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Characterization of metallic materials through elastic properties

T. Jayakumar and Anish Kumar

Metallurgy and Materials Group
Indira Gandhi Centre for Atomic Research

Kalpakkam-603102, India

E-mail : anish@igcar.gov.in; tjk@igcar.gov.in

The paper presents various studies carried out in the authors' laboratory for multi-scale microstructural
characterization in different metallic structural materials such as nickel base alloys, zirconium alloys and titanium
alloys through elastic properties. The elastic properties are evaluated at macroscale using ultrasonic velocity
measurements and at micro/nano scale using atomic force acoustic microscopy. A thickness independent ultrasonic
measurement based nondestructive methodology implemented for in-situ assessment of degradation of alloy 625
ammonia cracker tubes in heavy water plants is also discussed.
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Introduction
Characterization of materials finds its application at

various stages of life cycle of materials and components,
such as during development, fabrication, initial heat
treatment, service and failure analysis. Over the years,
various materials characterization tools have been
developed and used. These tools are essentially based
on studying the interaction of some form of energy with
the material under investigation, which is influenced by
materials specific properties. Characterization of
materials is also possible based on the variations in their
elastic properties. Even though, the average elastic
properties of most of the structural materials are
influenced to a very small extent (<5-10%) by changes
in the microstructural features, it can be characterized
through measurement of nondestructive ultrasonic
velocity, which is measured with an accuracy of better
than 0.1% for bulk materials. Ultrasonic velocity in a
material depends on elastic moduli and the density of
the material. Elastic properties are determined by
ultrasonic velocity measurements as per the equations
given below:
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where, VL and VT are ultrasonic longitudinal and shear
wave velocities respectively, E, B and G are Young's,
shear and bulk moduli respectively, ρ is density and ν is
Poisson's ratio. The above equations form the basis for
materials characterization through elastic properties at
macroscale using ultrasonic velocity, as any change in
material's microstructure also influences the elastic
properties1.

The elastic properties can also be measured for
individual phases and precipitates in a material with
spatial resolution of about 50 nm using Atomic Force
Acoustic Microscopy (AFAM). AFAM uses the
conventional atomic force microscopy (AFM) setup and
measures the resonance frequency of the cantilever, when
it's tip is in contact with the specimen2. AFAM is one of
the modes of the scanning probe microscopy2 used for
measuring elastic properties with the lateral resolution
of about 50 nm. In AFAM, an ultrasonic transducer
injects longitudinal waves from the bottom surface into
the sample causing ultrasonic vibrations of its opposite
(top) surface. These vibrations couple via the tip into
the AFM cantilever and excite it to bending vibrations.
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The high-frequency cantilever vibrations can be detected
with the same split-photo detector as used for topography
measurements. The spatial resolution is given by the tip-
sample contact radius  αc, and is of the order of a few 10
nm. The resonance frequencies of the spring-coupled
system shift to higher values, called contact-resonances,
due to the elastic restoring forces of the sample surface
acting on the tip. The higher contact-resonance frequency
for a cantilever indicates higher contact stiffness and
hence higher indentation modulus of the specimen, if
the tip properties and the load applied are the same. Using
a suitable mechanical model to describe the vibration of
the AFM cantilever beam in contact with the sample
surface, it is possible to obtain quantitative values of the
normalized contact stiffness k*/Kc, where k* and Kc are
the contact stiffness and the spring constant of the
cantilever, respectively, from the shift of the contact-
resonance frequencies relative to the free cantilever
beam-resonances. For evaluation of the normalized
contact stiffness, two resonance frequencies of the
clamped-spring coupled system are required.

For indentation modulus measurements using AFAM,
a reference material with known elastic constants, usually
an amorphous material or a single-crystal material with
known orientation is used to derive the indentation
modulus of the test sample using the following relation:
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the reduced modulus of the sample and of the reference
specimen, respectively. Equation (5) holds for a spherical
tip. For isotropic solids, E* is related to the elastic
properties of the sample and the tip through the following
equation:

22 111

*
tips

S tipE E E

νν −−
= + (6)

where, Es,tip are the Young's moduli of the sample and of
the tip, respectively, and νs,tip are the corresponding
Poisson ratios. In the case of anisotropic solids, an
indentation modulus M is introduced, which can be
calculated from the single-crystal elastic constants and
the corresponding orientations. If there exists a three- or
four-fold rotational symmetry axis perpendicular to the
boundary, the contact area is circular. This holds valid
for silicon sensor tips, which are oriented in the (001)
direction. In this case, Eq. (6) can be replaced by:
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where, MS and Mtip are the indentation moduli of the
sample and the tip, respectively. For isotropic bodies,

the indentation modulus is 
21
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 and Eq. (7) is

equivalent to Eq. (6).
Application of nondestructive ultrasonic velocity for

characterization of microstructural variations in various
metallic structural materials such as nickel base alloys,
zirconium alloys and titanium alloys is presented in the
present paper. Multi-scale microstructural characteri-
zation through elastic properties is demonstrated in α+β
annealed Ti-6Al-4V alloy specimens subjected to a series
of heat treatments consisting of solution annealing at
various temperatures, followed by water quenching. The
change in the bulk elastic properties observed by
ultrasonic measurements are correlated with the
measurements of elastic modulus of individual phases
using AFAM. A thickness independent ultrasonic
measurement based nondestructive methodology
implemented for in-situ assessment of degradation of
alloy 625 cracker tubes is also discussed.

Detection of Hard intermetallics in βββββ-Quenched
Zircaloy-2

During the fabrication of Zircalloy 2 components,
β-quenching is an important step. Precipitation of hard
intermetallic phases such as Zr4Sn, ZrFe2, NiZr2 and
ZrCr2 and presence of α-phase in the beta quenched billet
are to be avoided. Ultrasonic velocity measurements
carried out in the frequency range up to 25MHz in  β-
quenched and isochronally aged (one hour in the
temperature range of 473 to 973K) Zircaloy -2 showed a
decreasing trend with ageing temperature up to 773 K
and further increase in ageing temperature led to increase
in the ultrasonic velocity (Fig. 1a)3. The dip in velocity
has been found to coincide with peak in hardness, which
is due to the presence of hard intermetallic phases. By
specifying a minimum ultrasonic velocity as an
acceptance criterion, absence of intermetallics in
β-quenched billets can be ensured. In contrast to the
increase in velocity at lower frequencies (upto 50 MHz)
observed in specimens aged above 773 K, high frequency
(100 MHz) velocity measurements showed a continuous
decrease in velocity with ageing temperature (Fig. 1b).
This is attributed to the high probability for effective
interaction of high frequency ultrasonic waves (low
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wavelength) with isolated regions of α-phase formed by
transformation from the β-quenched martensite in
specimen aged at 973 K, thus enabling detection of
presence of α-phase by using high frequency ultrasonic
velocity measurements.

Estimation of Volume Fraction of γγγγγ, in Nimonic PE
16 Superalloy

The interest in Nimonic alloy PE16 for fuel tubes and
wrapper of fuel subassemblies of fast reactors is because
of its high swelling resistance and high temperature
strength properties. The high strength for this material
is imparted by precipitation hardening of Ni3(Al,Ti) (γ’).
The increase in strength is related to the volume fraction
of γ’. Identification of a nondestructive technique which

can estimate the volume fraction of γ’ is useful for
indirectly correlating the strength of the alloy. The
volume fraction of  γ’ has been correlated to the ultrasonic
velocity4. This shows a linear relationship between
volume fraction of γ’ and velocity, irrespective of the
aging temperature (Fig. 2). It would be possible to detect
any reduction in the volume fraction of the γ’ in a
component which may occur during accidental rise in
temperature in service.

Multiscale Characterization in Titanium Alloys
Through Elastic Properties

Solution annealed and tempered α+β titanium alloys
possess better mechanical properties than α+β annealed
alloys. The solution annealing temperature plays an

Fig. 2 Ultrasonic longitudinal wave velocity m/s
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important role, as it decides the volume fraction of
primary α and β phases and volume fraction of the
alloying elements in different phases. The amount of β
stabilizing elements in β phase governs the stability of
the phase upon rapid cooling to room temperature and
hence decides the product phase. Further, if solutionizing
is carried out above β-transus temperature, the alloy loses
its ductility due to substantial increase in grain size.
While elastic properties of most of the structural
materials differ very marginally with heat treatments,
titanium alloys can exhibit variations as much as 10%.
As propagation of ultrasonic waves depends upon the
elastic properties of the material, ultrasonic velocity can
be a very good parameter for characterization of heat
treatments and corresponding microstructure in
titanium alloys.

Fig. 1 Variations in (a) hardness, and ultrasonic longitudinal wave velocity at lower frequencies (upto 25 MHz) and (b) at higher
frequencies (above 25 MHz).
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In order to establish a nondestructive methodology
for the characterization of solution annealing
behaviour, various specimens of two Ti-alloys, Ti-6Al-
4V and Ti-4.5Al-3Mo-1V, were heat treated at different
temperatures starting from 923 K to 1323 K at intervals
of 50 K for 1 h followed by water quenching5. These
treatments generated the specimens with different
volume fractions of various phases, such as α, β, unstable
β and/or α phases. Ultrasonic longitudinal and shear wave
velocities, attenuation, optical metallography and
hardness measurements were carried out on these
specimens.

Fig. 3(a) shows the variations in ultrasonic longitudinal
wave velocity with solution annealing temperature for
Ti-6Al-4V and Ti-4.5Al-3Mo-1V. In both the Ti-alloys,
ultrasonic velocities have been found to decrease with
increase in solution annealing temperature up to 1123
K, and beyond that it is found to increase. The initial
decrease upto 1123 K is attributed to the formation of
metastable beta phase and the increase beyond 1123 K
is attributed to the formation of α’  martensite. Ultrasonic
velocities were found to be constant in the Ti-4.5Al-3Mo-
1V specimens solution annealed above 1223 K (β transus
temperature) and in Ti-6Al-4V alloy above 1273 K. This
is attributed to the formation of single a martensite phase
in the specimens heat treated beyond the respective β
transus temperatures. The difference in the β transus
temperature is explained on the basis of the amount of α
(Al) and β (Mo, V) phase stabilizers. The amount of α
phase stabilizer (Al) is more in Ti-6Al-4V, and hence
the β transus temperature is also high. The higher
ultrasonic velocity in Ti-6Al-4V as compared to Ti-4.5Al-
3Mo-1V is attributed to the lower amount of β stabilizing
elements, which are reported to decrease the modulus of
the alloy and hence the velocity. The results indicate a
possible correlation between the ultrasonic velocity and
β transus temperature in titanium alloys. Figure 3(b)
shows the variation in β transus temperatures with the
ultrasonic longitudinal wave velocities for various
titanium alloys solution annealed at 1273 K (above the
β transus temperature for all the alloys) followed by water
quenching. It can be seen from Fig. 3(b) that β transus
temperatures increases linearly with increase in
ultrasonic longitudinal wave velocity for the + β and β
titanium alloys used in this study. A linear correlation
(correlation coefficient=0.99) has been established for
variation in β transus temperature with ultrasonic velocity
in α+β and β Ti-alloy specimens  β-heat treated followed
by water quenching6. For a wide range of β transus
temperatures from 1033 K to 1268 K, the correlation is

Fig. 3 (a) Variation in ultrasonic longitudinal wave velocity
with heat treatment temperature in Ti-6Al-4V and
Ti-4.5Al-3Mo-1V and (b) Variation in  β-transus tem-
perature with ultrasonic longitudinal wave velocity
for various α+β titanium alloys solution annealed at
1273 K followed by water quenching.
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found to be valid  irrespective of their microstructure
(metastable  β/  α’ martensite). This master plot can be
used for the determination of BTT in any other  α+ β / β
titanium alloys, by carrying out the ultrasonic velocity
measurement in a single specimen solution annealed at
1273 K followed by water quenching.

In order to better understand the macroscopic variations
in the elastic properties of the Ti-alloys, AFAM studies
were carried out on the Ti-6Al-4V samples heat treated
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at 1123 K and 1223 K for 1 h followed by water
quenching7. Figures 4 (a) and (b) show the variation in
the first and the second contact resonance frequencies,
respectively, in the sample heat treated at 1123 K. It can
be seen that the β phase exhibits lower contact-resonance
frequencies as compared to the α phase. Furthermore,
the α phase orientated parallel to each other show similar
contact-resonance frequencies. The distribution of the
normalized contact stiffness derived from the two
contact-resonance frequencies using a mechanical
model8 is given in Fig. 4(c). The average first and the
second contact-resonance frequencies in Ni(100) (used
as a reference) were found to be 605 and 1534 kHz,
respectively. The indentation modulus for Ni (100) was
calculated to be 233 GPa through measurements of
ultrasonic longitudinal and shear wave velocities in
Ni(100) and Ni(111) single crystals. Determining the
contact stiffness of the reference Ni(100) specimen and
taking its indentation modulus as 233 GPa, the
distribution of the indentation modulus for the titanium
alloy specimen is derived using Eq. (5) and is shown in
Fig. 2(d). It can be seen in Fig. 4(d) that the indentation

modulus for the   α phase is about 110 and is 120-130
GPa for the α phase with different orientations. The
values of indentation modulus, calculated from the
single-crystal elastic constants, for different planes of
pure  -Ti are 121.1, 142.7, 121.1, 130.3 and 126.9 GPa
in (100), (001), (110), (101) and (111) planes,
respectively. These values match quite well with the
values of 120-130 GPa obtained for the  α-phase
indentation moduli for different orientations as observed
in Fig. 4(d).

