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Investigation of acoustical properties of poly (1, 1’-bi-2-naphthylidene
toluene-2, 4-disulfonane) solutions at 35°C
J. P. Patel and P. H. Parsania*
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Rajkot-360 005, Gujarat, India
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Density (ρ), viscosity (η) and ultrasonic velocity (U) of pure solvents: Chloroform (CF), 1, 2-dichloroethane (DCE), 1,
4-dioxane (DO) and tetrahydrofuran (THF); and PBNTDS solutions were carried out at 35°C. Various acoustical parameters
namely specific acoustical impedance (Z), isentropic compressibility(κs), Van der Waals constant (b), intermolecular free
path length (Lf), internal pressure (π) and free volume (Vf) were derived from ρ and U data. These parameters were
correlated with concentration(C). Linear increase of ρ (except nonlinear increase in DO), nonlinear increase of η and U
supported the presence of strong molecular interactions in the solutions and it is further supported by nonlinear increase of
Z, andπ; linear increase of b and nonlinear decrease of κs , Lf and Vf. A fairly good to excellent correlation between a
specified parameter and C is observed. PBNTDS possesses solvophilic nature. Predominant interactions are observed in DO
and DCE systems as compared to CF and THF systems.
Key Words: Density, viscosity, ultrasonic velocity, acoustical parameters, molecular interactions.

Introduction
Ultrasonic velocity is associated with binding
forces between atoms and molecules1, which
is highly sensitive to molecular interaction and
consequently employed in studying nature and
strength of molecular interaction in the solutions2,3.
Variation of ultrasonic velocity and associated
acoustical parameters furnish information about
velocity and structural changes due to weakly
and strongly interacting components of the
solutions4. Ultrasonic technology is employed in
medicine, biology, industry, material science,
agriculture, oceanography, dentistry, consumer
industry, sonochemistry research, etc. Due to
its nondestructive nature, it is extensively used
in understanding the structures of the polymers
and also furnishes knowledge on solvophilic or
solvophobic nature of polymers5-7 .
Novel materials with controlled stereochemistry
especially 2,2’-substitued-1,1’-binaphthyl systems
are well known for their extensive usefulness
in controlling many asymmetric processes due to
their stable conformation8. Aromatic polysulfonates
are recognized as high performance engineering
plastics9 because they possess good to
excellent physico-chemical properties9-12 and used
as molded materials, films, fiber, adhesives, coating
materials, etc.
——————
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Parsania et.13 have investigated the influence
of various parameters related to the aromatic
polysulfonates on molecular interactions in solutions.
To our knowledge no work has been reported on
acoustical properties of poly (1, 1’-bi-2-naphthylidene
toluene-2, 4-disulfonane), which encouraged us
to investigate acoustical properties of this polymer(I).
Materials
Chemicals and solvents used in the present
investigation were of laboratory grade and purified
according to reported methods14. Poly(1,1’-bi-2naphthylidene toluene-2, 4-disulfonate) (PBNTDS)12
was prepared by interfacial polycondensation of 1,1’bi-2-naphthol (BINOL) and toluene- 2, 4-disulfonyl
chloride(TDSC). PBNTDS was repeatedly purified
from chloroform-methanol system. PBNTDS has
intrinsic viscosity [η] of 0.28 dlg-1 in chloroform at
35°C.
Measurements
Density(ρ), viscosity (η) and ultrasonic velocity
(U) measurements on pure solvents: Chloroform(CF),
1, 2-dichloroethane(DCE), 1, 4-dioxane(DO) and
tetra-hydrofuran (THF); and PBNTDS solutions were
carried out at 35°C using specific gravity bottle,
Ubbelohde suspended level viscometer and 2MHz
ultrasonic interferometer respectively. The ρ, η and U
data were accurate to ± 0.1 kg.m-3, ±0.002 mPa.s and
±0.2 m.s-1, respectively.
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Table 1―Density, Viscosity and Ultrasonic Velocity data of PBNTDS Solutions at 35°C
ρ, kg/m3

Conc, %
0
0.25
0.5
1
1.5
2

CF
1466.8
1470.7
1471.6
1472
1473
1473.8

DCE
1240.9
1241.1
1241.3
1241.6
1242
1242.5

0
0.25
0.5
1
1.5
2

0.536
0.554
0.574
0.591
0.627
0.695

0.7
0.711
0.739
0.787
0.807
0.842

DO
1025.5
1020.7
1022.5
1024.3
1025.4
1026.4

THF
877.1
877.3
878.8
881.2
881.4
882.7

1.022
1.053
1.119
1.178
1.261
1.355

0.434
0.456
0.477
0.54
0.56
0.655

1307.2
1310.8
1312.4
1307.2
1314
1312.4

1236
1235.6
1246.8
1241.2
1237.6
1247.6

η, m Pas

U, ms-1
0
0.25
0.5
1
1.5
2

956.4
946.4
951.2
963.6
960.4
959.6

1167.2
1145.6
1166
1162.4
1157.6
1170.8

Results And Discussion
Experimental data on ρ, η and U of pure solvents
and PBNTDS solutions at 35°C are reported in Table
1 and are correlated with concentration (C). The least
square plots and least square equations along with
regression coefficients (R2) are shown in Figs.1-3,
from which it is observed that change in ρ and U with
C are not as appreciable as η because molecular
motion is much more affected by polymer-solvent
interactions2,5-7,15. Density varied linearly (except in
DO system), while both viscosity and velocity varied
nonlinearly. A good to excellent correlation is
observed as judged on the basis of R2 values. Linear
or nonlinear increase of ρ, η and U with C supported
the increase of cohesive forces due to powerful
molecular interactions present in the solutions5-13,15,16.
Density and viscosity of the medium, temperature,

pressure, etc. influence the velocity. Depending on the
nature of the solvents and solutes, molecular
interactions either lead to contraction or expansion of
the molecular chains.

Fig. 1―The plots of ρ vs C for PBNTDS in four different
solvents at 35OC

Fig. 3―The plots of U vs C for PBNTDS in four different
solvents at 35OC

Fig. 2―The plots of η vs C for PBNTDS in four different
solvents at 35OC
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Various acoustical parameters such as specific
acoustical impedance (Z), isentropic compressibility
(κs), Van der Waals constant (b), intermolecular free
path length (Lf), internal pressure (π) and free
volume (Vf) were derived using ρ and U data
according to our recent publications17,18 and are
correlated with C.
The least square plots are typically as presented
in Figs. 1and 2, with least square equations and
regression coefficients as follows.
Density (ρ)
For CF: ρ =1.668C + 1470; R² = 0.975.
For DCE: ρ= 0.780C + 1240; R² = 0.991
For THF: ρ = 3.102C + 1020; R² = 0.946.
For DO: ρ = -1.510C2 + 6.276C + 875.9; R² = 0.966
Viscosity (η)
For CF: η = 0.034C2 - 0.002C + 0.558; R² = 0.988
For DCE: η = -0.018C2 + 0.113C + 0.685: R² = 0.990
For DO: η= 0.164C + 1.020; R² = 0.991
For THF: η = 0.022C2 + 0.056C + 0.443: R² = 0.969
Velocity (U)
For CF: U = 5.989C3 - 32.80C2 + 54.42C + 933.7; R²
= 0.934
For DCE: U = 47.63C3 - 165.3C2 + 168.5C + 1114; R²
= 0.945
For DO: U = 31.03C3 - 103.2C2 + 97.19C + 1218; R²
= 0.913
For THF: U = -36.75C4 + 156.5C3 – 216C2 + 108.5C
+ 1294; R² = 1
Z
For CF: Z10-6. =0.008C3 - 0.046C2 + 0.079C + 1.373;
R² = 0.958
For DCE: Z.10-6 = 0.057C3 - 0.200C2 + 0.204C +
1.384; R² = 0.949
For DO: Z. 10-6 =-0.037C4 + 0.164C3 - 0.234C2 +
0.128C + 1.318; R² = 1
For THF: Z 10-6.= 0.030C3 - 0.103C2 + 0.103C +
1.064; R² = 0.965
κs
For CF: κs.1010 = -0.091C3 + 0.502C2 - 0.844C +
7.785; R² = 0.948
For DCE: κ s..1010 = -0.492C3 + 1.710C2 - 1.751C +
6.466; R² = 0.955
For DO: κs .1010 = 0.289C4 - 1.234C3 + 1.713C2 0.892C + 5.834; R² = 1
For THF: κs ..1010 = -0.393C3 + 1.324C2 - 1.288C +
7.705; R² = 0.939

