters are given in Table 3.
It is seen that the ultrasonic velocities and Debye
temperature decrease from EuO to EuTe with increase
of their molecular weights. In the chosen materials, the
ultrasonic velocity along longitudinal mode is highest
for EuO along <100> direction and minimum for EuTe
along <111> direction. This type of behavior has already

Table 3 – Ultrasonic velocities Vl, VS, VD and θD of EuX.

Material
EuO

EuS

EuTe

Direction

Vl
(103 m/s)

VS1
(103 m/s)

VS2
(103 m/s)

Vm
(103 m/s)

θD
(K)

<100>
<110>
<111>
<100>
<110>
<111>
<100>
<110>
<111>

2.75
2.80
2.82
2.70
2.68
2.60
2.48
2.18
2.07

1.67
1.67
1.61
1.44
1.44
1.70
1.09
1.09
1.45

1.67
1.58
1.61
1.44
1.82
1.70
1.09
1.60
1.45

1.84
1.80
1.79
1.61
1.75
1.86
1.23
1.39
1.58

213.58
208.69
207.45
160.88
174.94
185.74
110.90
125.58
142.43
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Table 4 – Thermal conductivity (6min in W/mK), thermal relaxation time (τth in ps) and ultrasonic attenuation (α/f 2 in 10–15Nps2/m) of EuX.

Direction

6min

τth

(α/f 2)l

(α/f 2)s1

(α/f 2)s2

(α/f 2)th

EuO

<100>
<110>
<111>

0.512
0.508
0.507

4.63
4.58
4.37

1.23
1.48
1.49

0.22
8.25
3.63

0.22
0.25
3.63

0.0051
0.013
0.010

EuS

<100>
<110>
<111>

0.361
0.371
0.375

7.78
6.58
5.83

2.10
2.66
2.33

0.58
9.25
4.63

0.58
0.42
4.63

0.0047
0.019
0.020

EuTe

<100>
<110>
<111>

0.238
0.251
0.256

2.52
1.96
1.53

4.37
6.01
4.59

1.56
16.30
7.92

1.56
0.95
7.92

0.0063
0.0320
0.0408

Material

been proved for other rare-earth materials22-24.
The computed values of thermal relaxation time,
thermal conductivity and ultrasonic attenuation along
different crystallographic directions <100>, <110> and
<111> in the temperature range 100K-300K are presented
in Table 4. Table 4 depicts the values of thermal
conductivity computed using Eq. (5). It is found to be
highest for EuO and lowest for EuTe. Thus, EuO have
great potential application in high-temperature
conditions. The thermal relaxation time is of the order
of picoseconds. This indicates that these materials behave
like intermetallics27. It can also be observed that the
values of relaxation time decreases as we go from <100>
to <111>. The values of ultrasonic attenuation is found
lowest for EuO along <100> direction, where shear wave
polarised along <100> direction and highest along <111>
direction where shear wave polarized along <110>
direction. It is also observed that ultrasonic attenuation
due to p-p interaction for longitudinal wave is predominant over thermal loss. It clearly indicates that EuO is
more relevant than other monochalcogenides of
europium8.
Conclusion
In summary of the present results, we conclude that
a. All the chosen materials are stable as they follow
Born stability criterion.
b. Coulomb and Born-Mayer potential is applied
successfully to evaluate higher order elastic
constants for europium monochalcogenides.
c. Investigated materials are brittle in nature as they
have ratio, fracture/toughness less than 1.75.
d. On the basis of picoseconds order of thermal
relaxation time for the chosen material we can say
that these materials are of intermetallic valence.

e. The minimum attenuation along <100> direction
reveals that it is most suitable direction for the
anisotropic study of these materials.
f. Ultrasonic attenuation for EuO is found minimum,
so we may say that EuO is more suitable candidate
for futuristic applications.
The obtained results of present investigation will be
useful for their future performance and further studies.
Acknowledgements
We owe special thanks to Dr. Ashok K. Chauhan,
Founder President, Amity Universe and Prof. B.P. Singh,
Senior Director, ASET, Bijwasan for their inspiration
and encouragements.
References
1

Singh D., Bhalla V., Kumar R. and Tripathi S.,
Behaviour of acoustical phonons in CeAs in low
temperature region, Indian J. Pure Appl. Phys., 53 (2015)
169-174.