The distribution of the first contact-resonance in
another β grain in the same specimen is shown in Fig.
5(a). As the cantilever used for different measurements
were different, however of the same type with slightly
different tip radii, the absolute values of the resonance
frequencies cannot be compared across the images.
However, the range of frequences in the images of
distribution of contact resonance frequencies can provide
an idea about the difference in elastic stiffness of various
phases present in the image. Further, as the difference in
the specifications of all the cantilevers used in the present
study is insignificant, the range of frequencies in different
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images can also be compared. It can be seen from Figs.
4(a) and 5(a) that the range of contact-resonance
frequencies is almost similar (~ 7 kHz) for the specimen
quenched from 1123 K in different grains, demonstrating
the reliability of the technique. Figure 5(b) shows the
variation in the first contact-resonance frequency for the
specimen quenched from 1223 K. A maximum difference
of ~ 3 kHz is obtained in this specimen [Fig. 5(b)] as
compared to ~ 7 kHz for the specimen quenched from
1123 K [Figs. 4(a) and 5(a)]. This is attributed to the
fact that with an increase in the heat treatment
temperature, the volume fraction of the β phase increases
at the heat treatment temperature. This β phase has a
lower amount of β stabilizing element and it transforms
to α’ martensite upon fast cooling through water
quenching. Hence, the specimen heat treated at 1223 K
followed by water quenching consists of primary α and
α’ martensite, unlike the specimen that was heat treated

Fig. 5. Distribution of the first contact-resonance frequency in
the Ti-6Al-4V specimens heat treated at (a) 1123 K and
(b) 1223 K for 1 h followed by water quenching. The
three different variants of alpha phase are marked in (b)
as α

1
, α

2
 and α

3
 in decreasing order of their indentation

modulus as observed experimentally.

at 1123 K followed by water quenching which consists
of primary α and metastable β phase. It can be seen in
Fig. 5(b) that the contact-resonance frequency for α’
martensite matrix is marginally lower than that for the α
phases with orientation showing minimum contact-
resonance frequency (α2 and α3). This indicates that the
indentation modulus of the α’ martensite is marginally
lower than that for the α phase. The present study
confirms through the direct measurement on individual
phases that the metastable β phase has the minimum
modulus followed by α’ and α phases in Ti-6Al-4V alloy.
Thus, the AFAM study provides a better understanding
of the change in the macroscale elastic properties.

Assessment of In-service Degradation and
Rejuvenation Heat Treatment of Inconel 625
Ammonia Cracker Tubes of Heavy Water Plants
Using Ultrasonic Measurements

Inconel 625 tubes are extensively used in ammonia
cracker units for the manufacture of heavy water. The
degradation in mechanical properties of Inconel 625
ammonia cracker tubes occurs during the long term
service in heavy water plants, due to extensive
precipitation of intermetallic phases. The degraded
mechanical properties of such heavily precipitated
components can be regained by giving resolution
annealing heat treatment. These tubes are generally taken
out of the cracker unit after 120,000 h of service exposure
to give a resolution annealing treatment at a suitable
temperature to restore the toughness by dissolution of
the intermetallic precipitates.

Systematic ultrasonic velocity measurements in service
exposed and thermally aged Inconel 625 alloy revealed
that ultrasonic velocity increases with the precipitation
of intermetallic phases and decreases with their
dissolution. Correlations have been established between
room temperature tensile properties and ultrasonic
velocity with the microstructural changes that occur
during ageing treatments in Ni-base superalloy Inconel
625. For the first time, the influence of various
precipitates, such as intermetallic phases  γ", Ni2(Cr,Mo)
and δ, and grain boundary carbides, on the correlation
of yield strength and ultrasonic velocity has been
established9. Further, it has also been found that Poisson's
ratio (derived from the time of flights of ultrasonic
longitudinal and shear wave velocities) decreases with
increase in ultrasonic velocities1.

Based on the developed understanding of the variations
in ultrasonic velocities with changes in microstructural
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features, in-situ ultrasonic measurements were carried
out on a set of wrought Inconel 625 cracker tubes in
different conditions, such as virgin, virgin tubes service
exposed for different durations, resolution annealed
tubes, resolution annealed tubes service exposed
for different durations and a tube failed in service at
heavy water plants (HWP) at Thal and Tuticorin9.
Determination of ultrasonic velocity requires the
measurement of time of flight of ultrasonic waves and
also the thickness of the tube at the point of measurement
with an accuracy of a few microns. As the thickness of
the cracker tube varies at different locations and as it is
not possible to determine the thickness of the tube at the
measurement locations, ultrasonic velocity could not be
directly measured as such on the tubes. However, as the
Poisson's ratio (function of only the time of flight of
longitudinal and shear waves at a given location) has
also been found to be influenced by the microstructural
features in Inconel 6251 and does not require thickness
measurement (Eq. 3), it has been used in combination
with hardness measurements, as an effective in-situ
nondestructive tool for assessment of progress of in-
service degradation of Inconel 625 cracker tubes and also
for qualification of resolution annealing heat treatment
for ensuring effective rejuvenation (Fig. 6)10. Further,
the study also reveals that by judicious evaluation of
Poisson's ratio and hardness, the life of some of the tubes
can be extended beyond the presently followed 1,20,000
h, before they are taken up for resolution annealing
without affecting their serviceability. This is based on
the fact that the extent of degradation in different tubes
varies depending upon the actual service temperature
experienced by the tubes during their life span.

Conclusion
A few typical investigations carried out at the authors'

laboratory on different metallic materials demonstrating
their characterization though elastic properties are
presented. Elastic measurements at macroscale through
ultrasonic measurements are corroborated using AFAM
measurements at nanoscale. An in-situ application of
nondestructive ultrasonic measurement for assesment of
service induced degradation of Inconel 625 ammonia
crack tubes is also demonstrated.
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The data for density (ρ), viscosity (η) and ultrasonic velocity (u) of aqueous solutions of threonine with  lactose
monohydrate and sucrose have been measured as a function of amino acid concentration at different temperatures.
Using these data various interaction parameters viz. adiabatic compressibility (β), molar hydration number (nH),
apparent molar compressibility(ϕ

k
), apparent molar volume(ϕ

v
), limiting apparent molar compressibility, limiting

apparent molar volume and their constants (S
k
, S

v
) and viscosity A and B coefficient of Jones-Dole equation. These

parameters have been interpreted the molecular interactions in terms of solute-solute and solute-solvent interaction
present in the given solutions. Free energies of activation of aqueous amino acids were obtained by application of
the transition-state theory to the B-coefficient data and the corresponding activation parameters were given. The
Redlich-Kister model was used to correlate the measured properties. It was found that in all cases, the experimental
data obtained fitted with the values correlated by the corresponding models very well.

Keywords: Acoustical, ultrasonic velocity, saccharides, compressibility, viscosity A and B coefficient.

Introduction
It is very important to understand various fundamental

biological processes like denaturation, folding/unfolding
processes and stability of proteins due to solute-solvent
and solute-solute interactions. The direct investigation
of the solute or solvent effect on these biological
macromolecules is very promising due to its complex
structure. Therefore, a useful approach is to study the
monomer units of protein molecule i.e. amino acid. As
amino acids behave as zwitterions in aqueous solutions,
their hydration1 and interaction with proteins have
resemblances..The interpretation of behaviour of amino-
acids is helpful in understanding by their thermodynamic
properties2. Threonine is an essential genetically coded
neutral α-amino acid promotes normal growth and
supports various biological processes. It is required to
help to maintain the proper protein balance in the body,
as well as in the formation of collagen and elastic in the
skin. Other nutrients are also better absorbed when
threonine is present, without enough threonine in the
body fats could build up in the liver and causes liver
problems. The study of carbohydrates has become a
subject of increasing interest due to its biochemical,
multidimensional, physical and industrially useful
properties of these compounds3-7. In addition to their

importance to the food, pharmaceutical and chemical
industries, the simple saccharides have received
considerable attention for their ability to protect
biological macromolecules. Carbohydrates located at cell
surfaces, are important as receptors for the bioactive
structures of hormones, enzymes, viruses, antibodies etc.
Therefore, the study of carbohydrate-protein interactions
is very important for immunology, biosynthesis,
pharmacology and medicine. It is widely recognized that
sugars help in stabilizing biological macromolecues.
Thermodynamic studies of amino acids in water8 and
saccharides can provide valuable information for
understanding protein unfolding and the hydrophobic
interactions of non-polar side chains. Here, an attempt
has been made to understand the behavior of threonine
and saccharides with water using density, viscosity,
ultrasonic velocity and refractive index measurements
at different temperatures.

Experimental
Materials and methods

 Lactose monohydrate (>0.99) and  sucrose (0.99) extra
pure A.R., Sisco Research Laboratories, India, were used
after drying over anhydrous CaCl2 in a vacuum

J. Pure Appl. Ultrason. 36 (2014)  pp. 36-45
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desiccators for 48 h at room temperature. All the
chemicals used were purified by standard procedure,
discussed by Perrin and Armarego9. All the samples were
kept in tightly sealed bottles to minimize the absorption
of atmospheric moisture. The solutions were prepared
freshly by mass using an electronic balance with a
precision of ± 0.01 mg in doubly distilled dionized and
degassed water. A double stem calibrated10 pyknometer
and Ubbelohde type suspended level viscometer were
used to determine the density and viscosity of solvent
and solutions. The ultrasonic velocity of pure components
and their mixtures were measured by fixed frequency
interferometer of 2 MHz. The calibration of ultrasonic
interferometer was done by measuring the velocity in
A.R. grade benzene and carbon tetrachloride. Standard
value of ultrasonic velocity for benzene and carbon
tetrachloride were calculated from the literature value11

at different temperature. The measured values of
ultrasonic velocity agree closely with the literature
values. The maximum estimated error in ultrasonic
velocity measurements has been found to be ±0.1 ms–1.
The temperature of the test liquids during the
measurements was maintained by circulating water
from an electronically controlled thermostatic water bath
covered with cotton jacket to avoid thermal dissipation.
The viscosity was measured by Ubbelohde12 type
suspended level viscometer with a water circulation
jacket. At least four time flow measurements were
performed for each composition and temperature, and
the results were average The viscometer was kept
vertically in a transparent walled bath about 30 min to
attain thermal equilibrium. The times of flow were
recorded with a digital stopwatch with an accuracy of
±0.0 1 s. The viscosity data were reproducible within
±0.001 Nsm–2. The refractive indices of pure liquids and
mixtures were measured by using a thermostatic Abbes'
refractometer calibrated by measuring the refractive
indices of triply distilled water at various temperatures.
The values of refractive index were obtained using
sodium-D light. In case of refractive indices temperature
between the prisms of the refractometer during the
measurements was maintained by circulating water
through the jacket around the prisms from an
electronically controlled thermostatic water bath and the
temperature was measured with a digital thermometer
connected to the prism jacket. The refractometer was
calibrated by measuring the refractive indices of triply
distilled water and benzene at different temperature. The
accuracy in the refractive index measurement was ±
0.0001. Temperature was controlled by circulating

adequately stirred water bath with accuracy ±0.01 K.
The temperature of the test liquids in every experiment

of density, viscosity, ultrasonic velocity and refractive
indices was maintained by circulating water through the
jacket from an electronically controlled thermostatic
water bath. A thermostatically controlled well-stirred
water bath whose temperature was controlled to ±0.01
K was used for the density, viscosity, sound velocity and
refractive indices measurements. Fresh solutions in water
have been prepared by the variation of stock solution of
carbohydrates and threonine keeping the total volume
constant in air tight stopper volumetric flasks. Mixtures
were prepared by weighing the liquids in specially
designed ground glass stopped bottles, taking extreme
precautions to minimize preferential evaporation.

Theory and calculations
The following acoustical and thermodynamical

parameters have been calculated using the standard
relations.

For solvent ∆µ1
0 = RT ln η0V1

0/hN (1)

For solute ∆µ2
0 = ∆µ1

0+((RT/ V 1
0) (1000( V 1

0- V 2
0)

(2)

Vand's eqn. 1/C = (0.921/(Vm) (1/log η/η0) + QVm  (3)

Grunberg & Nissan Parameter ln η = X1lnη1 + X2

ln η2+X1X2d12 (4)

Tamura & Kurata eqn.    η = X1Vm1η1+X2Vm2η2+2

                                       (X1X2Vm1Vm2)0.5 T12 (5)

Hind eq η =  X1
2η1+X2

2η2+2X1X2 H12 (6)

Adiabatic Compressibility  β = 1/ U2
ρ (7)

The apparent molal compressibility has been calculated
from the relation,

0
0 0

0 0

M1000
n ( )

m

⎛ ⎞βϕ = ρ β − ρβ + ⎜ ⎟ρ ρ⎝ ⎠
(8)

where β, ρ and β0, ρ0 are the adiabatic compressibility
and density of solution and solvent respectively, m is
the molal concentration of the solute, and M the
molecular mass of the solute.