b
For CF: b.105 = 0.236C + 7.946; R² = 0.938
For DCE: b.105 = 0.253C + 7.695: R² = 0.999
For DO: b.105= 0.362C + 8.492; R² = 0.999
For THF: b.105 = 0.446C + 8.116; R² = 0.982
π
For CF: π.10-8 = 0.023C3 - 0.026C2 + 0.044C + 3.860;
R² = 0.937
For DCE: π .10-8 = 0.010C3 - 0.092C2 + 0.185C +
4.463; R² = 0.851
For DO: π.10-8 = 0.144C3 - 0.506C2 + 0.600C +
4.915; R² = 0.980
For THF: π .10-8 =0.647C4 - 2.611C3 + 3.446C2 1.594C + 4.091; R² = 1
Vf
For CF: Vf .107= -0.374C + 3.440; R² = 0.928
For DCE: Vf .107 = 0.075C2 - 0.332C+ 2.317; R² =
0.982
For DO: Vf .107Vf .107 = 0.016C2 - 0.201C + 1.352;
R² = 0.979
For THF: Vf .107 = -0.048C2 - 0.447C + 3.270;R² =
0.947
Lf
For CF: L f .1011 = -0.041C3 + 0.215C2 - 0.350C +
5.851; R² = 0.933
For DCE: L f .1011 = -0.208C3 + 0.725C2 - 0.747C +
5.329; R² = 0.959
For DO: L f .1011 = 0.102C4 - 0.443C3 + 0.633C2 0.344C + 5.053; R² = 1
For THF: L f .1011 = -0.160C3 + 0.543C2 - 0.527C+
5.816; R² = 0.943
Z and π increased nonlinearly, while b increased
linearly with C. κs, Lf and Vf decreased nonlinearly.
Increase or decrease of the said parameters further
confirmed the presence of strong molecular
interaction in the solutions. A fairly good to excellent
correlation between a specific parameter and C is
observed (Figs 4-9).
Molecular interactions either lead to chain
expansion or coiling of chains and hence
compressibility of the polymer chains. The decrease
of κs with C supported compressed solvated polymer
molecules due to electrical forces present on the
polymer molecules. Internal pressure, free volume
and free path length are sensitive to molecular
interactions (polymer-solvent and polymer-polymer
interactions, quantum mechanical dispersion forces,
dielectric forces, etc), which play an important role in
transport properties of the solutions and hence
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polymer processing. Increase of π and decease of
Vf and Lf with C suggested increase of cohesive
forces. Thus, studied acoustical parameters
suggested solvophilic nature of PBNTDS. The
dipole-dipole interactions of opposite types favor
structure forming tendency of the solute. The lone
pairs of electrons of oxygen of DO, THF and
sulfonate linkage; and chlorine of CF and DCE are
electronegative groups, while hydrogen of CF and
methyl are electropositive groups. Observed
nonlinear behavior of studied parameters is likely
due to predominant dipole-dipole interactions of the
same type over of the opposite type. Predominant
dipole-dipole interactions are likely in DO and DCE
systems as compared to CF and THF systems. It is
confirmed from studied acoustical parameters. The
effect is almost same in CF and THF systems. In
conclusion, strong molecular interactions are
observed in PBNTDS solutions. PBNTDS possesses
solvophilic nature.
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Ultrasonic studies on molecular interactions between acetonitrile and some
hydrocarbon solvents.
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Ultrasound velocities and densities have been measured at 308.15 K for five binary mixtures between acetonitrile and
aromatic hydrocarbon solvents benzene and some methyl and chloro substituted benzenes viz methylbenzene, 1,4dimethylbenzene, chlorobenzene and 1,2-dichlorobenzene over entire composition range. Densities increase for all the five
binary mixtures with mole fractions of hydrocarbons. Velocities for binary mixtures with benzene and methyl substituted
benzenes also increase with mole fractions of hydrocarbons while these first decrease and then increase at higher mole
fractions of hydrocarbons for binary mixtures of acetonitrile with chloro substituted benzenes. Several thermoacoustical
parameters viz. adiabatic compressibilities (βad), free lengths (Lf), available volumes(Va), acoustical impedances (Z) and
Wada's constants (W) for the binary mixtures studied are evaluated. Deviations from linearity for some of the parameters i.e.
∆u, ∆βad, ∆Lf. and ∆Va have also been evaluated at experimental temperature. The results are discussed in terms of
molecular interactions and the effects of substituents over such interactions.
Keywords: Ultrasound velocity, Acetonitrile, Hydrocarbons, Binary mixture, MolecularInteractions.

Introduction
Ultrasound velocity provides useful informations1
about
molecular
interactions
and
some
thermoacoustical parameters. Nitriles are very
important class of compounds in organic chemistry
due to its uses in organic synthesis as starting
materials and in removal of coloring matters from
petroleum hydrocarbons. Measurements2 of ultrasound
velocity have been made to throw light on solutesolvent interactions in mixed aqueous solvent of
acetonitrile. Bachu3 et al. have studied molecular
interactions between components of binary mixtures of
phenylacetonitrile and some aliphatic alcohols by
density and sound velocity measurements. Binary
mixtures of acrylonitrile4 with alkanols have also
studied by sound velocity measurement.Ali et al.5 have
also studied binary mixtures of acetonitrile with amides
by ultrasonic velocity and viscosity measurements.
However, binary systems of acetonitrile with
substituted benzenes have rarely been studied.6
In view of the importance of ultrasound velocity for
the study of binary mixtures, it is worthful to study
binary mixtures of acetonitrile with benzene, methyl
substituted benzenes viz.methylbenzene and 1,4dimethylbenzene and chlorosubstituted benzenes viz.
chlorobenzene and 1,2- dichlorobenzene employing
ultrasound velocity and density measurements at
——————
*Life Member:- Ultrasonics society of India.

308.15 K. Successively methyl substituted and chloro
substituted benzenes are chosen as one of the
components of binary mixtures to get information about
the effects of such substituents over benzene on
molecular interactions between interacting components.
Experimental
Five binary mixtures of acetonitrile (Merck, 99%)
with benzene (Merck, 99.8%), methyl benzene
(Merck, 99%), 1,4-dimethylbenzene (S.d.fine grade,
98.5%), chlorobenzene (Merck, 99%,) and 1,2dichlorobenzene (Merck, 98%) were studied.
Chemicals were purified before use by fractional
distillation over one meter long column and middle
fractions were only collected. Purities of the collected
liquids were checked by density measurements.
Binary mixtures were prepared gravimetrically for the
entire concentration range. The component liquids
were injected into a rubber sealed glass vials by
means of syringe to minimise evaporation losses
during sample preparation. Ultrasound velocities for
the component liquids and their binary mixtures were
measured within uncertainty of ± 0.03% using M-82
multifrequency ultrasonic interferometer (M/S Mittal
Enterprises, New Delhi) at a fixed frequency of 1
MHz. Water was circulated into interferometer cell by
means of a pump from a water thermostat maintained
at 308.15 K ± 0.03 K. Densities of experimental
liquids and their mixtures were measured with a
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single stem pyknometer having bulb capacity about
12.0 × 10-6 m3. Liquids in the pyknometer were
injected by syringe with about 9.0 × 10-2 m long L.P.
needle and pyknometer containing sample was
suspended in a water thermostat maintained at
constant temperature for half an hour in order to
equilibrate the sample temperature. Densites within
uncertainty of ± 0.00001 × 103 kg m-3 were
determined by taking into account of buoyancy
correction7. All weights were measured within
± 0.00001 × 10-3 kg employing single pan analytical
balance (model K-15, Deluxe, K. Roy instruments
Pvt. Ltd.,Varanasi).
Results and Discussion
The experimental values of ultrasound velocities
(umix) and densities (ρmix) at 308.15 K together with
mole fractions of hydrocarbons are recorded in table
1. Perusal of table 1 reveals that ultrasound velocities,
umix for the binary mixtures of acetonitrile with
benzene and methyl substituted benzenes increase
with mole fractions of hydrocarbons while these
decrease at first up to certain concentration range
come to a minimum and then increase with mole
fractions of hydrocarbons for the binary mixture of
acetonitrile with both chloro substituted benzenes.
Similar trend of variations of ultrasound velocities
with volume fractions for binary mixtures of
acetonitrile + chlorobenzene system over temperature
range 303.15 to 333.15 K is reported in literature.6
Values of ρmix increase with mole fractions of
hydrocarbons for all the five binary mixtures studied.
The values of u mix and ρmix are used to evaluate
several thermoacoustical parameters 8,9 viz. adiabatic
Table 1―Mole fractions of hydrocarbon solvents (x1),densities
(ρmix) and ultrasound velocities (u mix), for binary mixtures of
acetonitrile + hydrocarbon solvents at 308.15 K
x1

ρ mix × 10-3
(kg m-3)

u mix
(m s-1)

Acetonitrile (2) + Benzene (1)
0.00000
0.10184
0.20422
0.30300
0.40079
0.48915
0.59210
0.69057
0.80168
0.89508
1.00000

0.76715
0.78207
0.79558
0.80810
0.81883
0.82783
0.83616
0.84448
0.85232
0.85786
0.86337

1244.0
1246.0
1248.5
1250.5
1252.0
1254.0
1256.0
1256.5
1257.0
1257.5
1258.0
(Contd.)
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Table 1―Mole fractions of hydrocarbon solvents (x1),densities
(ρmix) and ultrasound velocities (u mix), for binary mixtures of
acetonitrile + hydrocarbon solvents at 308.15 K (Contd.)
ρ mix × 10-3

x1

-3

(kg m )

u mix
(m s-1)

Acetonitrile (2) + Methylbenzene (1)
0.00000
0.10383
0.20374
0.29929
0.38852
0.46732
0.59859
0.69065
0.79462
0.89245
1.00000

0.76715
0.78379
0.79724
0.80820
0.81710
0.82361
0.83372
0.84007
0.84505
0.85035
0.85330

1244.0
1247.0
1250.0
1254.0
1256.0
1258.0
1260.0
1262.0
1263.0
1264.0
1265.0

Acetonitrile (2) + 1,4-Dimethylbenzene (1)
0.00000
0.10075
0.20011
0.29813
0.39638
0.49853
0.59226
0.69366
0.79069
0.90513
1.00000

0.76715
0.78437
0.79746
0.80886
0.81784
0.82516
0.83146
0.83742
0.84146
0.84545
0.84879

1244.0
1248.0
1251.0
1253.0
1256.0
1259.0
1263.0
1266.0
1268.0
1269.0
1271.0

Acetonitrile (2) + Chlorobenzene (1)
0.00000
0.10375
0.20091
0.30589
0.39485
0.49427
0.59455
0.69841
0.79563
0.89606
1.00000