2

Bhalla V., Kumar R., Tripathy C. and Singh D.,
Mechanical and thermal properties of praseodymium
monopnictides: An ultrasonic study, Int. J. Mod. Phys. B,
27 (2013) 1350116 (28 pp.).

3

Singh D., Kumar R. and Pandey D.K., Temperature and
orientation dependence of ultrasonic parameters in
americium monopnictides, Adv. Mat. Phys. Chem., 1
(2011) 31-38.

4

Valtheeswaran G., Petit L., Svane A., Kanchana V. and
Rajagopalan M., Electronic structure of praseodymium
monopnictides and monochalco-genides under pressure,
J. Phys.: Condensed Matter, 16 (2004) 4429-4440.

5

Coban C., Colakoglu K. and Ciftci Y.O., First
principles predictions on mechanical and physical

VYOMA BHALLA et al., MECHANICAL AND THERMOPHYSICAL PROPERTIES

27

properties of HoX (X = As, P), Mat. Chem. Phys., 125
(2011) 887-894.

16 Kittel C., Solid State Physics, 12th edition, Willey India,
New Delhi, (2011).

6

Kasuya T., Haga Y., Kwon Y.S. and Suzuki T., Physics
in low carrier strong correlation systems, Physica B,
186-188 (1993) 9-15.

7

Takahashi H. and Kasuya T., Anisotropic p-f mixing
mechanism explaining anomalous magnetic properties
in Ce monopnictides. I. Effective 4f level, J. Phys. C: Solid
State Physics, 18 (1985) 2697-2708.

17 Singh D., Kaushik S., Tripathi S., Bhalla V. and Gupta
A.K., Temperature dependent elastic and ultrasonic
properties of berkelium monopnictides, Arab. J. Sci.
Eng. 39 (2014) 485-494.

8

9

Singh D., Yadav R.R. and Tiwari, A.K., Ultrasonic
attenuation in semiconductors, Indian J. Pure Appl. Phys.,
40 (2002) 845-849.
Varshney D., Shriya S., Varshney M. and Khenata R.,
Pressure dependent mechanical properties of europium
monochalcogenides under high pressure, Comput. Mat.
Sc., 61 (2012) 158-179.

10 Dubey R. and Singh S., High pressure phase transition
and elastic behavior of europium monochalcogenides,
J. Magn. Magn. Mat., 345 (2013) 266-275.
11 Farberovich O.V. and Vlasov S.V., APW Research of
europium monochalcogenides. I. band structures and
electron-electron interaction in ferromagnetic semiconductors, Phys. Stat. Sol. (b), 105 (1981) 755-768.
12 Söllinger W., Heiss W., Lechner R.T., Rumpf K.,
Granitzer P., Krenn H. and Springholz G., Exchange
interactions in europium monochalco-genide magnetic
semiconductors and their dependence on hydrostatic strain,
Phys. Rev. B, 81 (2010) 155213 (15 pages).
13 Ghosh D.B., De M. and De S.K., Electronic structure
and magneto-optical properties of magnetic semiconductors: europium monochalcogenides, Phys. Rev.
B, 70 (2004) 115211 (7 pages).
14 Brugger K., Thermodynamic definition of higher order
elastic coefficients, Phys. Rev., 133 (1964) A1611-A1612.
15 Leibfried G. and Haln H., Zurtemperatur-abhängigkeit
der elastischenkonstanten von alkalihalogenidkristallen,
Z. Phys., 150 (1958) 487-525.