ϕk  =   ϕk0+ Svm
0.5 (9)

where ϕk is the limiting apparent molal compressibility
at infinite dilution and Sk is a constant. ϕk and Sk have
been evaluated by least square method.

The apparent molal volume ϕV has been calculated
using the relation,
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0

0

100 (  M
v   

m  

⎛ ⎞ρ − ρ⎛ ⎞ϕ = ⎜ ⎟⎜ ⎟ρ ρ ρ⎝ ⎠ ⎝ ⎠
(10)

The apparent molal volume ϕV has been found to differ
with concentration according to Mason's empirical
relation as :
ϕv = ϕv

0+ Svm0.5 (11)

where  ϕV0 is the limiting apparent molal volume at
infinite dilution and SV is a constant and these values
were determined by least square method. The viscosity
A and B coefficients of threonine in aqueous disaccharide
solutions were calculated from the Jones-Dole equation
7-8.

Jones-dole eqn. η/ η0 = 1+ AC 0.5 + BC (12)

where, η and η0 are the viscosities of the solution and
solvent respectively and m is the molal concentration of
the solute. A is determined by the ionic attraction theory
of Falkenhagen-Vernon and therefore also called
Falkenhagen coefficient, B or Jones-Dole coefficient is
an empirical constant determined by ion solvent
interactions.

The molal hydration number has been computed using
the equation, molal hydration number

1

2 0

1
β
β

⎛ ⎞⎛ ⎞
= −⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

H

n
n

n (13)

Molar refraction, Rm= (n2-1/n2+2)xVm (14)

Rao's molar function R=M(u1/3)/ρ (15)

Solvation No. = M2/(M1(1- (βs/β0)
(100-X)/X)) (16)

Redlich- kister Eqn. YE = X1(1-X1) ΣAk (2X1-1)k  (17)

YE=Yexp-Yid (18)

where k is the number of estimated parameters and AK,
the polynomial coefficients were obtained by fitting the
equation to the experimental results by least-squares
regression method and Y may be any calculated physical
parameter. An excess property of a solution is defined as
the difference between the actual mixture property and
that which would be obtained for an ideal solution at the
same temperature, pressure and composition. So the
excess molar properties represent the deviation from ideal
behavior of the mixtures. The excess functions are found
to be very sensitive towards mutual interactions between
the component molecules of the binary mixtures. The
sign and the extent of deviation of the functions from
ideality depend on the strength of interactions between
unlike molecules.

In order to study the non-ideality of the liquid mixtures
excess parameters (YE) of all the acoustic parameter were
computed where X1 is   the mole fraction of  the amino
acid  n1 = no. of moles of solvent,  n2 = no. of moles of
solute, Meff = M1W1+M2W2, where M is effective
molecular weight, b stands for cubic packing assumed
to be 2 for liquids and K is a dimensionless constant
independent of temperature and nature of liquids and its
value is 4.281×109, T is the absolute temperature, ∆G*,
∆H*, ∆S* are standard change in free energy, enthalpy
and entropy respectively and  R is  gas constant.

Results and Discussions
The experimental data of density, viscosity, ultrasonic

velocity and refractive indexes for threonine and lactose
monohydrate as system [i]; threonine and sucrose  as
system [ii] at different temperatures are reported in Table
(1-4). Various physical and thermodynamical parameters
i.e. adiabatic compressibility (β), hydration number (nH),
molar compressibility (ϕk), molar volume (ϕv) and their
constants (SK, SV) and viscosity A and B coefficient of
Jones-Dole equation13 were calculated from the density,
viscosity, ultrasonic velocity and refractive index data
and the results are presented in Table (9-10). All these
parameters are discussed in terms of solute-solvent and
solute-co-solute interactions occurring in the amino acid
and saccharide solutions. Polarizability (αp), thermal
expansion coefficient of solution (α), Lorentz-Lorentz
(αL-L) and Eykman (αEyk) expressions are given in Table
(5-8). The values decrease with increase in temperature
and the concentration shows that there is a moderate
attraction between solute and solventmolecules.

The structural arrangement of molecule results in
decreasing adiabatic compressibility by showing
intermolecular interactions14. Inter-ionic interactions
decrease with increase in temperatures and this is may
be due to more solvation of solute ions. Amino acid
molecules of neutral solution exist in the dipolar form
and thus have stronger interaction with the surrounding
water molecules. The increasing electrostrictive
compression of water around the molecules results in a
large decrease in the compressibility of solutions.
Hydrophilic-ionic interactions between the OH group of
saccharides and zwitterionic centres of the amino acids.
Hydrophilic-hydrophobic interactions between the OH
group of the saccharide molecules and the non-polar side
group of the amino acids. Hydrophilic-hydrophilic
interactions between the OH group of the saccharide
molecules and OH group of the amino acids
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Table 1−Density (ρ)  of systems at different temperature (K).

C(mol.m-3)/T(K) 303.15 308.15 313.15 318.15 323.15

System [i] ρ×10-2(kg m-3)
  0 9.956 9.940 9.922 9.902 9.880
10.0 9.992 9.970 9.954 9.941 9.928
12.5 10.007 10.004 9.958 9.952 9.939
16.5 10.097 10.051 9.960 9.956 9.955
25.0 10.119 10.061 9.973 9.973 9.972
50.0 10.129 10.106 10.013 9.997 9.979
100.0 10.163 10.126 10.067 10.041 10.025
200.0 10.253 10.222 10.208 10.180 10.176
System [ii]
10.0 9.978 9.976 9.964 9.942 9.928
12.5 9.997 9.996 9.989 9.988 9.979
16.5 9.998 9.997 9.993 9.992 9.990
25.0 10.011 10.007 10.002 9.994 9.993
50.0 10.050 10.016 10.009 9.995 9.994
100.0 10.133 10.057 10.049 10.044 10.023
200.0 10.259 10.188 10.150 10.137 10.135

Table 2−Viscosity (η) of systems at different temperature (K)

C(mol.m-3)/T(K) 303.15 308.15 313.15 318.15 323.15

System [i] η ×10-2(kgm-1s-1)
0 8.007 7.225 6.560 5.986 5.494
10.0 8.820 8.365 8.211 7.527 7.195
12.5 8.829 8.428 8.315 7.852 7.648
16.5 8.944 8.693 8.558 8.509 8.205
25.0 9.067 8.734 8.587 8.549 8.259
50.0 9.691 9.178 8.874 8.696 8.646
100.0 10.119 9.775 9.572 8.931 8.662
200.0 10.659 10.040 9.967 9.787 9.414
System [ii]
10.0 8.391 7.468 7.314 6.961 6.500
12.5 8.429 8.086 7.716 6.987 6.513
16.5 8.595 8.420 7.990 7.019 6.663
25.0 8.654 8.463 8.031 7.021 6.682
50.0 8.667 8.545 8.140 7.045 6.770
100.0 8.701 8.562 8.147 7.317 6.800
200.0 8.870 8.629 8.499 7.668 6.898

Table 3−Ultrasonic velocity (u) of systems at different temperature (K)

C(mol.m-3)/T(K) 303.15 308.15 313.15 318.15 323.15

System [i] u×10-2 (ms-1)
0.0 1509.5 1516.8 1528.4 1535.6 1541.4
10.0 1362.9 1361.0 1358.8 1356.9 1352.0
12.5 1372.9 1371.0 1368.8 1366.9 1362.0
16.5 1382.9 1381.0 1378.8 1376.9 1372.0
25.0 1392.9 1391.0 1388.8 1386.9 1382.0
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50.0 1402.9 1401.0 1398.8 1396.9 1392.0
100.0 1412.9 1411.0 1408.8 1406.9 1402.0
200.0 1422.9 1421.0 1418.8 1416.9 1412.0
System [ii]
10.0 1360.1 1351.8 1332.8 1322.5 1318.8
12.5 1370.1 1361.8 1342.8 1332.5 1328.8
16.5 1480.8 1371.8 1352.8 1342.5 1338.8
25.0 1490.8 1381.8 1362.8 1352.5 1348.8
50.0 1500.8 1391.8 1372.8 1362.5 1358.8
100.0 1510.8 1401.8 1382.8 1372.5 1368.8
200.0 1520.8 1411.8 1392.8 1382.5 1378.8

Table 4−Refractive index (n) of systems at different temperature (K)

C(mol.m-3)/T(K) 303.15 308.15 313.15 318.15 323.15

System [i] n×10-2

0.0 0.0000 0.0000 0.0000 0.0000 0.0000
10.0 1.3380 1.3222 1.3180 1.3120 1.3080
12.5 1.3410 1.3250 1.3210 1.3150 1.3110
16.5 1.3440 1.3280 1.3240 1.3180 1.3140
25.0 1.3470 1.3310 1.3270 1.3210 1.3170
50.0 1.3500 1.3340 1.3300 1.3240 1.3200
100.0 1.3530 1.3370 1.3330 1.3270 1.3230
200.0 1.3530 1.3370 1.3330 1.3270 1.3230
System [ii]
10.0 1.3380 1.3222 1.3180 1.3120 1.3080
12.5 1.3410 1.3250 1.3210 1.3150 1.3110
16.5 1.3440 1.3280 1.3240 1.3180 1.3140
25.0 1.3470 1.3310 1.3270 1.3210 1.3170
50.0 1.3500 1.3340 1.3300 1.3240 1.3200
100.0 1.3530 1.3370 1.3330 1.3270 1.3230
200.0 1.3530 1.3370 1.3330 1.3270 1.3230

Table 5−Thermal expansion coefficient  (α) of system at different temperature (K)

C(mol.m-3)/T(K) 303.15 308.15 313.15 318.15 323.15

System [i] α×104(K-1)
10.0 -3.188 -3.195 -3.200 -3.204 -3.209
12.5 -3.741 -3.742 -3.759 -3.761 -3.767
16.5 -7.494 -7.529 -7.598 -7.600 -7.601
25.0 -7.543 -7.587 -7.653 -7.654 -7.654
50.0 -8.079 -8.097 -8.173 -8.186 -8.201
100.0 -7.108 -7.134 -7.176 -7.194 -7.206
200.0 -7.046 -7.067 -7.077 -7.097 -7.100
System [ii]
10.0 -2.646 -2.647 -2.650 -2.655 -2.659
12.5 -0.869 -0.869 -0.869 -0.869 -0.870
16.5 -0.456 -0.456 -0.456 -0.457 -0.457
25.0 -0.995 -0.995 -0.996 -0.996 -0.996
50.0 -2.627 -2.636 -2.638 -2.641 -2.641
100.0 -4.564 -4.598 -4.602 -4.604 -4.613
200.0 -4.507 -4.539 -4.556 -4.562 -4.563
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Table 6−Polarizability (α
p
) of systems at different temperature (K)

C(mol.m-3)/T(K) 303.15 308.15 313.15 318.15 323.15

System [i] αp×104(K-1)
10.0 -3.188 -3.195 -3.200 -3.204 -3.209
12.5 -3.741 -3.742 -3.759 -3.761 -3.767
16.5 -7.494 -7.529 -7.598 -7.600 -7.601
25.0 -7.543 -7.587 -7.653 -7.654 -7.654
50.0 -8.079 -8.097 -8.173 -8.186 -8.201
100.0 -7.108 -7.134 -7.176 -7.194 -7.206
200.0 -7.046 -7.067 -7.077 -7.097 -7.100
System [ii]
10.0 -2.646 -2.647 -2.650 -2.655 -2.659
12.5 -0.869 -0.869 -0.869 -0.869 -0.870
16.5 -0.456 -0.456 -0.456 -0.457 -0.457
25.0 -0.995 -0.995 -0.996 -0.996 -0.996
50.0 -2.627 -2.636 -2.638 -2.641 -2.641
100.0 -4.564 -4.598 -4.602 -4.604 -4.613
200.0 -4.507 -4.539 -4.556 -4.562 -4.563

Table 7−Eykman thermal expansion coefficient  (αEYK) of systems at different temperature (K)

C(mol.m-3)/T(K) 303.15 308.15 313.15 318.15 323.15

System [i] αEYK×104(K-1)
10.0 -22.579 -23.726 -24.050 -24.528 -24.858
12.5 -22.209 -23.341 -23.642 -24.108 -24.429
16.5 -21.909 -23.016 -23.310 -23.765 -24.078
25.0 -21.616 -22.698 -22.985 -23.429 -23.735
50.0 -21.328 -22.386 -22.667 -23.101 -23.400
100.0 -21.045 -22.080 -22.355 -22.779 -23.071
200.0 -21.045 -22.080 -22.355 -22.779 -23.071
System [ii]
10.0 -22.579 -23.726 -24.050 -24.528 -24.858
12.5 -22.209 -23.341 -23.642 -24.108 -24.429
16.5 -21.909 -23.016 -23.310 -23.765 -24.078
25.0 -21.616 -22.698 -22.985 -23.429 -23.735
50.0 -21.328 -22.386 -22.667 -23.101 -23.400
100.0 -21.045 -22.080 -22.355 -22.779 -23.071
200.0 -21.045 -22.080 -22.355 -22.779 -23.071

Table 8−Lorentz-Lorentz thermal expansion coefficient (αL-L) of systems  at different temperature (K)