0.76715
0.82683
0.87380
0.91680
0.94855
0.97996
1.00731
1.02989
1.05467
1.07281
1.09071

1244.0
1233.0
1229.0
1226.0
1225.0
1224.0
1227.0
1229.0
1231.0
1232.0
1230.0

Acetonitrile (2) + 1,2-Dichlorobenzene (1)
0.00000
0.10029
0.20632
0.30685
0.40581
0.49180
0.59248
0.69561
0.79445
0.90159
1.00000

0.76715
0.86775
0.95435
1.02324
1.07850
1.12131
1.16559
1.20173
1.24630
1.26545
1.29042

1244.0
1220.0
1217.0
1215.0
1220.0
1223.0
1229.0
1233.0
1239.0
1243.0
1251.0

J. PURE APPL. ULTRASON., VOL. 32, NO. 3 (2010)

benzene and methyl substituted benzenes and
negative for the mixtures of acetonitrile with chloro
substituted benzenes at entire concentration range
except one positive value for acetonitrile + chloro
benzene system at extreme higher concentration of the
chlorobenzene. Comparison of ∆(umix) values at
equimolar composition shows that the values have
following order:
1,2-dichlorobenzene < chlorobenzene <benzene
<1,4-dimethylbenzene<methylbenzeneFigures 2 and 3
show that both ∆(βad)mix and ∆(Lf)mix are negative for
all the binary mixtures over entire composition range.
7.5
2.5
-2.5 0

x1

0.6

0.8

1

-17.5
Benzene

-22.5

Methylbenzene

-27.5

1,4-dimethylbenzene
Chlorobenzene

-32.5

1,2-dichlorobenzene

-37.5

Fig. 1―Deviations in ultrasound velocities ∆(umix) versus mole
fractions of hydrocarbons (x1) for different binary mixtures of
acetonitrile + benzene and substituted benzenes systems at
308.15 K.

10
0
0

... (6)

0.2

0.4

x1

0.6

0.8

1

-20
-30
∆(βad)mix (TPa ) -1

where Aexp and A1, A2 are experimental parameter and
the parameters of components 1 and 2 respectively.
The evaluated parameters viz. deviation in
ultrasound velocity ∆(umix), deviation in adiabatic
compressibility ∆(βad)mix, deviation in free length
∆(Lf)mix and deviation in available volume ∆(Va)mix
with composition of all the mixtures are
diagrammatically presented in figures 1 to 4
respectively in order to have a quick view of the
dependence of these deviations over compositions of
the binary mixtures.
It is evident from figure 1 that ∆(umix) values are
positive for binary mixtures of acetonitrile with

0.4

-12.5

-10

∆A = Aexp - (x1 A1 + x2 A2)

0.2

-7.5
-1

compressibilities (βad)mix, free lengths (Lf)mix,
available volumes per mole (Va)mix, acoustical
impedances, Zmix and Wada's constants (W) for all
binary mixtures.
The evaluated (β ad)mix values for all the binary
mixtures decrease with mole fractions of the
hydrocarbons. Moreover, (β ad)mix values are nearly
equal for binary mixtures of acetonitrile with
benzene and substituted benzene at any composition
of the mixture. Variations of (Lf)mix values also
decrease with concentrations of the hydrocarbons
for all the binary mixtures studied similar to that
of (β ad)mix. This is quite expected as (Lf)mix values
are directly proportional to the square root of
the (β ad)mix. Free length is the distance between
the surfaces of the molecules. This indicates that
smaller the values of (Lf)mix, mixture becomes
less compressible leading to smaller values of
(β ad)mix. Available volumes per mole, (Va )mix
increase with mole fractions of the hydrocarbons
for all the mixtures studied. For equimolar mixtures
of different binary systems, (Va)mix values follow
the order:
Benzene < methyl benzene < Chlorobenzene < 1,4dimethyl benzene < 1,2-dichlorobenzene .
Acoustical impedances (Zmix) and Wada's constants
(W) also increase with mole fractions of hydrocarbons
for the binary mixtures studied in the present
investigation. Comparison of Zmix values for
equimolar mixtures reveal that the values are almost
similar for the binary mixtures of acetonitrile with
benzene, methylbenzene and 1,4-dimethylbenzene
while these are higher for both chlorobenzenes.
Deviations from linearity for some of the
parameters, ∆A are evaluated from general type of
equation (6)

∆u(ms )

90
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-60
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-90

Fig. 2―Deviations in adiabatic compressibilities ∆(βad)mix versus
mole fractions of hydrocarbons (x1) for different binary mixtures
of acetonitrile + benzene and substituted benzenes systems at
308.15 K.
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to presence of dispersion forces. Thus it may be
inferred that dipole- induced dipole interactions are
present in acetonitrile + benzene and acetonitrile +
1,4-dimethylbenzene systems while dipole-dipole
interactions play role in acetonitrile + methylbenzene
system since acetonitrile and methylbenzene
molecules are polar having gas phase dipole
moment10 3.97 D and 0.37 D respectively .
Deviations in free lengths, ∆(Lf)mix and deviations
in available volumes ∆(Va)mix with compositions of
the mixtures diagrammatically represented in figures
3 and 4 respectively reveal that ∆(Lf)mix values are
negative at entire mole fractions range for all the
systems studied and are least for binary mixture of
acetonitrile with 1,2- dichlorobenzene and largest for
acetonitrile + benzene system. From figure 4 it is
evident that ∆(Va)mix values show positive deviations
for binary mixtures of acetonitrile with 1,2-dichloro
benzene, chlorobenzene and 1,4-dimethylbenzene
except one negative value at higher mole fraction of
chlorobenzene from binary mixture with acetonitrile
and negative deviations for mixtures of acetonitrile
with methylbenzene and benzene except only two
positive values at lower mole fractions of the
hydrocarbons.

0.4
0.2
x1
0
0

0.2

0.4

0.6

0.8

-0.2

Fig. 4―Deviations in available volumes ∆ (Va ) mix versus mole
fractions of hydrocarbons (x1) for different binary mixtures of
acetonitrile + benzene and substituted benzenes systems at
308.15 K.

For equimolar mixtures of the binary systems studied,
∆(βad)mix values follow the order :
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Investigation of Acoustic Cavitation Energy in Ultrasonic Tanks
T K Jagannathan and R Nagarajan
Department of Chemical Engineering, Indian Institute of Technology Madras, Chennai – 600036, India
E-mails: jagantk@gmail.com, nag@iitm.ac.in
Acoustic cavitations are produced when ultrasound is coupled with liquid medium and the cavitation energy released is
a characteristic feature of frequency of ultrasound used, apart from properties of the medium. Cavitation implosions play a
major role in all ultrasound-assisted processes, and hence, characterization of cavitation energy in ultrasonic tanks is an
important aspect. This paper presents the cavitation energy measurements made within ultrasonic tanks operating in the
frequency range of 33 kHz to 470 kHz. Cavitation energy is very high in low frequency fields and it decays with frequency,
following an inverse cubic relation. Increase in viscosity and decrease in surface tension of the liquid medium results in
reduced cavitation intensities. The effect of hydrostatic pressure on cavitation energy was also studied. When hydrostatic
pressure was increased, cavitation energy increases initially, upto 2 atm pressure (absolute), and then it decreases with
pressure at constant power input of 500 W. Higher frequencies (>400 kHz) deliver less cavitational energy, which is optimal
for processes such as cleaning of delicate parts, and ultrasound-assisted bio-processes.
Keywords: Acoustic cavitation, Ultrasound propagation, Cavitation energy, Cavitation intensity

Introduction
Cavitation is a well known phenomenon, which is
being used for several applications in chemical
engineering, for example, crystallization, atomization,
emulsification and nanoparticle synthesis, etc.1-3.
Cavitations can be produced in a liquid medium
either by applying tension or by increasing the
temperature4. In acoustic cavitation, tension is
produced by superimposing a time-varying, generally
sinusoidal, pressure on the steady ambient pressure5.
There are two types of acoustic cavitation, namely
stable cavitation and transient cavitation. In stable
cavitation, bubbles oscillate, often nonlinearly, around
some equilibrium size and produce shock waves and
microstreaming. In transient cavitation, bubbles
expand to at least double, and often to many times,
their initial size and induce microjet formation6. The
ultrasonic tank is characterized by measuring
the energy density of cavitation in liquids, which
is important for ultrasound-assisted process
optimization.
Different methods used to measure acoustic energy
delivered into the system include optical heterodyne
method7, radiation force method8, strain gauge
technique9, laser interferometry10, and calorimetric
method11. All these methods measure total acoustic
energy delivered into the system. In the present study,
a cavitation energy meter is used which gives
instantaneous values of cavitation energy generated in
the liquid medium. Cavitation energy meter measures
intensity of cavitation when the bubbles collapse, as
they implode on the probe surface, unlike a pressure