18 Bhalla V. and Singh D., Anisotropic assessment of
ultrasonic wave velocity and thermal conductivity in
ErX (X: N, As), Indian J. Pure Appl. Phys., 53 (2016) 4045.
19 Akhieser A., Absorption of sound in solids, J.Phys.
(USSR), 1 (1939) 277-287.
20 Bommel H.E. and Dransfeld K., Excitation and
attenuation of hypersonic waves in quartz, Phys. Rev.,
117 (1960) 1245-1252.
21 Mason W.P., Physical Acoustics, Vol. 3B, Academic
Press, New York, (1965).
22 Yadav R.R. and Singh D., Effect of thermal conductivity
on ultrasonic attenuation in praseodymium monochalcogenides, Acoust. Phys., 49 (2003) 595-604.
23 Yadav R.R. and Singh D., Ultrasonic attenuation in
lanthanum monochalcogenides, J. Phys. Soc. Jpn.,
70 (2001) 1825-1832.
24 Bhalla V., Singh D., Jain S.K. and Kumar R., Ultrasonic
attenuation in rare-earth monoarsenides, Pramana-J.
Phys., (2016). DOI : 10.1007/s/2043-015-1183-5.
25 Pugh S.F., Relations between the elastic moduli and
the plastic properties of polycrystalline pure metals,
Philos. Mag., 45 (1954) 823-843.
26 Watt J.P. and Peselnick L., Clarification of the HashinShtrikman bounds on the effective elastic moduli of
polycrystals with hexagonal, trigonal, and tetragonal
symmetries, J. Appl. Phys., 51 (1980) 1525-1531.
27 Singh D., Pandey D.K. and Yadawa P.K., Ultrasonic
wave propagation in rare-earth monochalcogenides,
Cent. Eur. J. Phys., 7 (2009) 198-205.

28

J. PURE APPL. ULTRASON., VOL. 38, NO. 1 (2016)

New Members (List continued after 2008)
Honorary Fellow
HF 13
Prof. Ramesh Chandra Budhani
Department of Physics, Indian Institute of Technology, Kanpur

Life Members
LM 224
Dr. A. Mohamed Ali
Assistant Professor
Abdul Hakeem College,
Mevisharam, Vellore - 632509, Tamil Nadu.
LM 225
Mrs. S. Sosamma
Scientist Officer-C, Non-Destructive
Evaluation Division (NDED), I.G.C.A.R.
Kalpakkam - 603102, Tamil Nadu.
LM 226
Prof. Kadinti Ravindra Prasad
Department of Physics
Shri Venkateshwara University,
Kavali - 524201, A.P.
LM 227
Dr. (Mrs.) Neelima Dubey
Women Scientist -DST
Dept. of Chemistry, Kurukshetra
University, Kurakshetra - 136119, Haryana
LM 228
Mr. K. Murugadoss
Lecturer
1619, Maratiya Street, Karanthai
Thanjavur - 613002.
LM 229
Dr. Charles Christopher Kanakam
Professor & Head
Chemistry Department
SRM Valliammai Engg. College
Kattankulathur, Kancheepuram - 603203, Tamil Nadu.

LM 236
Dr. Narendra Digambar Londhe
Department of Electrical Engineering,
National Institute of Technology (NIT),
Raipur - 492010, Chhatisgarh.
LM 237
Mr. Harish Kumar Manchanda
Assistant Professor in Chemistry
Dr. B.R. Ambedkar NIT, Jalandhar - 144011, Punjab.
LM 238
Dr. Imran Khan
School of Industrial Technology,
University of Sains, Penang - 11800, Malaysia.
LM 239
Dr. S.G. Goswami
Asst. Prof., Department of Physics,
Shri MM College of Science, Nagpur - 440009, Maharashtra.
LM 240
Dr. Y.S. Reddy
Asst. Prof. Cheitanya Bharati Institute of Technology,
Gandipet, Hyderabad - 500075, Andhra Pradesh.
LM 241
Dr. Abhay Saxena
Associate Professor
Department of Physics & Electronics, DAV Degree College, Kanpur. (UP).
LM 242
Dr. Jagdish Chandra Sharma
Retired as Chief Scientist, CSIR-National
Physical Laboratory, New Delhi -110012, India.
LM 243
Mr. C. Dhadapani
C-42, Industrial Estate
Guindy, Chennai - 600032, Tamil Nadu.
LM244
Dr. Jaikar Bapurao Thakre
Associate Professor
SSSKR Innani College, Washim-444105

LM 230
Dr. S. Rajakarthihan
Asst. Professor in Physics
Thiagarajar College, Teppakulam
Madurai - 625009, Tamil Nadu.