C(mol.m-3)/T(K) 303.15 308.15 313.15 318.15 323.15

System [i] αL-L×104 (K-1)
10.0 -21.530 -22.723 -23.060 -23.556 -23.898
12.5 -21.159 -22.337 -22.650 -23.134 -23.467
16.5 -20.855 -22.008 -22.314 -22.787 -23.112
25.0 -20.558 -21.685 -21.984 -22.446 -22.764
50.0 -20.266 -21.369 -21.662 -22.113 -22.424
100.0 -19.981 -21.060 -21.346 -21.787 -22.091
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Table 8−Lorentz-Lorentz thermal expansion coefficient (αL-L) of systems  at different temperature (K)

C(mol.m-3)/T(K) 303.15 308.15 313.15 318.15 323.15

System [i] αL-L×104 (K-1)
10.0 -21.530 -22.723 -23.060 -23.556 -23.898
12.5 -21.159 -22.337 -22.650 -23.134 -23.467
16.5 -20.855 -22.008 -22.314 -22.787 -23.112
25.0 -20.558 -21.685 -21.984 -22.446 -22.764
50.0 -20.266 -21.369 -21.662 -22.113 -22.424
100.0 -19.981 -21.060 -21.346 -21.787 -22.091
200.0 -19.981 -21.060 -21.346 -21.787 -22.091
System [ii]
10.0 -21.530 -22.723 -23.060 -23.556 -23.898
12.5 -21.159 -22.337 -22.650 -23.134 -23.467
16.5 -20.855 -22.008 -22.314 -22.787 -23.112
25.0

-20.558 -21.685 -21.984 -22.446 -22.764
50.0 -20.266 -21.369 -21.662 -22.113 -22.424
100.0 -19.981 -21.060 -21.346 -21.787 -22.091
200.0 -19.981 -21.060 -21.346 -21.787 -22.091

Table 9−Hydration number (nH) of systems at different temperature (K)

C(mol.m-3)/T(K) 303.15 308.15 313.15 318.15 323.15

System [i] nH×102

10.0 1.006 1.174 1.352 1.393 1.603
12.5 1.004 1.167 1.326 1.366 1.563
16.5 1.129 1.285 1.439 1.482 1.689
25.0 1.193 1.346 1.500 1.543 1.751
50.0 1.290 1.456 1.613 1.654 1.862
100.0 1.513 1.694 1.877 1.920 2.152
200.0 1.587 1.765 1.958 1.998 2.227
System [ii]
10.0 0.988 1.135 1.248 1.255 1.479
12.5 1.010 1.152 1.263 1.275 1.490
16.5 1.472 1.234 1.348 1.361 1.582
25.0 1.500 1.269 1.381 1.392 1.609
50.0 1.600 1.360 1.474 1.484 1.706
100.0 2.019 1.722 1.859 1.874 2.134
200.0 2.095 1.811 1.936 1.948 2.208

Table 10−Various constants for systems at different temperature (K)

C(mol.m-3)/T(K) 303.15 308.15 313.15 318.15 323.15

Sv × 105(Masson's)
System [i] 2.947 2.513 0.344 1.432 2.295
System [ii] -0.076 1.800 2.750 3.474 4.387
                                       V

2
0(Masson's)

System [i] 0.119 0.119 0.120 0.120 0.120
System [ii] 0.119 0.119 0.120 0.120 0.120

k × 1010
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System [i] 9.667 9.667 9.864 9.951 10.739
System [ii] 13.267 6.825 6.845 7.110 7.213

S
k
 × 109

System [i] -0.354 -0.390 -0.785 -0.567 -0.343
System [ii] -1.177 -1.374 -1.281 -1.229 -1.202

B × 104( Jones-Dole)
System [i] -5.684 -19.813 -38.973 -47.704 -60.666
System [ii] -8.848 -14.069 -26.208 -27.820 -36.487

A( Jones-Dole) Falkenhagen coefficient
System [i] -0.568 -1.981 -3.897 -4.770 -6.067
System [ii] -0.885 -1.407 -2.621 -2.782 -3.649

M (Moulik)
System [i] 1.311 1.483 1.730 1.924 2.158
System [ii] 1.144 1.303 1.441 1.383 1.467

K × 10-3 (Moulik)
System [i] 6.837 5.560 5.714 6.188 4.852
System [ii] 0.606 0.538 1.236 1.916 -1.250

B(Feaking constant)
System [i] 0.091 0.091 0.092 0.092 0.092
System [ii] 0.092 0.092 0.092 0.092 0.093

 µ
1
0 (KJ mol-1)

System [i] 79.189 80.238 81.293 82.353 83.422
System [ii] 79.190 80.234 81.289 82.351 83.419

 µ
2
0 (KJ mol-1)

System [i] 79.417 80.467 81.522 82.584 83.652
System [ii] 79.420 80.467 81.522 82.588 83.658

Hydrophobic-hydrophobic interactions between the non-
polar side groups of the saccharide molecules and the
amino acids.

 From the Table 9 it is observed that the values of nH
are positive in the systems studied and positive values
of hydration indicate an appreciable solvation of solutes.
These values decrease with rising of saccharides content
in  the  systems studied. The decreasing values of nH
indicate the increase in solute-co-solute interaction with
the increase in saccharides concentration which leads to
the reduction in the electrostriction. This shows that
saccharide has a dehydration effect on the amino acids.
The  molar compressibility (ϕk) and molar volume (ϕv)
values of the amino acids in aqueous saccharides solution
indicate the presence of solute-solvent interactions
showing the hydrophilic and ionic interactions occurring
in the systems. More number of water molecules is
present at lower concentration of saccharides, thus the
chances for the penetration of solute molecules into the
solvent molecules is more. This  behavior of ϕk  indicates
the strengthening of the solute-solvent interaction in the
systems.

There is decrease in inter-ionic interactions with
increase in temperatures may be due to more solvation
of solute ions with rise in temperatures. Thus structural

arrangement of molecular results in decreasing adiabatic
compressibility by showing intermolecular interactions
is also reported.

The values of the A coefficient negative for threonine
over the entire composition range of aqueous saccharides
at different temperatures indicating the presence of
solute-solute interactions. The values of the B-coefficient
for threonine in aqueous saccharides solutions are
positive indicating that the ion-solvent interactions are
stronger showing the structure making behavior.
According to Masson's empirical equation, the partial
molal volume at infinite dilution  gives information about
solute hydrophobicity, hydration properties and is also a
measure of solute-solvent interaction. Sv is slope
indicating solute - solute interactions which is also known
as volumetric pair wise interaction coefficient. These two
values are obtained using least square method.

 The value of B depends upon the size of solute and
nature of solute-solvent interactions which is definite
for solute-solvent system. The increase in the value of
density may be attributed to the increase in hydrophilic
interactions. The increase or decrease in ultrasonic
velocity depends on the structural properties of solute.
The incraesing trend in the ultrasonic velocity is due to
cohesion brought about by ionic hydration. When
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threonine is dissolved in water the positive and negative
ions are formed. The water molecules are attached to
these ions by electrostatic forces thereby increasing
greater cohesion in solution. The electrostriction effect
which brings about the shrinkage in the volume of solvent
caused by zwitterion portion of solute is increased in
solvent in comparison to that of water. This implies that
the system under consideration behaves like structure
maker but up to a specific concentration15-17. Excess
properties are fitted to Redlich-kister polynomial
equation and coefficients, Ai, were evaluated by using
Redlich-kister polynomial equation by the method of
least-squares .The coefficients A0, A1, A2, A3 and
standard deviation are listed in Table 11. The observed
trend indicates the presence of specific interaction
between the solute and the solvent. This is due to
intermolecular hydrogen bonding and it is specific
dipolar interaction in proton atoms and non bonding
electrons.

Conclusion
The above observations reveal the existence of ion-

solvent interactions resulting in attractive forces promote

Table 11− Redlich- Kister coefficients for second order polynomial and standard deviation for various properties for systems at 323.15 K

A
2

A
1

A
0

σ

u (ms-1) 303.15 K
System [i] 6.245E+04 4.897E+03 1.441E+03 7.731
System [ii] 6.161E+04 4.846E+03 1.407E+03 7.754
ρ (kg m-3)
System [i] 2.340E+04 1.691E+03 1.019E+03 7.484
System [ii] 9.938E+03 8.707E+02 1.012E+03 5.447
η (kg m-1s-1)
System [i] 1.598E+05 1.359E+04 9.997E+02 32.984
System [ii] 4.599E+04 3.517E+03 7.106E+02 5.083
Rm(m3mol-1)
System [i] 1.957 0.139 6.355E-03 3.312E-04
System [ii] 2.061 0.146 6.449E-03 3.879E-04
p (kg m s-2)
System [i] -3.098E+05 -1.268E+04 5.544E+03 206.817
System [ii] -4.678E+05 -3.182E+04 4.796E+03 188.606
Sn
System [i] 0.053 4.040E-03 5.040E-04 8.615E-06
System [ii] 0.043 3.421E-03 4.619E-04 7.185E-06
α

p
 ( K-1)

System [i] 2.437E-24 1.728E-25 7.914E-27 4.125E-28
System [ii] 2.567E-24 1.816E-25 8.030E-27 4.830E-28
R

A

System [i] 7.637 0.466 0.917 5.273E-03
System [ii] -4.852 -0.301 0.917 3.461E-03

the structure making tendency while solute-solute
interactions resulting in dipole-dipole, dipole-induced
dipole and electrostrictive forces enhance the structure
breaking properties of amino acid. This suggests
theronine in aqueous saccharide mixture is a strong
structure maker. These parameters have been correlated
to the various types of interaction taking place in the
system.
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Ultrasonic, Volumetric and Viscometric Studies of
2-hydroxy-5chloroacetophenone in N,

N-dimethylformamide at different temperatures
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Ultrasonic velocity, density and viscosity of 2-hydroxy-5-chloroacetophenone in N, N-dimethylformamide
have been measured at varying temperatures. From these experimental data, various parameters like apparent with
apparent molar volume (VΦ ) and apparent molar adiabatic compressibility (Ks,Φ),were computed using density
data with their limiting values and further acoustical parameters have been calculated. These parameters, were used
to discuss interactions between the ketonic (>CO) group and DMF molecule. Viscosity data have been analyzed in
the light of Jones-Dole equation and the constants A and B have been estimated. The results are interpreted to gain
insight in to the changes in molecular association equilibria and structural effects in these systems.

Keywords: Acoustical properties, adiabatic compressibility, Acetophenone, molecular interactions

Introduction
In recent years, much attention is being given to the

measurements of ultrasonic velocity to understand the
nature of molecular interactions in liquid. Ultrasonic
technique is found to be the most pioneering tool for
gaining insight into the nature of the liquid state .The
study of molecular interactions and the variations in these
interactions due to structural changes has been carried
out by various experimental techniques such as infrared,
nuclear magnetic resonance, Raman spectra and
dielectric property measurement. A number of workers
have reported the study through ultrasonic method1-4. The
knowledge of densities and viscosities of pure liquids
and liquid mixtures is needed for optimal design of many
types of equipment in chemical technology. The
successful application of acoustical methods to physico-
chemical investigation of solutions has become possible
after the development of adequate theoretical approaches
and methods for precise ultrasonic speed measurements.
Acetophenones are known to be important due to their
application in the in perfumery, pharmaceuticals,
intermediate in synthesis of corrosion inhibitor, resins,
flavoring agent and in polymerization processes . In
recent years, much efforts have been made to study
ultrasonic properties of liquid and liquid mixtures.
However, scanty work has been done for solution of

organic compounds. This prompted us to undertake a
study on the acoustical and volumetric properties of
2-hydroxy-5-chloroacetophenone in N, N-dimethy-
lformamide at different temperatures. In the present
paper we report density (ρ), viscosity (η), and acoustical
properties of 2-hydroxy-5-chloroacetophenone in N,
N-dimethylformamide at 298.1, 303.15, 308.15, 315.15K
temperatures. The results are interpreted in terms of
molecular interaction occurring in the solution.

Experimental Materials
The solvent N-N-dimethylformamide used was

of analytical reagent grade and purified prior to its
use by an standard method5. The estimated purity was
better than 99.8%. The acetophenone 2-hydroxy-5-
chloroacetophenone was prepared in our laboratory by
simple fries migration reaction and purified. The purity
was further checked by TLC and m.p. respectively.

Measurements
The densities of solutions were measured using a

bicapillary pyknometer of bulb capacity 15 cm3. The
pyknometer was calibrated using conductivity water
having conductivity of <1×10-6  Ω-1 cm-1. Uncertainties
in density measurement were within o ±0.0001 g cm3.

J. Pure Appl. Ultrason. 36 (2014) pp.46-50
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Viscosity of pure solvent and solution were measured
with precalibrated Ostwald's type viscometer .The
percentage error in determination of viscosity was ±
0.02%.The ultrasonic velocity was measured with a
single crystal variable path ultrasonic interferometer
M-81 at 2 MHz. The accuracy in the  ultrasonic velocity
was found to be  ± 0.1ms-1. The temperature of test
solution was  maintained by to an accuracy of ±0.01 K
in an electrically controlled thermostatic water bath.