transducer which measures the average acoustic field.
The objective of this work is to map an ultrasonic
tank for cavitation energy and uniformity over
distributed points at three levels of depth, providing a
detailed view of cavitation energy distribution. The
frequency used in this study ranges from 33 kHz to
470 kHz. Effect of viscosity and surface tension of the
medium and effect of hydrostatic pressure on acoustic
cavitation in water are also addressed.
Experimental Setup
The experimental setup used for the present study
consists of an ultrasonic tank and cavitation energy
meter as shown in Fig. 1. An ultrasonic tank consists
of a high-frequency generator and a transducermounted tank. Transducers are normally mounted on
the bottom and/or the sides of the cleaning tanks, or
immersed in the liquid. In the present study, bottommounted transducer tanks were used. The generator
converts low-frequency electrical input into required
high-frequency output which actuates transducers to
produce ultrasonic waves. The generated ultrasonic
waves propagate through liquid and perpendicular to
the resonating surface. The waves interact with liquid
medium to generate cavitation implosions.
The cavitation energy meter is an instrument used
to measure the energy intensity of cavitation in
liquids. It measures cavitation or the collapse of
bubbles as they implode on the probe surface. The
probe is a 20-inch long Teflon-coated stainless-steel
tube with an EPDM half-sphere in one end and a
cable on the other end. The black half sphere is made
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of elastic material to isolate a filter lens mounted on it
from the holding rod. Cavitations generated by the
sound pressure waves are produced in the form of
bubbles that grow and implode with micro-streaming
water jets hitting the filter surface. The sensor
mounted behind the lens detects these impacts and the
signal is sent via the cable to the electronic case. The
meter measures the instantaneous cavitation energy at
a point and in a given direction.
In order to characterize the ultrasonic tank, a two
dimensional, uniformly distributed (along length and
width of the tank) grid was constructed which consists
of 35 locations across the surface of the liquid. This is
shown in Fig. 2. Measurements were carried out at
105 locations totally at three levels of depth for 58,
172, 192, 58/192 and 172/192 kHz systems.
Similarly, 72 readings were taken at three levels of
depth from 24 points at each level for 40 kHz and
132 kHz systems. For 33 kHz system, 40 readings
were taken at two levels of depth, using 20 points at
each level of depth. For 430 kHz system, 75 readings
were taken at three levels of depth using 25 points at
each level of depth. The measurements were carried
out at different power levels in the frequency range of
33 kHz to 430 kHz. The number of measurement
points is not same among tanks due to their geometry,

but points are distributed equally in space at each
level of depth for a given system.
In order to study the effect of pressure on acoustic
cavitation, the experimental setup was slightly
modified; an insert vessel was used. A cylindrical
insert vessel of 8 cm internal diameter and 30 cm
height, made of acrylic is positioned inside the
ultrasonic tank suitably. The schematic arrangement
of the setup is shown in Fig. 3. The pressure of the
insert vessel was raised by pumping air into the ullage
(external pressurization) and cavitation intensity was
measured in different locations and averaged.
3. Results and Discussion
3.1. Effect of frequency

The cavitation intensity (CI) values measured
within an ultrasonic tank at constant power input of
500 W for different frequencies of ultrasound are
presented in Fig. 4. In dual frequency operation,
(58/192 and 172/192 kHz) each generator delivers
an output power of 250 W. The intensity values
are measured for 5 min at each point and timeaveraged. These values are then spatially averaged in
all three directions and plotted. All measurements
were made after an initial degassing time of 15 min
for all systems.
Air
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Fig. 3—Schematic of setup used to study pressure effect
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From Figure 4, it is evident that the cavitation
energy is higher for lower frequencies and decreases
with increasing frequency. This is due to the fact that
the cavitational collapse energy is proportional to the
size of the bubble just before collapse. At lower
frequencies, bubble nuclei get ample time to grow and
then implode violently, releasing more energy. As
frequency increases, maximum bubble size to which
an initially tiny bubble can grow decreases, as they
get less time to grow in size. Surprisingly, at 33 kHz
and 40 kHz frequencies, cavitation intensities
measured are low but theoretically should be larger.
This might be due to the fact that the number of
cavitation events becomes less as frequency
decreases, and hence, number of peak values detected
by the meter would be less. There is also another
possibility that bubbles may grow to a size such that
they may not collapse violently since the collapse
time is relatively shorter and they become inactive
bubbles. Similar kind of observation was reported by
Son et al.12. The cavitation energy is highest for
58/192 kHz system. The cavitation energy decays
with frequency and it follows an inverse cubic
relation with frequency closely when frequency is
greater than 58 kHz. This is shown in Fig. 5.
The energy stored in a bubble just before collapse
is given by5

4

3
Wcav = P0  π Rmax

3


…(1)
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Fig. 5—Effect of frequency on cavitation energy
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where Wcav is energy stored in a bubble just before
collapse, P0 is hydrostatic liquid pressure just outside the
bubble, Rmax is the maximum bubble size, f is frequency
of ultrasound, κ is polytropic index of the gas present in
bubble, and ρ is density of liquid medium.
From equations (1) and (2), it is clear that the
energy stored within the bubble just before collapse is
proportional to 1/f3, and hence, cavitation collapse
intensity is following the same relationship with
frequency. Experimental measurements confirm this
relationship.
Effect of distance from transducer surface
Figure 6 shows the cavitation energy distribution
within the 58 kHz ultrasonic tank at three levels of
depth. The cavitation energy is more uniformly
distributed all over the tank at all three levels. Similar
plots for 430 kHz system are shown in Fig. 7. At 430
kHz, the cavitation distribution within the tank is not
uniform due to inherent unidirectional nature of
megasonic fields and cavitation energy is less than
that of low-frequency systems.
Figure 8 shows the variation of cavitation
intensities (CI) at different levels of depth, y
(non-dimensionalized with height of tank, H) for
different frequency systems. It is clear that CI remains
almost constant. Generally, cavitation energy
decreases as the distance from transducer (y/H)
increases beyond certain distance. This is due to the
fact that as sound wave propagates through medium,
it will be attenuated more and more as the distance
from the transducer surface increases. In the present
study, the cavitation energy decay was not observed
up to a distance of 75% of tank height, which is more
effective and desirable for processing applications.
Effect of ultrasonic power input
Figure 9 shows the effect of power input on
cavitation intensity at 58, 68, 132, 430 and 470 kHz
systems. It is observed that increase in an ultrasonic
power input results in higher intensity. The increase in
cavitation energy with power is monotonic. The
reason is that number of cavitation events increases
when power increases beyond threshold of cavitation;
the acoustic pressure amplitude also increases and
produces high-energy bubbles. When these bubbles
collapse, they release higher energy. This effect is
more dominant at lower frequencies.
Effect of hydrostatic pressure
Effect of hydrostatic pressure on acoustic cavitation
in water was studied. The results are presented in
Fig. 10. The increase in hydrostatic pressure increases
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cavitation intensity initially and then makes it to drop
as pressure is increased further at constant ultrasonic
power input of 500 W for frequencies
25 kHz, 40 kHz, 132 kHz and 430 kHz. At 58 kHz,
increase in cavitation intensity was observed upto
3 atm at 500 W power input. Dual frequencies also
show similar kind of behavior. The increase in
cavitation intensity with respect to pressure is
attributed to increased energy storage within the
bubble just before collapse. The energy required to
create a cavity within the liquid is higher and hence
energy delivered during implosions also will be
higher when pressure is high. On the other hand,
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increase in threshold of cavitation prevents cavitation,
once pressure exceeds certain critical value, when
pressure is increased further. In the present study,
when pressure is above 2 atm, number of cavitation
events becomes less which results in less cavitation
intensity.
Hence, it is evident that higher hydrostatic pressure
restricts bubble growth due to higher cavitation
threshold and bubbles are smaller in size, but the
cavitation intensity of the system increases with
pressure up to a certain critical value. Any further
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increase in pressure leads to reduction in cavitation
intensity and ultimately prevents cavitation due to
increase of cavitation threshold. Experimental results
confirm the initial increase and decreasing cavitation
intensity with pressure. Hamitt13 reported that under
elevated pressure conditions, the cavitation damage
was high due to enhancement in cavitational effects.
Hence, having higher acoustic power amplitude, as
well as external pressurization of the system lead to
higher cavitational effects which can be utilized
beneficially to improve the efficiency of the processes
assisted by ultrasound.

20
18
16
14
12
10
8
6
4
2
0

forces which increases with viscosity, and retards the
growth of bubbles. Hence, shocks released upon
collapse will be gentler in viscous medium.
Effect of surface tension
The effect of surface tension on cavitation intensity
was studied using aqueous solutions of Triton X-100,
a non-ionic surfactant. A known concentration of
aqueous surfactant solution was prepared and
cavitation intensity was measured at different
frequencies. Surface tension values are obtained from
literature data. The results are presented in Fig. 12.
There is a decrease in intensity of cavitation when
surface tension reduces, and this was observed at all
frequencies. The reduction in intensity is due to the
reduction in surface tension forces which allows
easier formation of cavities in a liquid. Consequently,
the energy release during collapse also decreases.
Summary and Conclusions
The cavitation energy measurements were made
within ultrasonic tanks in the operating frequency
range of 33 to 470 kHz. The cavitation energy is
higher in low frequency systems compared with
high-frequency systems. Cavitation energy decays
with frequency and follows 1/f3 relation with
25
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Effect of viscosity
The effect of viscosity on cavitation intensity was
studied using a glycerol-water mixture. A known
concentration of aqueous glycerol solution was
prepared and cavitation intensity was measured at
different frequencies. The viscosity of glycerol
solution was obtained from literature. The results are
presented in Fig. 11.
Decrease in intensity of cavitation with viscosity
was observed at all frequencies. The effect is higher
for lower frequencies such as 25, 40, and 58 kHz. The
reduction in intensity is due to the action of viscous
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Nomenclature
f
– Frequency of ultrasound
H
– Height of ultrasonic tank
P0
– Hydrostatic liquid pressure just outside
the bubble
Rmax
– Maximum bubble size
y
– Distance from transducer surface
Wcav
– Energy stored in a bubble just before
collapse
κ
– Polytropic index of the gas present in
bubble
– Density of liquid medium
ρ
CI
– Cavitation Intensity
EPDM – Ethylene-propylene-diene-monomer
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frequency which is valid when frequency is greater
than 58 kHz. Dual frequency operation delivers
cavitation energy uniformly throughout the tank and
cavitation intensity of 58/192 kHz system is higher
than 58 kHz due to more-intense cavitational events at
same power input. Cavitation energy decays with the
distance from the transducer but is not significant in
the present study. Cavitation energy increases
monotonically with power input. Increase in viscosity
and decrease in surface tension of the liquid medium
results in reduced cavitation intensities. Cavitation
intensity also increases with pressure up to a critical
value and then decreases at constant ultrasonic power
input. Having sufficient power input, pressurized
systems produce more intense cavitations, which
would be more effective for process intensification
applications.
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Ultrasonic Techniques for Assessment of Microstructures and Residual Stresses in
Austenitic Stainless Steels
P. Palanichamy* and M. Vasudevan
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Indira Gandhi Centre for Atomic Research, Kalpakkam
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In recent years, ultrasonic measurements are found to offer unique and nondestructive methods of determining the
microstructures and quantifying residual stresses. Ultrasonic techniques developed based on velocity measurements are
found to be more reliable than the existing techniques for characterizing the annealing behaviuor of cold worked austenitic
stainless steel. The variation in ultrasonic velocity with annealing time/temperature exhibited three stages. Based on the
microstructural investigations using metallography, the three stages have been identified to be recovery, progress of
recrystallization and completion of recrystallization. Ultrasonic based residual stress measurements are nondestructive and
offer quantitative estimation of surface/ sub-surface and bulk residual stresses. In the present work, critically refracted
longitudinal LCR waves have been employed to measure residual stresses in A-TIG weld joints of type 316 LN stainless steel
of various thickness. There was significant reduction in the magnitude of tensile residual stresses in A-TIG weld joints with
increasing thickness of the plates joined. This residual stress measurement technique has several advantages including high
spatial resolution for longitudinal residual stresses across the weld joints, easy and simple to use on fabricated components,
cost effective and non-destructive.