LM 245
Mr. Rambhau Atmaramji Patil
Associate Professor, S.S.S.K. R. Innani
Mahavidyala, Martizapur Road,
Karanja (lad) Distt. Washim - 444105, Maharashtra.

LM 231
Dr. R. Padmavati
Associate Professor
SRC, Trichy - 620006, Tamil Nadu.

LM 246
Dr. Nandanwar Deoram Vithoba
Associate Professor
Shri MM College of Science,
Nagpur - 440009, Maharashtra.

LM 232
Dr. K. Ganthmathi
Associate Professor
Holy Cross College
Trichy - 620002, Tamil Nadu.

LM 247
Dr. Rita Paikaray
Associate Professor in Physics
Ravenshaw University, Cuttack - 753003, Odisha

LM 233
Ms. Sudha Pattan
Medical Physicist
RSO & Research Institute
Porur, Chennai - 600116, Tamil Nadu.

LM 248
Dr. Ganeswar Nath
Associate Professor, Department of Physics,
Veer Surendra Sai University of Technology (VSSUT),
Burla, Sambalpur - 768018, Odisha.

LM234
Mr. Saju T. Abraham
Quality Assurance Division
IGCAR, Kalpakkam - 603102, Tamil Nadu.

LM 249
Dr. C.K. Mukhopadhay
Scientific Offcer (H) & Head, EMSIS,
NDED, Indira Gandhi Centre for Atomic
Research (IGCAR), Kalpakkam - 603102, Tamil Nadu.

LM 235
Mr. Prashant Bhagwantrao Dabrase
Assistant Professor, Physics
Bhalerao Science College, Saoner, Nagpur, Maharastra.

LM 250
Dr. Vinod Kumar Singh
Associate Professor in Physics, VSSD College, Kanpur - 208002, Uttar Pradesh

NEW MEMBERS (LIST CONTINUED AFTER 2008)
LM 251
Mr. Amit Ramesh Bansod
JRF, Acoustical Research Laboratory,
Department of Physics, RTM, Nagpur
University, Nagpur - 440033, Maharashtra
LM-252
Mrs. Sunita Tryambak Hiwarkar
Lecturer, Department of Physics,
Sindhu Mahavidyalaya, Pancholy - 440017, Maharashtra.
LM 253
Dr. Anil Bhanudas Naik
Assistant Professor, Department of Chemical Technology,
SGB Amravati University, Amravati - 444602
LM 254
Ms. Sugandha V Khangar
Department of Physics,
RTM Nagpur University, Nagpur - 440033, Maharashtra.
LM-255
Dr. K. Sakthipandi
Assistant Professor, Department of
Physics, Sethu Institute of Technology,
Kariapatti - 626115, Tamil Nadu, India.
LM 256
Dr. Surendra Singh Kachhwaha
Professor in Mechanical Engineering School of Technology,
Petrotroleum University, Raisan, Gandhinagar - 38200.
LM 257
Dr. Amit Pal
Assistant Professor,
Delhi Technological Univesity, Delhi - 110042.
LM 258
Dr. Sudhir Pandurang Dange
Assistant Professor,
Department of Physics, Sindhu Mahavidyalaya
Panchanpaoli, Nagpur - 440017, Maharashtra.
LM-259
Dr. Raj Kumar Saini
Assisstant Professor
Gurgaon Institute of Technology & Management
Gurgaon - 122413, Haryana.
LM 260
Dr. Bidyadhar Swain
Department of Physics
Ravenshaw University, Cuttack-753003, Odisha
LM-261
Mr. Pukhrambam Ibomcha Singh
Assistant Professor, Moirang College,
Moirang - 795133, (Manipur).
LM 262
Dr. Michael Anjello Jothi Rajan
Associate Professor in Physics; Head Department of Foundation Courses;
Dean for Research and UGC Affairs; Director, Bio-nano Laboratory,
Arul Anandar College, Theni Main Road, Karumathur,
Madurai Disttt. - 625154, Tamil Nadu.
LM 263
Mr. G. K. Arora
Retired as Scientist 'F',
CSIR-National Physical Laboratory, New Delhi.
LM 264
Dr. (Mr.) Shashi Chawla
Assistant Professor, Department of Applied Chemistry and EVS
Amity School of Engineering & Technology,
New Delhi - 110 061.
LM 265
Mrs. Chinmayee Tripathy
Assistant Professor, HMR Institute of Technology & Management
Hamidpur, Delhi - 110036.