Theoretical equations for acoustical parameters
From the measured density, viscosity and ultrasonic

velocity, various acoustical and volumetric parameters
were evaluated using following standard relations.
1. Adiabatic compressibility:

βs =   1/ u2ρ (1)

2. Intermolecular free length
Lf = K βs½ (2)
Where K is temperature dependent constant

3. Relative association:
R

A
 = (ρ/ ρ0) (u0/u) (3)

4. Relaxation strength:
r = 1-(u/uα) (4)
Where uα = 1600 ms-1

5. Free volume:
V

f
  =  (Mu/ k η)1/2 (5)

6. Internal pressure:
p

i
 = bRT (k η/ u)1/2 ρ2/3/M7/6 (6)

where b is packing factor, k is a constant which is
temperature independent having a value of 4.28 ×
109 and η is the viscosity. The other symbols have
their usual meaning.

7. Apparent molar volume:
VΦ = (ρ*- ρ)/ m ρ ρ*+ M/ ρ (7)
where ρ* and ρ are density of solvent and solution,
respectively;
M is molecular mass of solute,

8. Apparent molar adiabatic compressibility:
K

s
,Φ = β

s
  - β

s
*/ m ρ ρ*+ VΦ βs (8)

VΦ and  K
s
,Φ data were found to obey the equation

Y = Y0 + S
Y
 m (9)

where Y represents VΦ or K
s
,Φ, Y0 represents value

at infinite dilution and S
Y
 is experimental slope.

Results and Discussion
The experimental values of density, viscosity and

ultrasonic velocity for 2-hydroxy-5-chloro acetophenone

in N, N-dimethylformamide at 298.1, 303.15, 308.15,
315.15K  reported in Table 1. It was observed that density
(ρ) of the solution with an increase in concentration (C)
and decreases with rise in temperature (T). This is
attributed to the presence of strong intermolecular
attraction such as dipole-dipole attraction and hydrogen
bonding. The ultrasonic velocity is found to be highest
at low concentration and the decrease in ultrasonic
velocity with increase in concentration and temperature.
Viscosity (η) increases with increasing concentration and
decrease with temperature suggesting more association
between solute-solvent molecules. The linear increase
of density and viscosity with addition of solute increases
of cohesive forces due to strong molecular interactions,
while a decrease of these parameters with temperature
suggests decrease of cohesive forces.

Table 1− Density, ultrasonic speed, viscosity of 2-hydroxy-5-chloro
acetophenone in DMF.

Molality Density Ultrasonic Viscosity
(m) ρ velocity ηrx 103

mol.kg-1 Kg.m-3 u (ms-1) kg m-1s-1

298.15 K
0.03 948.6 1445.50 0.7568
0.06 951.6 1444.90 0.7581
0.09 953.6 1443.90 0.7608
0.12 955.2 1442.80 0.7622
0.15 956.0 1440.80 0.7645
0.18 956.3 1440.00 0.7667
0.21 956.7 1439.10 0.7684
303.15 K
0.03 943.4 1439.20 0.7248
0.06 946.1 1436.80 0.7286
0.09 948.2 1432.00 0.7339
0.12 949.8 1422.90 0.7389
0.15 950.7 1422.50 0.7431
0.18 952.1 1421.10 0.7466
0.21 953.1 1415.60 0.7489
308.15 K
0.03 939.2 1424.00 0.6881
0.06 942.4 1423.10 0.6904
0.09 944.4 1420.00 0.6929
0.12 945.7 1415.70 0.6951
0.15 946.3 1388.10 0.6967
0.18 947.1 1385.40 0.6993
0.21 947.6 1383.90 0.7001
313.15 K
0.03 934.3 1415.80 0.6644
0.06 937.4 1408.90 0.6651
0.09 939.6 1407.60 0.6667
0.12 941.3 1400.00 0.6682
0.15 942.6 1387.90 0.6698
0.18 943.8 1385.00 0.6713
0.21 944.3 1378.40 0.6726
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The viscosity data were analyzed by using Jones-Dole6

equation,

1
2

0

1r AC BC
ηη
η

= = + + (10)

where η
r
 is relative viscosity of solution, η and η0 are

the viscosities of solution and solvent respectively and
C is the  concentration. A and B are viscosity interaction
coefficients. A represents the contribution from interionic
electrostatic forces and B measure of order or disorder
introduced by ion into solvent structure7. The values of
A and B have been obtained from the intercepts and
slopes of the plots of [(η

r
 -1)/c1/2] againstc1/2. The values

of A and B are listed in Table 3.The B-coefficient is
positive, suggesting strong solute-solvent interaction.
Adiabatic compressibility (β

s
) increases with

concentration but it shows nonlinearity as given in Table
2. Ultrasonic velocity depends on intermolecular free
length (L

f
).With the decrease of free length, velocity

increases or vice versa. It is observed that L
f
 increases

with increase in concentration of acetophenone and hence
a decrease was observed.8 The increase in intermolecular
free length, adiabatic compressibility and relaxation
strength suggest the presence of solute- solute
interactions. The free volume of solute molecule at
particular temperature and pressure depends on the

Table 2−Variation of acoustical parameters with concentration of 2-hydroxy-5-chloro acetophenone in DMF at 298.15 - 313.15 K.

Molality βsx 10-10 Lf RA r Vfx 10-11 Pi x 107 VΦx 106 Ks,φx 1013

(m) m3mol-1Pa-1

mol.kg-1 Pa-1 A0 m3mol-1 Nm-2 m3mol-1

298.15 K
0.03 5.0453 0.4421 1.0053 0.1838 2.1005 532.46 31.499 0.543
0.06 5.0335 0.4426 1.0086 0.1845 2.0938 534.14 49.476 0.233
0.09 5.0298 0.4434 1.011 0.1856 2.0805 536.02 67.7 0.287
0.12 5.0294 0.4434 1.0129 0.1868 2.0724 537.29 81.1 0.363
0.15 5.039 0.4438 1.0142 0.1891 2.0588 538.78 94.4 0.508
0.18 5.0429 0.444 1.0147 0.19 2.0482 539.83 106.429 0.587
0.21 5.0471 0.4441 1.0154 0.191 2.0395 540.75 114.5 0.642
303.15 K
0.03 5.1173 0.4513 1.0035 0.1909 2.2265 520.35 47.6 -0.742
0.06 5.12 0.4514 1.0069 0.1936 2.2036 523.11 64.104 -0.117
0.09 5.1432 0.4525 1.0102 0.199 2.1688 526.64 77 0.374
0.12 5.2001 0.455 1.0141 0.2091 2.1264 530.73 87.1 0.941
0.15 5.1979 0.4552 1.0152 0.2096 2.1075 532.66 98.5 0.887
0.18 5.2008 0.4556 1.0169 0.2111 2.0896 534.68 103.433 0.867
0.21 5.236 0.4565 1.0193 0.2172 2.0679 536.9 109.022 1.031
308.15 K
0.03 5.2505 0.4603 0.9992 0.2079 2.3689 508.2 27.999 -6.579
0.06 5.2395 0.4606 1.0028 0.2089 2.3549 510.34 44.859 -3.323
0.09 5.2514 0.4608 1.0056 0.2123 2.3345 512.53 65 -1.89
0.12 5.2758 0.4619 1.0081 0.2171 2.3129 514.61 81.1 -1.028
0.15 5.4844 0.471 1.0152 0.2473 2.2378 520.5 96.653 0.852
0.18 5.5012 0.4717 1.0167 0.2503 2.2189 522.27 105.478 0.948
0.21 5.5102 0.4721 1.0176 0.2519 2.2115 523.04 113.393 0.986
313.15 K
0.03 5.3395 0.4691 0.9914 0.217 2.4753 499.08 35.999 -16.065
0.06 5.3742 0.4705 0.9962 0.2246 2.4533 501.65 50.139 -7.237
0.09 5.3716 0.4706 0.9989 0.226 2.4411 503.26 66 -4.681
0.12 5.4203 0.4726 1.0024 0.2344 2.4132 505.79 78.7 -2.914
0.15 5.5075 0.4764 1.0067 0.2476 2.3735 509.07 89 -1.557
0.18 5.5236 0.4771 1.0087 0.2507 2.3581 510.6 96.612 -1.077
0.21 5.5736 0.4793 1.0108 0.2578 2.3345 512.5 105.864 -0.534
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internal pressure of liquid in which it dissolves. The
decrease in molecular association causes an increase in
free volume. Thus, free volume is an inverse function of

internal pressure. It is evident from table 2 that V
f

decreases with concentration in DMF. Hence decrease
in free volume causes internal pressure to increase, which

indicates the solute-solute interactions. Increase of
internal pressure (Fig.1) and decrease of free volume
shows increase in cohesive forces and vice versa. Though
the 2-hydroxy-5-chloro acetophenone in DMF shows
structure -breaking tendency but its viscosity increases
with concentration. This suggests that both solute-solute
and solute-solvent interactions exist in the solution.
However, solute-solute interactions dominate due to
which velocity is decreases in DMF whereas solute -
solvent interactions are weak .

    The values of apparent molar volume (Fig.2) are
positive and increase with concentration. This clearly
indicates that there is a solute-solvent, solvent-solvent
interactions which supported by 0

φV positive  values. At

lower temperature apparent molar adiabatic
compressibility (Fig.3) are found to be positive which
indicate that the solute are loosely attached to solvent
molecules and are more compressible but at higher
temperature its negative that shows the loss of structural
compressibility of solvent molecules and these solutions

are incompressible. This is supported by 0
,φSK negative

values may be due to strong electrostrictive forces. S
v

and S
k
 which accounts for the solute-solute interaction

and obtained by the least-squares fitting method. The
increasing relaxation strength suggests predominance of
solute-solute interaction which is also supported by
higher values of S

v
 and S

k
.

Table 3−Limiting values of V, Ks,  along with slopes and viscosity A and B coefficients.

Temp. K 0
φV x106 0

,φSK x1013 S
V
x106 S

K
x1013        A     B

m3mol-1 m3mol-1 Pa-1 m3mol-2 kg m3mol-2 kg. Pa1 Kg1/2mol-1/2 Kg mol-1

298.15 22.214 0.0397 463.82 2.9401 -1.7919 3.0006
303.15 43.191 -0.2575 338.6 6.8245 -2.0403 3.4854
308.15 17.916 -4.6828 486.99 30.422 -2.2918 3.8244
313.15 28.111 -8.8738 387.55 43.509 -2.4631 4.0809

Pi
 ×

 1
07
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Fig. 1−Internal pressure with molality at 298.15-313.15 K
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Polymethylmethacrylate (PMMA) sample of 10 mm thickness and 15 mm diameter were prepared form a half
a meter rod and exposed to ϒ-ray dose of different duration in an irradiation chamber with Ir-192 source. The
polymer has been subjected to gamma radiation from 45 to 177 mGy dosages. Characterization by Ultrasonics,
Fourier transform infra-red spectroscopy (FTIR) and ultraviolet-visible (UV-Vis) was done before and after
irradiation. Precise ultrasonic measurements were made in the irradiated sample using 2MHz longitudinal ultrasonic
wave contact type transducer. Ultrasonic velocity measurements have been employed to investigate the microstructural
changes in the irradiated sample. It was found that there is a decrease in velocity as the exposed dose is increased.
FTIR study for the irradiated samples shows the enhanced CH stretching vibration. The UV-Vis studies for the
irradiated samples indicate the shift in wavelength of absorption bands with the increasing irradiation dose was
recorded. The result shows the variation in structural and optical properties of PMMA which is helpful for its
stability under mild dose irradiations.

Keywords: ϒ-ray irradiation, Ultrasonic velocity, FTIR, UV-visible.

Introduction

I Poly (methyl methacrylate) (PMMA or Perspex) is a
high transparent common polymer presenting excellent
mechanical and chemical properties1. The effect of the
ionising radiation in PMMA sheets was first identified2

in the year 1951. PMMA is a very useful flexible material,
cheap and easy to obtain in different forms and colours.
These materials are also commonly used as routine
dosimeters for measurement of absorbed dose in
industrial radiation process3, 4. Several new dyed PMMA
dosimeters have been investigated5 for their optimum
performance and to predict their useful dose ranges. The
main factor behind the consideration of PMMA
dosimeters is the formation of very reactive intermediates
results in the arrangement and formation of new bonds,
ions and excited states due to irradiation, i.e. based on
the changes in the structural and optical properties as a
function of radiation dose. PMMA undergoes dominant
main-chain scission6 and the liberation of -COOCH

3
 side

groups occurs for every main-chain scission as a result
of irradiation. The change in optical properties in PMMA

has been measured using spectrophotometers and
correlated with the exposed dose. This
spectrophotometric method was studied by several
authors and extensively used in gamma radiation
dosimetry. However, it is understood that high energy
radiation also induces changes in the elastic/mechanical
properties of PMMA in addition to its optical properties.
Hence a change in the elastic properties in PMMA could
be considered as a measure of radiation dosage or
absorbed dose.Ultrasonic attenuation and velocity
measurements7-10 have long been used for microstructural
characterisation and estimation of mechanical properties
in polycrystalline metals. For dosimetry applications,
ultrasonic velocity measurement was first demonstrated11

in a monomer solution, particularly in acrylamide
(polymer gel) and PMMA. In polymeric materials,
ultrasonic waves are influenced by the polymer's
structure as well as by the molecular relaxation processes.
It is therefore possible to estimate the viscoelastic
properties of polymeric materials12,13 from the velocity
and attenuation of longitudinal or shear waves. Recently,
ultrasonic studies have been extended to characterise
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polymer materials in industrial processing14,15. Very
recently, ultrasonic velocity measurements of have been
reported first16 with a degree of success in irradiated
PMMA for dosimetry applications in the higher dose
range 0-200 kGy, particularly useful for accidental
dosimetry. In the study it was pointed out that attenuation
measurements have their inherent difficulties in terms
of accuracy and repeatability over velocity measurements
for characterisation and estimation of elastic properties.
As far as ultrasonic velocity measurement is concerned
solid polymer is easy to handle as compared to polymer
gel. Hence, the present ultrasonic study is carried out in
solid PMMA for the realisation of an ultrasonic velocity
based dosimeter for the dose range 0-200 mGy.