Ultrasonic velocity measurements have been
successfully used to characterize microstructural
changes during hardening and tempering in steels, age
hardening in aluminium alloys and to estimate grain size
in austenitic stainless steels etc.1-4 T.Jayakumar5 has
used ultrasonic velocity measurements for estimating the
degree of cold work in an austenitic stainless steel. Since
recrystallized microstructure exhibits a different grain
texture compared to unrecrystallized microstructure in
materials and thus possess different elastic constants, the
measurement of ultrasonic velocity has the potential for
determining the degree of recrystallization. Also, the
technique enables volume measurements averaged
throughout the thickness of the specimen. Edward R.
Generazio6 used successfully ultrasonic attenuation
measurements for determining the onset, degree and
completion of recrystallization in super alloys. Richard
C. Stiffler et al7 have employed ultrasonic velocity
measurement technique using horizontally polarised
shear waves for determining the degree of
recrystallization in an aluminium sheet. Vasudevan et.
al. reported first8 the use of ultrasonic thickness meter
(velocity measurements) for characterizing annealing
behaviour in a cold worked austenitic stainless steel.
Vasudevan et al 9-11 also reported the superiority of
ultrasonic velocity measurements over mechanical
property measurements to precisely measure the time
and temperature for onset of recrystallization in this type
of material.
______________
*Life fellow, Ultrasonic Society of India

It is important to study the recrystallization
behaviour of 15Cr-15Ni-2.2Mo-Ti modified austenitic
stainless steel as this material in the 20% cold worked
condition is the reference material for the clad and
wrapper components of Prototype Fast Breeder
Reactor in India.12. Chemical composition of the
material used in the present investigation is given in
Table 1. Exposure at elevated temperatures during
service would degrade the cold worked microstructure
due to recovery and recrystallization. Degradation in
the cold worked microstructure in turn would
decrease the resistance of the material against
irradiation damage. In the cold worked condition,
precipitation of TiC is reported to interact strongly
with recovery and recrystallization processes and
hence use of common techniques to study
recrystallization behaviour can only give approximate
results.
Methodology of Ultrasonic Velocity Measurement
Ultrasonic velocity measurements were carried out
on the 20% cold worked and annealed specimens by
using longitudinal waves of different frequencies
(2,10,20 MHz). The probes are of normal beam and
broad band type. Filtered machine oil was used as the
couplant for the longitudinal wave probes. The
instruments which are commonly available for the
precise measurement of ultrasonic transit time are
based on (i) Pulse superposition method, (ii) Singaround method and (iii) Pulse-echo overlap method13.
In the present work pulse-echo overlap instrument
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Table 1—Chemical composition (wt%) of the Ti-modified austenitic stainless steel
C
0.052

Ni
15.068

Cr
15.051

Mo
2.248

Mn
1.509

developed at our centre was used. This method gives
most accurate measurement of ultrasonic wave
velocity. The accuracy arises from the fact that the
method is capable of precisely measuring the transit
time from any cycle of one echo to the corresponding
cycle of the next echo. The principle of measurement
involves making two successive or selected back echo
signals of interest to overlap on an oscilloscope by
driving the x-axis with a carrier frequency whose
period is the travel time between the signals of
interest. Then one signal appears on the first sweep of
an oscilloscope and the other signal appears on the
next sweep. Once the overlap of the selected back
echo signals is achieved, accurate transit time is
obtained from the digital display. Complete
description of the method with sketches are reported
elsewhere4. Sample preparation involved deforming
the material in the rod form in an Instron 1195
universal testing machine to impart 20% cold work.
Then specimens cut from the cold worked rods were
isothermally annealed at temperatures 923, 1023,
1073 and 1123 K for times in the range 0.5 - 1000 hr
while isochronal annealing was carried out in the
temperature range 873 - 1173 K for times up to 1, 100
and 1000 hr. Measurement of transit time were made
on all the cold worked and annealed specimens
following the procedure described above. By
measuring the specimen thickness precisely (± 1µm),
precise ultrasonic velocity values were obtained.
Totally 5 measurements were made on each specimen
and the average value of the ultrasonic velocity was
obtained for each specimen. More number of
measurements enhanced the wave-microstructure
interaction process and the measured ultrasonic
velocity values were representative of the bulk of the
material.
Characterization of microstructures using ultrasonic
velocity measurements
The ultrasonic velocity values measured on the
20% cold worked and recrystallized samples using
longitudinal waves at 2, 10, 20 MHz frequencies are
given in Table 2.
Table 2—Ultrasonic velocities (m/s) in different material
conditions at 2, 10, 20 MHz longitudinal wave frequencies
Material condition
20% cold worked
Recrystallised

Ultrasonic Velocities m/s
2 MHz
10 MHz
20 MHz
5883
5887
5877
5771
5738
5731

Ti
0.315

Si
0.5

N
0.006

S
0.0025

P
0.011

Fe
Balance

There is a difference of 2.5% (about 100-140 m/s)
between the velocity values measured on the samples
in the different material conditions that include cold
worked and recrystallized condition. The above
velocity measurements are found to be independent of
the frequency of the ultrasonic waves used. In order to
find out the reason for the large difference in the
velocity values, X-ray diffraction pattern for cold
worked and completely recrystallized samples were
obtained. Figure 1(a) & (b) show the X-ray diffraction
pattern for the cold worked and recrystallized samples
and Figure 2(a) & (b) show the optical
microstructures of the 20% cold worked and
recrystallized samples respectively. There is a definite
change in the intensity of the (111) reflection during
annealing at 1073 K. The intensity of this reflection
decreased by more than 50% due to recrystallization.
The texture change observed by the X-ray diffraction
caused the drastic decrease in the ultrasonic velocity
during recrystallization. Hence, the sensitivity of
ultrasonic velocity to the occurrence of
recrytallization in the 20% cold worked stainless steel
is attributed to the decrease in the intensity of (111)
reflections as observed in the X-ray diffraction
pattern.
Characterization of Isothermal Annealing Behaviour
The variation of ultrasonic velocity (20 MHz) with
annealing time at different temperatures is shown in
Fig. 3. There was good correlation between the
variation in the velocity and the microstructural
changes in the cold worked alloy due to annealing at
all the annealing conditions. We explain it by
considering the variation in the velocity with
annealing time at 1073 K. At 1073 K, the variation of
velocity with time exhibit a three stage behaviour. In
the first stage, slight increase in the velocity value is
noticed beyond 5 hrs of annealing. This is attributed
to the reduction in the distortion of the lattice due to
recovery. The occurrence of recovery prior to
recrystallization at 1073 K in this type of material has
been reported.14 Between 10 and 50 hrs of annealing,
the variation in the velocity with time exhibit a sharp
and continuous decrease. The sharp and continuous
decrease is attributed to the decrease in the intensity
of (111) reflections as observed in the X-ray
diffraction (Fig. 1) due to the occurrence of
recrystallization. Figure 4 shows the microstructures
of the annealed specimens at 1073 K. The appearance
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Fig. 1—X- ray diffraction data for the a) 20% cold worked b) recrystallized (20% CW + 1073 K, 1000 h annealed)

Fig. 2—Optical microstructures of the a) 20% cold worked b) recrystallized (20% CW + 1073 K1000 h annealed)

domains during annealing though precipitation
retarded recovery and recrystallization. As the
technique is only sensitive to texture, it will enable
the determination of exact onset time for
recrystallization.