29

LM 266
Dr. Jitendra Kumar
Assistant Professor, Govt. Girls P.G. College,
Banda - 210 001, Uttar Pradesh.
LM 267
Dr. Virendra Kumar
Teacher, DAV Inter College, Banda - 210001, Uttar Pradesh
LM-268
Dr Sandeep Kumar
Assistant Professor, Hemvati Nandan Bahuguna Govt. PG College,
Naini, Allahabad - 211 008, Uttar Pradesh.
LM 269
Mrs. Aparna Bapuji Dhote
Assistant Professor
Nilkanthrao Shinde Science and Arts College,
Bhadravati, Distt. Chandrapur - 442402, Maharastra.
LM-270
Dr.M. Sivabharathy
Associate Dean (R & D) and Professor,
Sethu Institute of Technology, Pulloor,
Kariapatti, Virudhunagar Distt.- 626115, Tamil Nadu.
LM-271
Dr. K. S. Aprameya
Associate Professor, University
BDT College of Engineering, Davengere - 577004, Karnataka.
LM 272
Dr. Milind Shankar Deshpande
Associate Professor, Dept. of Physics,
Anand Niketan College, Anandwan, Distt. Chandrapur.
LM 273
Mr. Sanjay Parsharam Ramteke
Assistant Professor in Physics, Sardar
Patel Mahavidyalaya, Chandrapur Distt.
Chandrapur - 442402, Maharashtra.
LM 274
Mr. Deepak Bansal
Sr. Technical Officer (3),
CSIR-National Physical Laboratory, New Delhi - 110012.
LM 275
Mr. Bhikam Singh
Sr. Technical Officer (3)
CSIR-National Physical Laboratory, New Delhi - 110012.
LM-276
Dr. Shashikant Rajeshwar Aswale
Principal, Lokmanya Tilak
Mahavidyalaya, Wani ,Distt. Yavatmal - 445304, Maharashtra.
LM-277
Dr. Sunanda Shashikant Aswale
Associate Professor, Lokmanya Tilak
Mahavidyalaya, Wani, Distt. Yavatmal - 445304, Maharashtra.
LM 278
Mr. Sudhanshu Tripathi
Assistant Professor,
ICE Dept. Amity School of Engineering and Technology
New Delhi - 110061.
LM 279
Mrs. Vyoma Bhalla
Department of Applied Physics, Amity School of Engineering and Technology,
Bijwasan, New Delhi - 110061.
LM-280
Dr. Premshankar Kedarnath Dubey
Senior Scientist,
CSIR-National Physical Laboratory, New Delhi - 110012.
LM 281
Dr. S. Seelakumar Titus
Principal Scientist, CSIR-National Physical Laboratory, New Delhi - 110012.