Experimental
The 10mm thick and 15mm diameter samples were

prepared by machining from a half a metre length
PMMA rod obtained from stock. The thicknesses of the
samples were measured using the digital micrometer
with resolution of 1 µm. The samples were irradiated to
different dose levels and to a maximum dose of 177 mGy
in the γ-ray irradiation chamber with Iridium-192 source
having dose rate of 14.8mGy/min.

Fig. 1. Presents the block diagram of the experimental
setup used for the ultrasonic velocity measurements by
pulse echo technique. The integrated experimental
arrangement used to measure the transit time consists of
100MHz bandwidth pulser-receiver unit, a 500MHz
Digital Storage Oscilloscope (M/s. Tektronix) and a
personal computer. A 2MHz normal beam broad band
contact type longitudinal wave transducer having a
10 mm diameter piezoelectric disc was used in the
experiment. Filtered machine oil was used as the

couplant. The transit time measurements were made
before and after irradiation of the specimens using cross
correlation technique with Lab View software. The
accuracy of the transit time measurement was 0.2 ns.
A minimum of five measurements were made on each
sample and the average transit time was finally obtained.
Thickness measurements were carried out with the
micrometer at the place exactly where the ultrasonic
transducer was placed for the transit time measure-
ments. From the known values of the thicknesses and
transit times ultrasonic velocities were obtained. The
overall repeatability in the velocity measurement at each
location out of five measurements was found to be
within ± 1 m/s.

The infrared spectra of Perspex samples
were recorded in the range of 4000-500 cm-1 using
SHIMADZU IR Affinity-1 FTIR Spectrometer.
Determination of the UV-Visible absorbance spectra
of the Perspex samples were carried out using JASCO
UV 530 Spectrophotometer in wavelength range from
200-1000 nm.

Results and Discussion
The irradiation of PMMA samples with gamma rays

results predominantly in ionisation and excitation17.
Table 1 shows the details of duration of irradiation,
corresponding to exposed dose and the measured
longitudinal ultrasonic velocity. The ionising radiation
causes removal of electrons from molecules that make
up the material, leads to breakdown of chemical bonds
between atoms and frequently induces migration of
electrons within the molecules. All these result in the
changes in chemical configuration and optical properties
which are evaluated by FTIR and UV-Vis measurements.
The FTIR and UV-Vis measurements by the transmitted
and absorbed light of selected wavelengths to estimate
the correct exposed dose in the nanometre regime. In
general, these methods require specially prepared
samples of PMMA with good surface finish. However,

Result

500 MHz
Digital

Oscilloscope
100 MHz

Broadband Pulser-
Receiver

Personal Computer
with Lab View

Software

Specimen

Couplant

Transducer

Fig. 1 Block diagram of the experimental set-up for the mea
 surement of ultrasonic velocity.

Table 1 − Irradiation time, Exposed dose and Velocity values of
PMMA samples.

Sample Irradiation Exposed Measured
ref.no time (Sec) dose (mGy) velocity (m/sec)

A 0 0 2751
B 180 44.3 2746
C 360 88.8 2742
D 540 133.2 2735
E 720 177.7 2725
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ultrasonic velocity measurements approach exploits the
physical changes taking place in PMMA in the millimetre
wavelength regime.

Similar to changes in optical properties, important
changes in the physical properties take place in PMMA
samples during irradiation by gamma rays. The obvious
physical changes are the breaking of polymer molecules,
decrease in elasticity, increase in hardness, etc., with
increase in exposed dose. It is well known that γ-
irradiation can amend the electrical, optical, thermal
properties etc. of the polymeric materials by changing
their morphology through various processes of chain
accessioning and cross linking18-20. It was suggested that
the cross-linking tends to increase the material density21.
It is known that these physical changes influence the
ultrasonic wave propagation in PMMA. Hence their
influences are directly reflected in the precise ultrasonic
velocity measurements and utilised indirectly for gamma
dose measurements.

It is known from Table 1 that ultrasonic velocity, in
general, decreases with increase in dose. The decrease
in velocity initially up to 88.8 mGy is noticed. Further
measurements with higher dose levels show rapid
decrease in ultrasonic velocity values. Fig. 2 shows
graphical variation in ultrasonic velocity with increase
in gamma dose. Rapid decrease in ultrasonic velocities
is noticed at higher dose levels upto 177.7mGy. Hence
the scope of the present study is restricted to the low
dose range 0 - 200 mGy of γ -ray absorbed dose in order
to realise the ultrasonic velocity measurement based
dosimeter. The initial fluctuation in the velocity has been
attributed to the strain relaxation/reformation taking
place in the matrix due to γ- irradiation.

As discussed earlier, changes in ultrasonic velocity
values are generally attributed to changes in the
molecular structures and the viscoelastic properties of
the samples. However, at the absorbed dose of more than
100 mGy induces rapid changes in the structural and
optical properties of PMMA samples. This rapid change
is responsible for the higher level of reduction in the
ultrasonic velocities

The IR spectrum of Fig.3.of  showed absorption bands
at 2916 and 1735 cm-1 due to -CH

3
 asymmetric stretching

and C=O stretching respectively in the original sample
(A). The vibrational bands at 1492 and 1438 cm-1 are
attributed to CH

2
 scissoring and CH

3
 asymmetric

stretching or deformation of PMMA. High-energy ion
beam interaction with PMMA produces cross-linking
while low energy radiation sources (e-beams and γ-rays)
result in the production of the chain scission22.

The characteristic peak at 1441 cm-1 is appeared due
to OCH

3
 deformation of PMMA. The bands appearing

at 1257 and 883 cm-1 are corresponding to C-O stretching
and C-O-C stretching of PMMA. The absorption bands
corresponding to CH

2
 twisting, wagging and rocking

modes of PMMA are appeared at 1180, 933 and 783 cm-1

respectively. IR spectrum of irradiated samples (B, C, D
and E) showed all the absorption bands with enhanced
intensity. The only changes observed in FTIR spectra
were a shifting towards higher absorption frequency
(attributed to change of chemical environment), a
decrease of absorption intensities of carbonyl band at
1735-1750 cm-1 and a decrease of absorption intensities
of C-H bands at 2847- 2931 cm-1. The FTIR spectra data
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Fig. 2 Ultrasonic velocity variation with different dose rate at
2MHz frequency.
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Fig. 3 FTIR spectrum of the original and irradiated Perspex
samples.
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Table 2 − The absorbance values for different dose rate.

Sample Exposed Absorbance
ref.no. dose (mGy) at 392 nm

A 0 1.047
B 44.3 0.124
C 88.8 0.127
D 133.2 0.006
E 177.7 0.007

1.2
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0.6

0.4

0.2

0.0

-0.2
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Fig. 4 The absorbance spectra of original and irradiated
Perspex samples.
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shows the increased vibration of the molecule due to
gamma irradiation.

UV-Vis analysis was performed on the studied samples.
The absorbance spectra are shown in Fig.4. The
absorbance spectra of the original and irradiated PMMA
and difference spectra were also taken an increase of
absorption intensities of C=C bands at 367 nm were
observed. This behaviour was attributed to scission of
ester side-groups and formation of olefinic unsaturation.
PMMA is transparent above 300 nm. However, the foot
of the UV absorption spectrum of PMMA appears in the
region of the benzenoid absorption band. Further
irradiation produces almost identical patterns with sharp
peaks at 446, 502, 721, 888 and 937 nm with low
absorption in low wavelength region and high absorption
in the high wavelength region. There is a complete
reversal of the properties of original polymer after
irradiation.

double bonds23. It is also observed there is shift in the
absorption peak to longer wavelengths with progressive
irradiation.

Summary and Conclusion
It is found that the experimental technique developed

represents a simple and convenient method for the
investigation of the variation in the ultrasonic velocity
with dose level (0 - 200 mGy) in commercial PMMA. It
can be used successfully as a γ-dosimeter in this low
dose range. This technique is preferable to earlier
methods used to investigate ultrasonic velocity in
polymers as the accuracy involved is very high (∼0.01
m/s) and the repeatability in the measurement is excellent
(± 1 m/s). In addition, handling and calibration of solid
PMMA is easier for ultrasonic measurements. Ultrasonic
technique in comparison with the existing and widely
followed spectrophotometric approach for radiation dose
measurements has distinct advantages. Due to the
simplicity and versatility of this evaluation technique it
is likely to play a major role in the future of ultrasonic
evaluation of polymer dosimeters and also aid in the
investigation of radiation induced physical changes in
polymer dosimeters. Further investigations on the effects
of environmental conditions in PMMA such as humidity,
temperature and fading can be measured using the
ultrasonic techniques to insure that these polymers can
be used as dosimeters.
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In present investigation, an attempt has been made to evaluate various thermoacoustics parameters of
polycarbonate in chloroform at different concentrations of poly(methyl methacrylate). The propagation of ultrasonic
waves and the measurement of their velocity in solutions form an important tool for the evaluation of various
acoustical and thermo dynamical parameters which give an insight into the nature of miscibility and molecular
interactions in polymer blend. In the present work, ultrasonic velocities, densities, viscosities and absorption have
been measured in 0.1M solution using pulse echo overlap technique at 293K at different concentrations of
polycarbonate/poly(methyl methacrylate) blend in chloroform. Thermoacoustical parameters viz., adiabatic
compressibility, molar sound velocity, molar compressibility, acoustic impedance, van der Waals' constant and
internal pressure have been computed from the experimental data. The variation of u.s. velocity and other thermo-
acoustical parameters suggest miscibility or compatibility among the component polymers. The nature of solvent/
polymer/polymer interaction and the effect of concentration on the molecular interaction of polycarbonate and
polymethylmethacrylate in chloroform have been studied.

Keywords: Pulse echo overlap technique; ultrasonic velocity; acoustical parameters; solvent/polymer/polymer
interaction

Introduction

Propagation of ultrasonic waves in polymer solutions
forms the basis of a qualitative characterization. There
are various techniques for studying the compatibility of
polymer blends, and ultrasonic velocity and viscosity
measurements reveal compatibility or miscibility of
blends. Singh1, Rajgopalan2 has carried out pioneering
work on polymer/polymer compatibility using ultrasonic
techniques. These provide powerful, effective and
reliable tools to investigate properties of blends. A linear
variation in ultrasonic velocity for a blend is a measure
of compatibility or miscibility of the two polymers.
Blending has been the most effective way to get better
polymeric systems; they can offer better properties, cost
and processing advantages in their applications.
Depending upon the polymer/polymer miscibility,
polymer blends can be single phase or multi phase. There
is a strict correlation between the chemical structure,
physical structure and the molecular mobility of polymers
and the acoustical parameters3. A change in the nature
of molecular organization of the macromolecules,

structural changes and any change due to the change of
temperature are determined both by the bond energy of
the atoms forming the main chain of the polymer and
the energy of interaction between the elements of
adjacent polymer chains. These molecular interactions
influence the velocity of sound, absorption and other
acoustical parameters. It is thus obvious that the
ultrasonic parameters are useful for the study of
molecular interactions4.

The present paper deals with the ultrasonic studies of
polymer solution of polycarbonate (PC) in chloroform
(CF) as a function of increasing molar concentration of
poly(methyl methacrylate) (PMMA). PC is a lightweight
plastic with a unique combination of attributes that make
it an ideal material for use in a wide variety of
applications. Included are a number of home and kitchen
applications involving direct contact with food and
beverages that take advantage of polycarbonate's inherent
shatter-resistance, optical clarity, and heat-resistance.
PMMA is a commonly used low cost thermoplastic
polymer with boundless applications to everyday life.
PMMA is a clear plastic used as a shatter proof

J. Pure Appl. Ultrason. 36 (2014)  pp. 56-59
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replacement for glass. CF is a common solvent in the
laboratory because it is relatively unreactive, miscible
with most organic liquids, and conveniently volatile.
Chloroform is used as a solvent in the pharmaceutical
industry and for producing dyes and pesticides.