Fig. 3—Variation of ultrasonic velocity with annealing time (20
MHz) at different annealing temperatures

of annealing twins in the microstructure (Fig. 4b) after
50 hrs annealing is an evidence for recrystallization.
Coarsening of precipitates seen in the microstructures
Fig. (4 b-d) is an evidence for the progress of
recrystallization from 50 hrs of annealing to 500 hrs
of annealing. Velocity measurements could
distinguish clearly the recovery and recrystallization

Characterization of Isochronal Annealing Behaviour
Figure 5 shows the variation of ultrasonic velocity
(2 MHz) with annealing temperature for the austenitic
stainless steel isochronally annealed at 1, 100 and
1000 hrs. After 1 hr annealing, the velocity values for
the samples annealed in the temperature range 8731123 K were greater at least by 50m/s compared to
that of the cold worked condition. While the velocity
value for the sample annealed at 1173 K was lower by
150 m/s compared to that of the cold worked
condition. Microstructural observations revealed the
occurrence of recrystallization only in the sample
annealed at 1173 K. The increase in the velocity
observed in the samples annealed in the temperature
range 873–1123 K was attributed to recovery. During
recovery, annihilation of point defects takes place
which reduces the distortion in the lattice caused by
cold work and also alters the modulus. Hence, there
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Fig. 4—Optical microstructures of the samples 20% cold worked and annealed at 1073 K for times a) 10 h b) 50 h c) 100 h d) 500 h

1000 hrs of annealing, the variation of velocity
exhibited an increase of 50-100 m/sec in the
temperature range 873-923 K, followed by a drop at
973 K and distinct peak at 1023 K and continued to
decrease till it reached saturation at 1123 K. Though
precipitation
interfered
with
recovery
and
recrystallization, the ultrasonic velocity being
sensitive to textural changes predicted the onset
temperature of recrystallization more precisely.
Therefore, ultrasonic technique is found to be more
precise in characterizing the annealing behaviour of
cold worked austenitic stainless steel exhibiting
precipitation during annealing than that of the
mechanical property measurements such as hardness
and strength measurements [9-11]. The above
technique based on ultrasonic velocity measurements
is finding application in rolling mills in quantifying
the recrytallization during hot rolling [15].
Fig. 5—Velocity as a function of annealing temperature during
isochronal annealing

was an increase in velocity due to recovery. The
decrease in velocity at 1173 K after 1 hr of annealing
was attributed to the decrease in the intensity of (111)
reflection caused by recrystallization. After 100 and

Ultrasonic technique for measuring residual
stresses in Austenitic stainless steel weld joints
Welding is one of the most important fabrication
process used in the engineering industry. Welding is
one of the most significant causes of residual stresses
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and typically produces large tensile stresses whose
maximum value is approximately equal to the yield
strength of the material being joined, balanced by
lower compressive residual stresses elsewhere in the
component. The residual stresses residing inside a
material may be either tensile or compressive at
different regions. Tensile residual stresses are
generally detrimental to the performance of
components while compressive residual stresses are
beneficial and are sometimes deliberately introduced
to improve their performance. The presence of tensile
residual stresses is of particular concern as they may
accelerate failures due to processes such as fatigue
and stress corrosion cracking. Since fatigue and stress
corrosion cracking failures are surface sensitive
phenomena, it is often accepted that evaluation of
surface residual stresses should be adequate. To
control, reduce, or beneficially redistribute the
residual stresses, the stress distribution needs to be
known. Knowing the residual stress pattern in a
welded component in the fabrication condition, or one
that has been in service, will be advantageous in
estimating more accurately the safety factors or
remaining useful life, respectively. Hence, reliable
quantification and nature of distribution of residual
stresses in weld joints is important to avoid their premature failure.
Ultrasonic based residual stress measurements are
nondestructive and offer quantitative estimation of
surface/ sub-surface and bulk residual stresses16-26.
Underlying principle of the ultrasonic methods is the
“acoustoelasticity” i.e. the stress dependence of
ultrasonic velocity23. Ultrasonic technique of
evaluating residual stresses is based on the
measurement of changes in the velocity of ultrasonic
waves due to stress after establishing the acoustoelastic constant. Several methods using ultrasonic
waves of various modes such as longitudinal,
transverse and surface waves have been attempted
with varying degree of success for residual stress
measurements in weldments. Compared to all the
possible wave modes that a solid material can support,
the LCR (critically refracted longitudinal) wave is most
sensitive to the stress field and yet least sensitive to
the material texture. The acoustoelastic constant for
the LCR waves is the most significant for a given
material, as compared to the acoustoelastic constants
for other wave modes which a solid material can
support24. The LCR method uses longitudinal waves
traveling just beneath the surface. The wave speed for
Lcr waves is therefore affected by the average stress
in a layer which may be a few millimeters thick. The
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consideration here is choosing the ultrasonic wave
frequencies in the few MHz range. The LCR method is
an excellent technique for evaluation of longitudinal
stresses across weld joints with very high spatial
resolution25.
Fabrication of Weld Joints and Measurement
methodology
AISI type 316LN stainless steel plates of 3, 7 and 9
mm thick were used for the preparation of the weld
joints. A-TIG square butt weld joints were made by
applying a thin coating of Penetration Enhancing
Activated Flux (PEAF) developed by us on the joint
area prior to welding. The 3 mm thick weld joint was
made using single pass while 7 and 9 mm thick weld
joints were made using two passes employing double
side welding procedure. Since proper acoustic
coupling between the LCR wedges and the test surface
is important, the excessive weld reinforcement was
ground and the joint area was made flat for facilitating
transit time measurements using transmitter receiver
assembly. The experimental determination of AEC is
explained in detail by P. Palanichamy et al 27
elsewhere. The measured AEC for AISI type 316 LN
stainless steel is 0.588 nsec/MPa.
Weld centre line is taken as the reference (zero)
line and accordingly transit time measurements were
made on both sides of the weld centre line in A-TIG
welded joints. Measurements were made at 5 mm
interval. It is assumed that the base metal regions
much away from the weld joint region are free from
welding stresses. Hence transit time measurements
obtained at the regions 80 mm away from the weld
centre line on both sides of the weld are considered as
base values. Accordingly, transit time measurements
were measured in other regions and subtracted from
the reference transit time obtained at the stress-free
region. The transit time difference ∆t with respect to
position across the weld joint is then recorded. This
difference in transit time divided by the predetermined value of AEC gives the quantitative
residual stress values at the respective positions across
the weld joint. The measured stresses are the stresses
acting along the weld joint direction (longitudinal
stresses). Palanichamy et al 27 have demonstrated the
use of LCR waves for measuring residual stresses in
weld joints.
Residual stress profiles across the A-TIG weld
joints with varying thickness
Figure 6 shows the variation in the longitudinal
residual stresses obtained across the weld joints of
AISI type 316 LN stainless steel of 3 mm thickness
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made by A-TIG welding process. The peak tensile
stress value of 174 MPa was observed in the weld
metal. The residual stress profile exhibited tensile
stresses in the weld metal and compressive stresses in
the adjoining regions. This is the typical residual
profile observed in weld joints. Similar residual stress
profiles are observed in the 6 and 9 mm thick type
316 LN SS weld joints (Fig. 7 & Fig. 8). The peak
residual stress profile values on both the side of the
weld joints are less than 40 MPa which is very
insignificant. It is expected because shrinkage in ATIG weld joints are less because the weld metal
volume is small. The variation in the estimated
residual stress using the present technique has been
reported as ± 3 MPa. The benefit in terms of the
reduction in the residual stresses in A-TIG weld joint
is very significant. These measurements indicate that

Fig. 6—Residual stress profile across the 3 mm thick type 316 LN
SS weld joint

the LCR wave based method is useful to assess surface/
sub-surface residual stresses in the weld direction,
with respect to their nature and magnitude in welded
joints. The LCR method offers advantages which are
not possible with other acoustic methods, such as
Rayleigh method, acoustic birefringence and the
method based on longitudinal volume waves. LCR
wave method is less sensitive to texture, very
sensitive to stress and capable of identifying the stress
profiles more accurately. Furthermore, LCR wave
method does not require opposite parallel surface as
other acoustic methods and therefore, suitable for
measurements on fabricated components.
Summary
Ultrasonic Velocity measurements could sense
precisely the onset, progress and completion of
recrystallization and hence the isothermal and
isochronal annealing behaviour of Ti modified
austenitic stainless steel was characterized more
accurately by ultrasonic velocity measurements.
Velocity measurements is more suitable for studying
recrystallization behaviour in materials where
recrystallization is accompanied by secondary
precipitation. The use of the critically refracted
longitudinal (LCR) ultrasonic waves for the assessment
of surface/ sub-surface longitudinal residual stresses
in AISI type 316LN stainless steel weld joints of
various thickness made by A-TIG welding processes
has been demonstrated. There was significant
reduction in the peak tensile residual stress value with
increasing thickness of the weld joint. The ultrasonic
technique has clearly brought out the exact residual
stress profiles existing in the weld joints distinctly.
Also it showed that the peak tensile residual stress
values exhibited by A-TIG weld joints are

Fig. 7—Residual stress profiles across topside and back side of 6 mm thick type 316 LN SS weld joint
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Fig. 8—Residual stress profiles across top side and back side of 9 mm thick type 316 LN SS weld joint

significantly lower. This residual stress measurement
technique has several advantages including high spatial
resolution for residual stresses across the weld joints,
easy and simple to use, cost effective and nondestructive.
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Molecular Interaction studies of some α-amino acids in aqueous NaOH
solutions from ultrasonic velocity measurements
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Apparent molal compressibilities ( ϕ K ) and apparent molal volumes ( ϕ V ), of L-serine, L-arginine and Lphenylalanine in aqueous sodium hydroxide solutions (0.0 – 0.10 mol kg–1) at 303.15K have been determined from precise
0

density and ultrasonic velocity measurements. Limiting apparent molal compressibilities ( ϕ K ), limiting apparent molal
0

volumes ( ϕ V ) and their constants ( S K , SV ) of these amino acids at infinite dilution were evaluated. Transfer adiabatic
0

0

compressibilities ( ∆ϕ K ) and transfer volumes ( ∆ϕV ) at infinite dilution from water to aqueous sodium hydroxide
solutions have been calculated. These derived parameters have been interpreted in terms of ion-solvent and ion-ion
interactions in the studied solutions.
Keywords: Ultrasonic velocity, apparent molal compressibility, apparent molal volume and transfer volume.