30

J. PURE APPL. ULTRASON., VOL. 38, NO. 1 (2016)

LM-282
Late Dr. Tushya Kumar Saxena
Formerly Chief Scientist,
CSIR-National Physical Laboratory, New Delhi - 110012.
LM-283
Mr. Ravi Gopal Allamsetty
Scientific Officer, Indra Gandhi Centre for Atomic Research,
Kakpakkam, Kancheepuram Distt. - 603102, Tamil Nadu.
LM 284
Dr. Gajendra Ramdas Bedare
Asistant Professor,
N. S. Science & Arts College,
Bhadrawati, Chandrapur - 442902, Maharashtra
LM 285
Mr. Morey Panjabrao Balaji
Assistant Professor,
Vidyabharati Colege,
Karanja Lad, Distt. Washim - 444105, Maharashtra.
LM 286
Mrs. Amita Tripathy
Assistant Professor,
ABES Engineering
College, Vijayanagar, Ghaziabad- 201009, Uttar Pradesh.
LM 287
Dr. Brajabandhu Nanda
Professor & Head,
Department of Chemistry,
Dhaneshwar Rath Institute of Engineering and Management Studies (DRIEMS),
Kairapari, Kotsahi Tangi, Cuttack - 754022.
LM 288
Dr. Manoj Kumar Praharaj
Assistant Professor,
Department of Physics,
Ajay Binoya Institute of Technology (ABIT),
CDA-1, Cuttack - 753014, Odisha.
LM 289
Dr. (Mrs.) Smrutiprava Das
Associate Professor
Department of Chemistry, Ravenshaw University,
Cuttack - 753003, Odisha.
LM 290
Dr. (Mrs.) Ninima Mohanty
Assistant Professor, Department of Physics,
Womens College, Cuttack - 753002, Odisha.
LM 291
Dr.Anoop Kumar Shukla
Assistant Professor,
Department of Physic,
Amity Institute of Applied Sciences,
Amity University Uttar Pradesh,
Sector 125, Express Way, NOIDA,
Gautam Budh Nagar - 201301.
LM 292
Dr. Priyanka Vilas Tabhane
Assistant Professor,
S.D.M.C. Colege of Commerce & Science,
Dadra Nagar Haweli, Silvassa - 396230.
LM 293
Dr. Surendra Pratap Singh
Assistant Professor & Head, Physics Department
Dr. B R Ambedkar Govt. Degree College,
Mainpuri - 205001, Uttar Pradesh
LM 294
Dr. R. Sugaraj Samuel
Assistant Professor,
Dept. of Physics,
The New College (Autonomous),
Peters Road, Royapettah, Tamil Nadu.

LM-295
Dr. Namdeo Ramdin Pawar
Asstt. Prof. & Head, Deptt. of Physics,
Arts Commerce and Science College, Maregaon Road,
Distt. Yavatmal, Maharashtra - 445303.
LM 296
Mrs Bhave Manisha Girish
Deptt. of Physics,
Sidharth College of Arts,
Sci. & Comm. Budha Bhuvan Fort, Mumbai - 400001
LM 297
Dr. T. Srinivasa Krishna
Assistant Professor
Nalanda Institute of Engg & Technology
Siddhartha Nagar, Kantepudi (V), Sattenpalli, Gantur - 522438, A.P
LM 298
Dr Rita A. Gharde
Associate Professor
Tilak Bhavan Univ of Mumbai, Santa Cruz Mumbai - 400098
LM 299
Mr Atul Ramkrishnaji Khobragade
Asst Prof., R. D. College of Science Aheri, Distt. Gadchiroli - 442705, M.S.
LM 300
Dr Sangita Uttareshwar Shinde
Asst Professor, Deptt of Physics
Pratisthan Mahavidyalya, Paithan, Aurangabad - 431001
LM 301
Mr Sankar Chakma
Deptt of Chemical Engg.
Indian Institute of Technology, Gauhati, Assam - 781031.
LM 302
Dr. Meher Wan
Post Doctoral Fellow
Advanced Technology Development Centre
Indian Institute of Technology, Kharagpur - 721302.
LM 303
Mr Punit Kumar Dhawan
SRF, Department of Physics
University of Allahabad, Allahabad - 211002.
LM 304
Dr Pramod Kumar Yadawa,
Assistant Professor, Dept. of Applied Physics
Amity School of Engg & Technology, Bijwasan, New Delhi - 110061
LM 305
Dr Kirti Soni
Scientist, AUV Standards, CSIR-NPL, New Delhi - 110012
LM 306
Dr Arvind Kumar Tiwari
Assistant Professor, Dept. of Physics
B.S.N.V.P.G. College, Charbagh, Lucknow - 226001 (UP)
LM 307
Dr Kolla Narendra
Assistant Professor,
V.R. Siddhartha Engg College, Kanuru, Penamaluru Mandal,
Vijayawada, Krishna (Dt) 520007 (AP)
LM 308
Dr Ch Kavitha
Assistant Professor,
V.R. Siddhartha Engg College, Kanuru, Penamaluru Mandal,
Vijayawada, Krishna (Dt) 520007 (AP)
LM 309
Dr M Durga Bhavani
Assistant Professor,
V.R. Siddhartha Engg College,
Kanuru, Penamaluru Mandal,
Vijayawada, Krishna (Dt) 520007 (AP)