Experimental
The solution of PC was prepared by dissolving in

250ml of CF. This solution having concentration 0.1M,
was used as a stock solution. Various concentrations of
the PMMA is added by weight percentage in the known
and fixed concentration of stock solution to make poly-
blend solution. Total 50ml solution was prepared for the
measurement of ultrasonic velocity, density, viscosity and
absorption. The chemicals used were of excelar grade.
and absorption measurements were carried out using
highly versatil accurate pulse echo overlap technique by
using Automated Ultrasonic Attenuation Recorder and
frequency counter frequency 4MHz. The accuracy in
the measurement of ultrasonic velocity is ±0.01 m/s. The
density and viscosity were measured by employing
hydrostatic plunger method and Ostwald's viscometer
respectively. Density values are accurate to ±0.1mg/cc
while an electronic digital timer of least count 0.01 has
been used. The temperature was maintained constant
(293K) during the period of measurement by a water
circulation system from the thermostat U-10 with thermal
stability of ±0.1 ºC. The concentration range chosen in
the solution are 0, 0.02, 0.04, 0.06, 0.08 and 0.1M.

Results and Discussion
The ultrasonic velocity, density, viscosity and

absorption were calculated experimentally while
adiabatic compressibility, relaxation time, Rao's molar
sound velocity, Wada constant (Molar compressibility),
acoustic impedance, van der Waal's constant, internal
pressure have been estimated by using standard
formulae5. Figure 1-10 shows the plots of all the above
acoustical parameters at different molar concentration
for polymer/polymer/solvent solution of PC/PMMA in
chloroform.

Figure 1 shows non-linear variation of ultrasonic
velocity & adiabatic compressibility with increasing
concentration of PMMA in PC/CF solution. The variation
of ultrasonic velocity with increasing concentration of
PMMA in solution of PC/CF is decreasing linearly. From
the shape of the ultrasonic variation versus composition
of the second polymer in the mixture, one can account

for the compatibility or miscibility of the polymer-
polymer blend. Here variation of velocity is observed
to be linear indicating compatibility or miscibility
between PC/PMMA6. While he variation in adiabatic
compressibility with increasing concentration of PMMA
in PC/CF solution shows nature opposite to that of
velocity. Trend of adiabatic compressibility opposite to
that of velocity indicates complex formation in the
system7. Variation of acoustic impedance with
concentration (figure 2) shows same trend as that of
velocity. Variation of density with concentration
(figure 3) of polyblend system is observed to be
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decreasing with increase in concentration of PMMA in
PC/CF mixture. Variation of density in polyblend system
is due the addition of second polymer in the mixture,
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which increases the number of chains in the binary
mixture8. This indicates strong interaction of constituent
polymers. In this polyblend system it was observed that
acoustic parameters like viscosity (figure 4), relaxation
time (figure 5) & internal pressure (figure 6) shows same
trend of variation thus suggests strong interaction in the
system and compatibility or miscibility in the blend. The

Fig. 3. Variation of Density with concentration.
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internal pressure of a liquid reflects the molecular
interaction and is a sensitive parameter. Variation of
absorption (figure 7) shows one peak structured polymer
blend system, which indicates the single phase polyblend
system. This suggests homogeneity, indicated by single
phase formation in the system, thus it suggests
compatibility of the polymers9. Here it was observed that
parameters like van der Waal's constant (figure 8), molar
sound velocity (figure9) and molar compressibility

Fig. 4. Variation of Viscosity with concentration
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Fig. 7. Variation of absorption with concentration.
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Fig. 10. Variation of Molar Compressibility with concentration.
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Fig. 8. Variation of van der Waal's Constant with concentration.
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(figure 10) show same trend of non-linear variation which
may be attributed to dipole-dipole interaction and strong
molecular interaction between the molecules of solvent/
polymer/polymer10.

Conclusion
The variation of ultrasonic velocity and other acoustical

parameters suggest, homogeneity, indicated by single
phase separation in the blend, due to miscibility or
compatibility of constituent polymers.
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Density and ultrasonic velocity of binary liquid mixture of two nuclear extractants: di-(2-ethylhexyl) phosphoric
acids (D2EHPA) and methyl isobutyl ketone (MIBK) have been experimentally measured over entire range of
composition at 2 MHz and temperature 303.15K. The experimental results are employed to compute acoustic
parameters viz. acoustic impedance, isentropic compressibility, intermolecular free length and relaxation strength
in the entire range of D2EHPA molefraction. The non-linear increase of ultrasonic velocity, density, acoustic
impedance and decrease of isentropic compressibility, intermolecular free length, relaxation strength with mole
fraction of D2EHPA indicates the presence of strong interaction between the components of liquids. The theoretical
values of ultrasonic velocity have been calculated using various empirical relations and models, viz. Impedance
dependence relation, Nomoto's relation, Rao's specific sound velocity relation, Danusso model, Junjie's relation,Van
Dael-Vangeel's ideal mixing relation, Schaaff's collision factor theory and are compared with the corresponding
experimental data by applying root mean square deviation relative (RMSDr). A comparison of theoretical values of
ultrasonic velocity with those obtained experimentally reveals that Nomoto's relation predicts the data reasonably
well.

Key words: D2EHPA, MIBK, Binary mixtures, Ultrasonic studies, Molecular interaction.

Introduction

The ultrasonic measurement1-5 is a powerful probe to
study the molecular structure and for understanding
molecular interactions viz. dipole-dipole and dipole-
induced dipole in the binary and multi-component liquid
mixtures. Ultrasonic velocity in a liquid or liquid mixture
is related to the binding forces between the molecules of
the system. Literature survey shows that no ultrasonic
study has been made in the binary mixtures of two nuclear
extractants such as D2EHPA and MIBK which has
synergistic effect in application. In continuation of our
earlier work6 involving D2EHPA with apolar solvents;
the density (ρ) and ultrasonic velocity (U) of a polar-
polar system, i.e. MIBK + D2EHPA have been
determined separately at 303.15K and atmospheric
pressure. The experimental data are used to evaluate
acoustical parameters, viz. acoustic impedance,

intermolecular free length, isentropic compressibility and
relaxation strength in the binary mixtures. The sound
velocity in liquid mixtures at different composition
depends on the nature of each component of mixture.
Hence, it becomes of considerable interest to predict the
sound velocity in liquid mixtures by applying various
formulae and to identify the suitable relation/model for
the studied binary mixture. In the present study, ultrasonic
velocity in the binary mixtures have been estimated using
seven different empirical relations and models such as
Impedance dependence relation, Nomoto's relation, Rao's
specific sound velocity relation, Danusso model, Junjie's
relation, Van Deal-Vageel's ideal mixing relation, and
Schaaff's collision factor theory. The validity of these
formulations for describing the ultrasonic response in
this present study has been compared with experimental
values by calculating root mean square deviation relative
(RMSDr).

J. Pure Appl. Ultrason. 36 (2014) pp. 60-64
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Materials and Method

       The chemicals used were of analytical reagent
grade and were purified by standard procedures and
redistilled before use7. Density and ultrasonic velocity
were determined at 303.15K using the method reported
earlier6. All mixtures over entire composition of
D2EHPA were prepared by mass using a digital balance
with a precision of 1×10-6 kg. The ultrasonic velocity
of the sample was measured with an accuracy of
± 0.5 ms-1. The uncertainty of the density measurement
is ± 0.02 kg m-3. The experimental temperature of the
sample was controlled by circulating water from an
electronically controlled thermostatic water bath to an
accuracy of ± 0.1K.

Results and Discussion

The acoustic impedance (Z), isentropic compressibility
(βs), intermolecular free length (Lf), and relaxation
strength (ζ ) were determined using the following
standard relations8-12 and are Table 1.

Z = ρU (1)

β s = ρ−1U-2 (2)

1/ 2= βf sL K (3)

( )2
1 ∞= −ζ U U (4)

Table 1 – Experimentally determined values of ultrasonic velocity (U), density (ρ), and calculated values of acoustic impedance (Z), isentropic
compressibility (β

s
), intermolecular free length (L

f
) and relaxation strength (ζ) at 303.15K.

Mole U ρ Z β
s

L
f

ζ
fraction (m s–1) (kg m–3) (105kg m-2 s-1) (TPa.s-1) (A°)
(x

2
)

0 1164.0 792.0 9.22 725 0.633 0.471
0.08 1183.5 825.0 9.76 713 0.610 0.453
0.13 1195.0 841.0 10.05 702 0.599 0.442
0.25 1218.0 875.0 10.66 689 0.576 0.420
0.32 1229.0 889.7 10.93 677 0.566 0.410
0.41 1241.0 905.4 11.24 669 0.556 0.398
0.49 1250.5 917.5 11.47 661 0.548 0.389
0.58 1260.0 929.6 11.71 654 0.540 0.380
0.65 1267.0 938.0 11.88 650 0.535 0.373
0.71 1273.0 943.0 12.00 643 0.531 0.367
0.79 1279.0 949.0 12.14 639 0.527 0.361
0.82 1281.0 951.0 12.18 636 0.525 0.359
0.88 1286.0 954.6 12.28 632 0.522 0.354
0.94 1289.5 958.0 12.35 625 0.520 0.350
1.00 1293.0 961.3 12.43 623 0.5.18 0.347

where K = [(93.875+0.375T)×10-8] is the Jacobson
temperature-dependent constant and U∞  is 1600 ms–1.

The increasing trend of density (Table 1) indicates the
addition of D2EHPA with MIBK makes the system to
be more compact. Consequently, ultrasonic velocity
increases (Fig. 1) with increase in mole fraction (x2) of
solute (D2EHPA).

Fig. 1. Variation of measured ultrasonic velocity (U) vs mole
fraction (X

2
) of D2EHPA

From Fig. 2, the reduction of intermolecular free length
(Lf) indicates that the components of the liquid mixture
are much closer, which ascertain heteromolecular
interaction. The variation of U and Lf with mole fraction
of D2EHPA is in accordance with the view proposed by
Kincaid and Eyring13. The decreasing trend of isentropic



62 J. PURE APPL. ULTRASON., VOL. 36, NO. 2-3 (2014)

compressibility (βs) with increase in mole fraction of
D2EHPA lends support to structural compactness8. The
nonlinear increase of U, ρ, Z and decrease of Lf, βs, ζ
with increase in mole fraction of D2EHPA depicts
stronger molecular associations between the solute
(D2EHPA) and solvent (MIBK) molecules8-12.

Using Impedance dependence relation, Nomoto's
relation, Rao's specific sound velocity relation, Danusso
model, Junjie's relation,Van Deal-Vageel's ideal mixing
relation, and Schaaff's collision factor theory, theoretical
values of ultrasonic velocity such as UIDR, UN, UR, UD,
UJ, UIMR, and UCFT respectively are estimated

(Table 2) by the following relations and models14-20 as
given by :

=∑ ∑ ρIDR i i i iU x Z x (5)

( )3
= ∑ ∑N i i i miU x R x V (6)

( )3
= ∑ ρR i iU x r (7)

( ) ( ) ( ) 1 2
2 21 1

−
⎡ ⎤= ⎣ ⎦∑ρ ρD eff i i i iU M x M U (8)

( ) ( )
1 21 2 2( /( )⎡ ⎤= ⎣ ⎦∑ ∑ ρJ i mi eff i mi i iU xV M xV U (9)

( ) ( )( )2 21 = ∑IMR eff i i iU M x M U (10)

where xi, Ui, ρi, Zi, 
1/ 3 1/ 3,= = ρi mi i i i iR V U r U  Vmi and Mi

are molefraction, ultrasonic velocity, density, acoustic
impedance, molecular sound velocity, Rao's specific
sound velocity, molar volume and molecular weight
of ith component of the mixture respectively and
Meff = ∑ i ix M is the effective molecular weight of the
solution

( )( ) /∞= ∑ ∑CFT i i i i mU U x S x B V (11)

where S = UVm/BU∞ , B = b/4,

1/ 22

2
1 1 1

3

⎡ ⎤⎛ ⎞⎛ ⎞
⎢ ⎥⎜ ⎟= − + −⎜ ⎟⎜ ⎟⎢ ⎥⎜ ⎟⎝ ⎠⎝ ⎠⎣ ⎦

ρ
eff eff

eff

M M URT
b

M U RT

Table 2 – Comparison between experimental and theoretical values of ultrasonic velocity (SI Unit) with molefraction (x2) of D2EHPA

Mole fraction U
exp

. U
IDR

U
N

U
R

U
D

U
J

U
V

U
S

(x
2
)

0 1164.0 1164.0 1164.0 1164.0 1164.0 1164.0 1164.0 1164.0

0.08 1183.5 1176.4 1187.3 1269.9 1176.8 1178.3 1106.3 1178.6
0.13 1195.0 1183.9 1199.4 1315.4 1186.2 1187.2 1079.4 1186.3
0.25 1218.0 1201.3 1222.9 1403.2 1202.9 1207.3 1035.5 1207.8
0.32 1229.0 1211.0 1233.9 1428.4 1213.5 1218.1 1020.8 1217.7
0.41 1241.0 1223.1 1245.8 1443.6 1226.6 1231.0 1011.8 1229.5
0.49 1250.5 1233.5 1254.9 1446.7 1236.7 1241.4 1012.5 1239.9
0.58 1260.0 1244.9 1263.7 1441.4 1246.7 1252.3 1023.2 1251.9
0.65 1267.0 1253.4 1269.6 1431.5 1253.7 1260.1 1039.4 1261.1
0.71 1273.0 1260.6 1274.3 1412.4 1261.3 1266.4 1059.5 1266.8
0.79 1279.0 1269.9 1279.8 1383.7 1270.7 1274.2 1097.2 1274.4
0.82 1281.0 1273.3 1281.7 1371.8 1274.2 1277.0 1115.2 1277.1
0.88 1286.0 1280.0 1285.4 1346.2 1281.0 1282.4 1159.2 1282.5
0.94 1289.5 1286.6 1288.7 1319.8 1287.3 1287.4 1216.6 1287.9
1.00 1293.0 1293.0 1293.0 1293.0 1293.0 1293.0 1293.0 1293.0