Introduction
Denaturation of globular proteins in aqueous
solutions is a fundamental biological process which till
date is not completely understood and continues to be a
subject of extensive investigations1. Knowledge of
various solute-solvent and solute-solute interactions is
very important to understand various fundamental
phenomena like stability of proteins, folding /
unfolding processes, denaturation of proteins etc., in
aqueous solutions2. Since proteins are complex
molecules, direct study of their interactions is rather
difficult. Model compounds like amino acids, peptides
and their derivatives are often used to understand these
processes3. Amino acids are the fundamental
substances for building proteins. Thermodynamic and
transport properties of amino acids (model compounds
for bio-molecules, like proteins) in aqueous electrolytic
solutions provide information about the solute-solvent
and solute-solute interactions. An understanding of the
effect of electrolytes on transport properties of amino
acid and peptide is a primary requirement in the
separation and purification processes of the
biomolecules4. Mixed aqueous solvents are used
extensively in chemistry and other fields to control
factors like stability, reactivity and solubility of
———————
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systems5. The amino acid always coexist with various
salts in the body fluid of humans and mammals, hence
an investigation of its interaction with salts, electrolytes
is of great significance6.
In the present work, we report the values of density
and ultrasonic velocity of 0.02-0.1 molality of Lserine, L-arginine and L-phenylalanine in aqueous
sodium hydroxide solutions (0.0-0.10 mol kg–1) at
303.15K. Various physical and thermodynamical
parameters like adiabatic compressibility (β), apparent
molal compressibility ( ϕ K ),apparent molal volume
( ϕV ), limiting apparent molal compressibility ( ϕ K0 ),
limiting apparent molal volume ( ϕ V0 ) and their
constants ( S K , SV ), transfer adiabatic compressibility
( ∆ϕ K0 ) and transfer volume ( ∆ϕV0 ) were calculated
from the measured experimental data. All these
parameters are discussed interms of ion-ion and ionsolvent interactions occurring between amino acids
and aqueous sodium hydroxide solutions.
Materials and Methods
Analytical reagent (AR) and spectroscopic reagent
(SR) grades which minimum assay of 99.9% of
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L-serine, L-arginine, L-phenylalanine and sodium
hydroxide were obtained from E-Merck, Germany
and SdFine Chemicals, India, which are used as such
without further purification. Water used in the
experiment was deionised, distilled and was degassed
prior to making solutions. Solutions of sodium
hydroxide (0.0-0.10 mol kg–1) were prepared by mass
and used on the day they were prepared. Solution of
amino acids in the concentration range of 0.02-0.1
mol kg–1 were made by mass on the molality
concentration scale with precision of ± 1 × 10–4g on
an electronic digital balance. The density was
determined using a specific gravity bottle by relative
measurement method with an accuracy of ± 0.01
kgm–3. An ultrasonic interferometer having the
frequency of 3 MHz with an overall accuracy of
± 0.1% has been used for velocity measurement. An
electronically digital operated constant temperature
bath has been used to circulate water through the
double walled measuring cell made up of steel
containing the experimental solution at the desired
temperature. The accuracy in the temperature
measurement is ± 0.1 K.
Various
acoustical
and
thermodynamical
7
parameters such as adiabatic compressibility,
apparent molal compressibility, apparent molal
volume, limiting apparent molal compressibility,

limiting apparent molal volume and their constants
( S K , SV ), transfer adiabatic compressibility ( ∆φV0 ) and
transfer volumes ( ∆φV0 ) are calculated from the
measured data.
Results and Discussion
The experimental values of density (ρ), and
ultrasonic velocity (U), for different molal
composition of each of the three amino acids viz.,
L-serine, L-arginine and L-phenylalanine in aqueous
sodium hydroxide solutions (0.0,0.025,0.05,0.075 and
0.10 mol kg–1) at 303.15K are shown in Table-1.
Further, the values of adiabatic compressibility
(β), apparent molal compressibility ( ϕ K ), apparent
molal volume ( ϕV ), limiting apparent molal
compressibilities ( ϕ K0 ), limiting apparent molal
volumes ( ϕV0 ) and their constants ( S K , SV ), transfer
adiabatic compressibility ( ∆ϕ K0 ) and transfer volume
( ∆ϕV0 ) are given in Tables 2-3.
In all the three amino acids system (Table 1) the
values of density and ultrasonic velocity increases
with increase in molal concentration of amino acids as
well as sodium hydroxide (NaOH) content. This
increasing trend suggests a moderate strong
electrolytic nature in which the solutes (amino acids)

Table 1—Values of density (ρ) and ultrasonic velocity (U) at 303.15K for
Molality
m/(mol kg–1)

ρ/ (kg m–3)
0.0m

0.025 m

0
0.02
0.04
0.06
0.08
0.10

995.7
996.9
997.8
998.3
998.9
999.6

997.6
998.7
999.6
1000.2
1000.8
1001.4

0
0.02
0.04
0.06
0.08
0.10

995.7
997.6
998.3
999.2
1000.0
1000.8

997.6
999.4
1000.2
1001.1
1001.8
1002.7

0
0.02
0.04
0.06
0.08
0.10

995.7
999.2
999.9
1000.5
1001.3
1002.2

997.6
1000.3
1001.1
1001.7
1002.3
1003.4

Water + sodium hydroxide (NaOH)
0.05m
0.075 m
0.1m
0.0m
0.025m
System-I : water + sodium hydroxide + L-serine
999.6
1001.5
1003.5
1510.2
1520.0
1000.6
1002.4
1004.3
1514.6
1523.8
1001.5
1003.1
1005.0
1518.2
1527.6
1002.0
1003.8
1005.6
1522.4
1531.4
1002.8
1004.5
1006.3
1526.0
1535.0
1003.3
1005.2
1006.9
1530.2
1538.8
System-II : water + sodium hydroxide + L-arginine
999.6
1001.5
1003.5
1510.2
1520.0
1001.3
1003.1
1005.0
1515.6
1525.5
1002.1
1004.0
1005.8
1519.8
1529.8
1003.0
1004.9
1006.8
1524.4
1533.8
1003.7
1005.6
1007.4
1528.6
1538.0
1004.7
1006.5
1008.0
1533.0
1542.2
System-III : water + sodium hydroxide + L-phenylalanine
999.6
1001.5
1003.5
1510.2
1520.0
1002.1
1003.9
1005.8
1516.8
1527.3
1002.9
1004.7
1006.5
1522.5
1531.6
1003.5
1005.4
1007.3
1526.3
1535.0
1004.3
1006.2
1008.2
1530.8
1539.2
1005.4
1007.3
1009.3
1536.1
1544.8

U/(m.s–1)
0.05m

0.075m

0.1m

1531.6
1535.6
1539.3
1543.2
1546.7
1550.6

1541.2
1545.0
1548.8
1552.6
1556.3
1560.0

1549.4
1553.2
1557.0
1560.5
1563.9
1567.4

1531.6
1536.4
1540.8
1545.0
1549.0
1552.6

1541.2
1545.8
1550.0
1554.2
1558.0
1562.0

1549.4
1553.6
1557.6
1561.4
1565.0
1569.0

1531.6
1539.0
1542.4
1546.5
1550.6
1555.0

1541.2
1548.0
1551.8
1556.0
1560.2
1564.2

1549.4
1555.2
1559.2
1563.0
1567.4
1571.0
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Table 2—Values of adiabatic compressibility (β), apparent molal compressibility ( ϕ K ) and
apparent molal volume ( ϕV ) of amino acids in aqueous sodium hydroxide solutions at 303.15K for
Molality
m/(mol
kg–1)

β/ (× 10–10 m2N–1)
0.0m

0.025 m 0.05m 0.075 m 0.1m

0
0.02
0.04
0.06
0.08
0.10

4.4035
4.3727
4.3481
4.3220
4.2990
4.2725

4.3387
4.3123
4.2870
4.2632
4.2407
4.2172

4.2646
4.2382
4.2141
4.1907
4.1684
4.1454

0
0.02
0.04
0.06
0.08
0.10

4.4035
4.3639
4.3368
4.3068
4.2791
4.2518

4.3387
4.3014
4.2721
4.2460
4.2199
4.1932

4.2646
4.2308
4.2034
4.1768
4.1523
4.1290

0
0.02
0.04
0.06
0.08
0.10

4.4035
4.3500
4.3145
4.2905
4.2619
4.2287

4.3387
4.2857
4.2583
4.2369
4.2113
4.1762

4.2646
4.2132
4.1913
4.1666
4.1413
4.1134

–ϕK/(×10–7 m2 N–1)

–ϕV/(×10–3 m3 mol–1)