to be continued in the next issue

Journal of Pure and Applied Ultrasonics
INFORMATION FOR AUTHORS
1. Type of Contribution
JOURNAL OF PURE AND APPLIED
ULTRASONICS welcomes contributions on all
aspects of ultrasonics including ultrasonic studies
in medical ultrasonics, NDT, underwater,
transducers, materials & devices and any other
related topic. Contributions should fall into one of
the following classes.
Paper - These should be on original research work
contributing to scientific developments. They
should be written with a wide readership in mind
and should emphasize the significance of the work.
Reviews and Articles - Includes critical reviews and
survey articles.
Research and Technical notes - These should be
short descriptions of new techniques, applications,
instruments and components.
Letters to the editor - Letters will be published on
points arising out of published articles and papers
and on questions of opinion.
Miscellaneous - Miscellaneous contributions such
as studies, interpretive and tutorial articles,
conference reports and news items are also accepted.
Recommended contribution lengths are: Papers
2000-4000 words. Reviews and Surveys 2000-5000
words; Conference Reports 500-1500 words; News
Items, Research and Technical Notes up to 1000
words.

2. Manuscripts
Manuscripts should be typed on one side of the paper
in double spacing with wide margins on A4 size
paper. The originals of text and illustrations plus
two copies should be provided to facilitate the

process of reviewing. Complete manuscript in MS
WORD or Page Maker would ensure no mistake.
Floppy containing article should be sent along with
the manuscript.
Title - Titles should be short and indicate the nature
of the contribution.
Abstract - An abstract of 100-200 words should be
provided on the title page of paper and review article.
This should indicate the full scope of the contribution
and include the principal conclusions.
Mathematics - Mathematical expressions should be
arranged to occupy the minimum number of lines
consistent with clarity e.g., ( x2+y2 )/( x-y )1/2.
Illustration - The line illustrations along with
captions should be clearly drawn with black Indian
ink. Figures in Excel are preferred.
References - References should be referred to in the
text by number only. The reference number should
be given as superscript. The corresponding reference
shall contain the following information in order;
names and initials of author (s)(bold), title of the
work, journal or book title (italic), volume number
(bold), year of publication in brackets, page number,
e.g., Sabesan R., Determination of apparent molar
volume from hydration number, J. Pure Appl.
Ultrason., 16 (1994) 18-28.
Units and Abbreviations - Authors should use SI
units wherever possible.

3. Reprints
One copy of the issue in which the paper is published
is sent to the author free of charges. Reprints may
be made available on nominal charges. The order
may be placed directly with the printer in advance.

INTERNATIONAL CONFERENCE
ON
Engineering Physics, Materials and
Ultrasonics (ICEPMU)
3-4 June 2016

CALL FOR PAPERS

 Novel materials:
synthesis & applns
 Nano-materials &
Applications
Organized by
 Opto-electronic mat.
 Photonics
Department of Applied Sciences
 Dielectric, ferroelec.
THE NORTHCAP UNIVERSITY
piezoelec. mat. &
Sector 23 A, Gurgaon 122017 - Haryana
characterization
Tel: 0124-2365811, Fax: 0124-2367488
 Magnetic mat. &
characterization
Website: www.ncuindia.edu
 Energy harvesting sys
 Adv. in metrology
 Ultrasonic trans. &
Accepted papers will be published in
devices
“Journal of Pure & Applied Ultrasonics”
 Ultrasonic mat.
or
Characterization &
“Technology Letters”
nondestr. evaluation

&

In Association with
Ultrasonics Society of India
&
Materials Research Society of India
(Delhi Chapter)

Important Dates
Abstract Submission
10 April 2016
Acceptance Notification
20 April 2016
Full-paper Submission
15 May 2016

Contact:
Prof. S.K. Jain
Convener-ICEPMU
Dept of Applied Sciences
THE NORTHCAP University
Sector 23A, Gurgaon
122017.Email:
skjain@ncuindia.edu
icepmu@ncuindia.edu
Phone No: 0124-2365811 (O)
Mobile: 9899699595