Fig. 2. Variation of intermolecular free length (Lf) vs mole
fraction (X2) of D2EHPA
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Conclusion

Using the experimental values of ultrasonic velocity
and density in binary mixtures of MIBK + D2EHPA at
303.15K, some acoustic parameters such as Z, Lf, βs
and ζ have been computed in the entire range of
composition. The variation of Z, Lf, βs and ζ with
mole fraction of D2EHPA indicates solute-solvent
interaction due to formation of aggregates of solvent
molecules around D2EHPA. Furthermore, theoretical
results of ultrasonic velocity such as UIDR, UN, UR, UD,
UJ, UIMR, and UCFT  in binary mixtures of MIBK with
D2EHPA reveals that Nomoto's relation is more suitable
in favour of experimental values of ultrasonic velocity.
Nomoto's relation makes accurate prediction of the
ultrasonic velocity in the studied binary mixture for
which the linearity of the molecular sound velocity and
the additivity of the molar volume are comparatively
good.
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Acoustic parameters like speed of sound, density and viscosity of pure cow's and branded milk at different
temperature have been measured. Cow milk is a major source of essential nutrients for adults and children. To most
of the cow's milk, sold in open air and some chemicals are added in branded milk. In the present work, the potentiality
of ultrasonics is used in the place of extensive and time consuming physical and chemical methods such as
spectroscopic, chromatographic and enzymatic methods. The nature of variations in the acoustic parameters adiabatic
compressibility, specific acoustic impedance and Rao's molar sound function for different sample of pure  cow milk
and branded milk at various temperature have been discussed in the light of detection of chemical additives through
molecular interactions.

Keywords: Ultrasonic Velocity, Cow milk, branded milk, molecular association, chemical additives.

Introduction
Milk has always been an important component in the

normal balanced diet of humans since it supplies high
quality nutrients. A large amount of milk in India
produced from cows1. The dairy industry demands the
development of simple and non destructive
measuring instruments to monitor the line of different
processes. The coagulation of milk is the primary stage
of most of dairy products; therefore monitoring
coagulation appears as a very interesting matter. In
the present work, the potentiality of ultrasonics is used
in the place of extensive and time consuming physical
and chemical methods such as spectroscopic, chromato-
graphic and enzymatic methods to monitor the quality
of milk2. We are reporting a new, simple and quick
method 'thermodynamic analysis', in pure cow and
branded milk at different temperature. Though direct
parameters such as ultrasonic velocity (u), density (ρ)
and viscosity (η) can be used for the analysis, studies on
different systems of liquids and liquid mixtures reveal
that, Materials method the derived acoustic parameters
are more useful.

Materials Method
 The speed of sound (u), density (ρ) and viscosity (η)

were determined at six different temperature, viz., 288,
293, 298, 303, 308 and 313K for pure milk obtained
from a cow and different brands of milk commercially
available. The temperature was maintained constant
using a thermostatically-controlled water circulating
arrangement with an accuracy of ±0.1K. Density
measurements were performed using density bottle.
Masses were measured by a single pan electronic balance
with an accuracy of ±0.1 mg. Ultrasonic velocity were
measured by a MHF-400 high frequency pulser-receiver
at a frequencies of 1MHz and 2MHz with an accuracy
of ±0.1 m/s.

Results and Discussion
Some acoustical parameters for example adiabatic

compressibility, specific acoustic impedance and Rao's
molar sound function were calculated using the
experimental data speed of sound, density and viscosity
by the following equations for different sample of pure
cow milk and branded milk at various temperature.

The specific acoustic impedance Z was calculated
using the equation

Z = ρu
where u and ρ are the speed of sound and densities of
pure and branded cow milk, respectively
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The adiabatic compressibility βa, was calculated by
using the Newton-Laplace's equation

2

1
a u

β
ρ

=

Rao's molar sound function R was calculated with the
expression3.

1 3u
R

ρ
=

The ultrasonic velocity and density were measured
at different temperatures for pure milk and four samples
of branded milk available in Maharashtra. The values of
Z, βa and R were calculated by using the above formula
at temperatures 288, 293, 298, 303, 308 and 313K.
Graphs were plotted with temperature vs. the above
parameters and are shown in figures.

The linear variation of ultrasonic velocity u with rise
in temperature indicates the molecular association in the

Fig. 1 (a, b): Ultrasonic velocity (1MHz & 2MHz) vs. various temperature
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Fig. 2 (a, b): Density and Viscosity (1MHz & 2MHz) vs. various temperature.
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Fig. 3 (a, b): Adiabatic compressibility (1MHz &2MHz) vs. various temperature.
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Fig. 5 (a, b): Rao's molar sound function (1MHz &2MHz) vs. various temperature.
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pure milk and four sample of branded milk. Four sample
of branded milk reveals downward compared to the pure
cow milk, it shows the variations are similar in nature.
This similarity in shape, with the downward direction of
the curve, may indicates the absence of chemical
additives in it.

 Figure shows the non linear variation of ρ,  βa and η
decrease and Z, R increase with rise in temperature for
pure milk and four sample of branded milk as proposed
for the associative and dissociative effect of the
molecules. From the variation of βa with temperature
we observe that all four sample of branded milk an
upward direction compared to that of pure cow milk.
The pure milk and all four sample of branded milk has
the same compressibility at the lowest temperature. The
decrease in compressibility with temperature is smooth
for pure milk and all samples. However, the fall in
compressibility with temperature for all samples is a little
slower than that of pure cow milk. Higher βa values of
samples indicates the absence of chemical additives in
it.

Considering specific acoustic impedance Z and Rao's

molar sound function R at different temperature, it is
shows the variation of Z and R with temperature for pure
cow milk and four sample of branded milk. The curve
shift downward from that of pure cow milk for all
samples indicating the presence of chemical additives
in them.

Conclusions
From the analysis it can be seen that samples exhibits

behavior same as well as different from pure cow milk
and from all the other samples considered. Thus it can
be doubtful whether this sample can be taken as standard
milk. From the present analysis, we also arrive at the
conclusion that a sample is free from chemical additives.
The upward/downward directions for this sample from
the cow milk may be due to presence of required level
of fat content for the standard milk, which may be greater
than that for the pure cow milk we have chosen for our
study. A non-invasive ultrasonic through-transmission
method for the control of coagulation processes in pure
cow milk and four sample of branded milk was presented
in this paper.
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Introduction

 Ultrasonic absorption study of binary liquid mixtures
of methyl methacrylate, acrylonitrile, cinnamaldehyde
with polar solvent  methanol and non-polar solvent
cyclohexane and some other binary systems were carried
out at 298 K in the frequency range 1MHz-10MHz and
at five different temperatures 293 K, 298 K, 303 K, 308
K and 313 K for 7 MHz over the entire range of
composition.

The ultrasonic absorption data for all the binary
systems at 293 K, 298 K, 303 K, 308 K and 313 K for 7
MHz and at different range of concentration and their
variation with molar concentrations were studied. These
data are discussed in the light of molecular interactions
between the components which exist in the binary liquid
systems.

The observed ultrasonic absorption (α/f2
obs), classical

absorption (α/f2
class), excess absorption (α/f2

excess) and
the ratio of the observed ultrasonic absorption (α/f2

obs)
and classical absorption (α/f2

class) in the temperature
range 293 K, 298 K, 303 K, 308 K and 313 K and at 7
MHz over the entire range of composition and their
variation with compositions were studied. In all the
binary systems observed ultrasonic absorption is higher
than the classical absorption. It is a characteristic feature
of the binary liquid mixtures.

Acoustical studies are made on the number of binary
systems such that different types of molecular attractions
could be assessed. The acoustical parameters acoustic
impedance (Z), molecular weight (M), molar volume (V),
molar sound velocity (R), molar compressibility (W),
Vander Waal's constant (b), internal pressure (πi),
viscosity (η), intermolecular radius (ro), relaxation time
(τ), adiabatic compressibility (βa), free volume (Vf),
isothermal compressibility (βi) , intermolecular free
length (Lf),etc were computed for the all the binary
systems from ultrasonic velocities, densities and
viscosities at 303 K and at frequency 7 MHz.

Comparison of experimental ultrasonic velocity and
it's theoretically calculated values by Junjie's relation,
Impedance dependence relation and Nomoto's relation
were studied.

The increase or decrease in ultrasonic absorption with

increase in molar concentration is due to the possible
structural relaxation process in all investigated binary
systems. These structural relaxation processes play very
important role in the study of molecular and structural
properties of the component molecules in binary liquid
mixture.

    Ultrasonic absorption (α/f2)  decreases with increase
in molar concentration in the binary liquid systems
methanol + methyl methacrylate, methanol + acrylonitrile
due to less stability of methyl methacrylate and
acrylonitrile molecules. Because these molecules have
single resonating structure which decreases the relaxation
time. Decrease in relaxation time decreases the ultrasonic
absorption in these binary liquid system.Ultrasonic
absorption (α/f2) decreases with increase in molar
concentration in the systems cyclohexane + methyl
methacrylate and cyclohexane + acrylonitrile. It is
increases in the systems methanol + cinnamaldehyde and
cyclohexane + cinnamaldehyde ultrasonic absorption
(α/f2) due to more stability of cinnamaldehyde molecules.
Molecules of cinnamaldehyde has three resonating
structure which increases the relaxation time. Increase
in relaxation time increases the ultrasonic absorption in
these binary liquid systems.

The maximum absorption occurs at 10 MHz, and at
293 K, this shows that binary liquid mixture is more
structured at higher frequency and at lower temperature.
This higher structured solution generally absorbs more
ultrasonic energy.

Conclusion
� The nonlinear variation of absorption coefficient with

molar concentration provides useful information
about nature of intermolecular forces existing in
binary liquid mixtures.

� In all the binary systems absorption process is due to
structural relaxation. Structural relaxation process
play very important role in the study of molecular
and structural properties of the component molecules
in binary liquid mixture.

� Weakening of the intermolecular forces is indicated
by the observed decrease in ultrasonic absorption in
the binary liquid mixtures.

Ph.D. Thesis Summary
Investigation of Ultrasonic Wave Absorption in

Some Bio- Liquids

(Ph.D. thesis awarded to Dr. N.R. Pawar by Nagpur University 2013)
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� Resonating structure of the constituent molecules play
very important role in increase or decrease  in
ultrasonic absorption. More the resonating structure
more stable will be the molecules.

� The observed molecular association in these binary
liquid mixtures may be due to the formation hydrogen
bond or due to interstitial accommodation or due to
induction or due to London dispersion forces in the
constituents molecules.

� There is complex formation at molar concentration
0.9 in the binary system methanol + acrylonitrile is
due to hydrogen bonding between the hydrogen atom
of hydroxyl (-OH) group in methanol and nitrogen
atom of acrylonitrile.

Applications
� Dissociation property of binary system cyclohexane

and methyl methacrylate used in drug designing. After
introducing the drugs in the body it must be necessary
that it should not associated with some fluids in the
body. It may be harmful.

� Capsules of cinnamaldehyde are used as food
supplements or as dietetic foods to reduce blood sugar
levels in diabetes. Cinnamaldehyde change the
structure in drug after some periods. Hence their drug
activity lost and drug is expired. Intermolecular
association of cinnamaldehyde with methanol and
cyclohexane increases the drug durability.

� Ultrasonic study of binary liquid mixtures is used to
determine the intermolecular interactions and
different types of forces exist in the medium.

� Ultrasonic study of binary liquid describes
thermodynamics behavior of pure and binary liquid
thermodynamics systems.

� This study play very important role in
chromatography. It is the criteria for the separation
of pure component from their mixture.

� This study enhanced the strength and rate of
production during the manufacture of polymethyl
methacrylate acrylic plastics (PMMA), Methyl
methacrylate-butadiene-styrene (MBS), copolymers
such as styrene-acrylonitrile (SAN), and acrylonitrile
butadiene styrene (ABS), acrylonitrile styrene acryl
ate (ASA) and other synthetic rubbers such as
acrylonitrile butadiene (NBR) and also increase their
durability.

Future Scope
� For physiological behavior of body particular

potential energy is required, we can guess that
particular amount of potential energy from this study.

� Bio-liquid come from sustainable sources that offer
a good carbon foot print, they will have to play in
helping the meet renewable energy target.

� For replacement of damage or diseased body parts
by appropriate solid materials, selected materials
should be match with the tissue. Ultrasonic study of
bio-liquid help for the selection of such materials.

� The development of molecular theory for sound
velocity and absorption based on latest development
in statistical mechanics. These theories could
successfully reproduced temperature and
concentration dependence of compressibility,
ultrasonic velocity and density of binary liquid
mixtures observed experimentally and it have a better
in sight in various ultrasonic phenomena in liquids
and their mixtures.
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