Water + sodium hydroxide (NaOH)
0.0 m 0.025 m 0.05m 0.075 m 0.1m

0.0m 0.025m 0.05m 0.075m 0.1m

System-I : water + sodium hydroxide + L-serine
4.2307 4.1510
…
…
…
…
…
…
4.1793 4.1274 1.8054 1.5522 1.5333 1.4089 1.3455 60.34
4.1559 4.1045 1.6172 1.5100 1.4651 1.3629 1.3176 52.74
4.1327 4.0836 1.5500 1.4468 1.4023 1.3442 1.2681 43.49
4.1102 4.0631 1.4832 1.3990 1.3732 1.3262 1.2435 40.11
4.0879 4.0425 1.4825 1.3803 1.3499 1.3133 1.2256 39.08
System-II : water + sodium hydroxide + L-arginine
4.2037 4.1510
…
…
…
…
…
…
4.1720 4.1225 2.4001 2.2564 2.0526 1.9208 1.7352 95.47
4.1457 4.0980 1.9550 1.9477 1.7966 1.7123 1.5628 65.23
4.1197 4.0741 1.8696 1.7987 1.7051 1.6379 1.5092 58.47
4.0968 4.0529 1.7852 1.7133 1.6224 1.5514 1.4279 53.82
4.0722 4.0299 1.7425 1.6768 1.5735 1.5249 1.3971 51.01
System-III : water + sodium hydroxide + L-phenylalanine
4.2037 4.1510
…
…
…
…
…
…
4.1569 4.1107 3.4489 3.2371 3.1033 2.8437 2.4907 175.72
4.1333 4.0868 2.6894 2.3905 2.1845 2.0958 1.9152 105.29
4.1081 4.0637 2.2371 1.9939 1.9106 1.8662 1.7170 80.13
4.0828 4.0373 2.0796 1.8480 1.7919 1.7578 1.6643 70.04
4.0575 4.0145 2.0355 1.8772 1.7594 1.7054 1.6049 64.96
0

…
55.10
50.04
43.32
39.96
37.93

…
49.88
47.34
39.83
39.80
36.79

…
44.72
39.71
38.03
37.17
36.65

…
39.59
37.08
34.58
34.56
33.54

…
90.11
64.98
58.24
52.37
50.82

…
84.76
62.23
56.36
50.92
50.62

…
79.47
61.99
56.14
50.72
49.44

…
74.20
56.80
54.27
48.06
44.32

…
135.11
87.44
68.21
58.58
57.77

…
124.61
82.12
64.63
58.35
57.53

…
119.18
79.33
64.38
58.13
57.32

…
113.76
74.08
62.48
57.90
57.09

0

Table 3—Values of limiting apparent molal compressibility( ϕ K ), limiting apparent molal volume( ϕV ) and their constants
0

0

SK and SV, transfer adiabatic compressibility( ∆ϕ K ), and transfer volumes ( ∆ϕV ) of amino acids in aqueous sodium
hydroxide solution at 303.15K for
0

0

(×10-3 m3 mol-1)

(×10-7N-1 m-1 mol-1)

SV

0.000
0.025
0.050
0.075
0.100

2.0285
1.7150
1.6800
1.4778
1.4279

174.45
69.66
61.21
49.86
44.03

1.8595
1.0795
1.0765
0.5343
0.6297

536.97
102.91
77.97
44.71
34.44

0.000
0.025
0.050
0.075
0.100

2.7946
2.6626
2.3850
2.2011
1.9764

122.09
115.10
106.33
99.79
93.83

3.5610
3.3073
2.6783
2.2427
1.8982

241.65
218.50
191.30
169.73
161.56

0.000
0.025
0.050
0.075
0.100

4.4407
4.1340
3.9170
3.5468
2.7773

245.67
185.90
167.71
158.45
147.50

8.1944
7.8657
7.4541
6.2982
3.8600

617.74
440.73
380.75
349.20
314.02

tend to attract the solvent (aqueous sodium hydroxide)
molecules. Molecular interaction is thus responsible
for the observed increase in density and ultrasonic
velocity in these mixtures. The factors apparently
responsible for such behaviour may be the presence of

∆ϕ K0

∆ϕV0

(×10-3m3L1/2 mol-3/2) (×10-7 m2 N-1) (×10-3 m3 mol-1)

L-serine

SK

L-arginine

– ϕV

L-phenylalanine

– ϕK
NaOH
Amino
acids
m/(mol kg-1) (×10-7 m2 N-1)

…
0.3135
0.3485
0.5507
0.6006
…
0.1320
0.4096
0.5935
0.8182
…
0.3067
0.5237
0.8939
1.6634

…
104.79
113.24
124.59
130.42
…
6.99
15.76
22.30
28.26
…
59.77
77.96
87.22
98.17

interactions caused by the proton transfer reactions of
amino acids in water + sodium hydroxide mixtures.
The increase in ultrasonic velocity in these solutions
may be attributed to the cohesion brought about by
the ionic hydration.
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In all the three systems the value of adiabatic
compressibility (Table–2) decreases with increase in
concentration of solute (amino acids) as well
as increase in concentration of aqueous NaOH.
The decrease in adiabatic compressibility is attributed
to the influence of the electrostatic field of ions
(NH3+ and COO—) on the surrounding solvent
molecules (Na+, OH—) so called electrostriction. The
magnitude of β values are larger in L-serine than
other two amino acids. The larger β values which
shows molecular associations / interactions is greater
in L-serine than that of other two amino acids. Amino
acid molecules in the 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 the solutions. This result in the
present study generally confirms the conclusions
drawn earlier from the velocity data.
The following observations have been made on
ϕ K and ϕV (Table-3) of the three amino acids in
aqueous sodium hydroxide solutions at 303.15K.
(a)

The values of ϕ K and ϕV are all negative over
the entire range of the molality.
(b) The negative values of ϕ K and ϕV are
increasing with the increase in concentration of
amino acids as well as NaOH contents.
(c) The magnitude of ϕ K is in the order: L-serine >
L-arginine > L-phenylalanine.
The above observations clearly suggests that the
negative values of ϕ K and ϕV in all systems indicate
the presence of ion-solvent interactions. The negative
values of ϕ K and ϕV in all systems indicate
hydrophilic and ionic interactions occurring in these
systems. Since, more number of water molecules is
available at lower concentration of sodium hydroxide,
the chances for the penetration of solute molecules in
to the solvent molecules is highly favoured. The
decrease in ϕV is due to strong ion-ion interaction and
vice-versa. The observed behaviour of ϕ K reveals
that strengthening of the ion-solvent interaction in all
systems studied. The negative values of ϕV indicate
electrostrictive solvation of ions8. From the magnitude
of ϕV , it can be concluded that stronger molecular
association is found in L-serine than other two amino

acids and hence L-serine is a more effective structure
maker.
The limiting apparent molal compressibility ϕ K0
provides
information
regarding
ion-solvent
interactions and S K , that of ion-ion interactions in the
solution. From Table-3 it is observed that ϕ K0 values
are negative and it increases with increasing the
concentration of sodium hydroxide in all systems
studied. Appreciable negative values of ϕ K0 , and its
behaviour for all systems reinforce our earlier view
that existence of ion-solvent interaction in the
mixtures. The magnitude of ϕ K0 is in the order
L-serine > L-arginine > L-phenylalanine. The values
of S K exhibits positive value and it decreases with
increasing the concentration of sodium hydroxide in
all the three amino acids. The behaviour indicates the
existence of ion-ion interaction with increase in
sodium hydroxide content and suggests structure
making / breaking effect of the amino acids. It is well
known that solutes causing electrostriction lead to
decrease in the compressibility of the solution. This is
reflected by the negative values of ϕ K of the amino
acids.
The volume behaviour of a solute at infinite
dilution is satisfactorily represented by ϕ V0 which is
independent of the ion-ion interactions and provides
information concerning ion-solvent interactions.
Table-3 reveals that the values of ϕ V0 are negative in
all the three studied amino acids. The values of ϕ V0
increases with the addition of sodium hydroxide
contents in all the systems studied. The increase in
ϕV0 may be attributed to the increased hydrophilicity
/ polar character of the side chain of the amino acids.
The magnitude of ϕ V0 is in the order: L-serine >
L-arginine > L-phenylalanine. It is evident from the
Table-3 that SV in positive in all the three systems
suggesting the presence of strong ion-ion
interactions.
The values of transfer adiabatic compressibility
∆ϕ K0 and transfer volume ∆ϕV0 (Table-3) are
positive and it increases with increase in the
concentration of sodium hydroxide in all the three
amino acid systems which suggest the existence of
ion-solvent interactions in the mixtures.
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this model, ion-ion group interactions contribute
positively, where as ion—non-polar interactions
0
contribute negatively to the ∆ϕV values.
Therefore, from Figs.1 and 2, the positive ∆ϕ K0
and ∆ϕV0 values observed in all the three amino acids
suggest that the interaction contribution of type (i) is
stronger than that of type (ii).

Fig.1—Variation of transfer adiabatic compressibility of some αamino acids with aqueous NaOH solutions at 303.15K

Fig.2—Variation of transfer volume of some α-amino acids with
aqueous NaOH solutions at 303.15K

Generally, the interactions between amino acids
and sodium hydroxide can be classified into:
i Ion-ion interactions occurring between Zwitter
ions ( NH 3+ and COO – ) of amino acids and cations
( Na + )and anions ( OH – ) of NaOH.
ii

Ion-non polar group interactions occurring
between ions of sodium hydroxide ( Na + , OH – )

and the hydrophobic side chain of amino acids.
Similar types of interaction were also suggested by
Anwar Ali9 in the study of some amino acids with
salts in aqueous medium.The ∆ϕV0 values can also be
explained on the basis of co-sphere overlap model10 in
terms of solute-cosolute interactions. According to

Conclusion
In the present work, volumetric compressibility and
transport parameters of L-serine, L-arginine and Lphenylalanine in aqueous sodium hydroxide solutions
at 303.15K were obtained using density and ultrasonic
velocity data and the results have been used to study
the existence of ion-solvent interactions. From the
magnitude of ϕ K0 , it can be concluded that L-serine
posses strong ion-solvent interaction than the
other two amino acids. The transfer adiabatic
compressibility ∆ϕ K0 and transfer volume ∆ϕV0 data
suggests that ion-ion group interactions are
dominating over the ion-non polar interactions.
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Mechanical, thermal and structural properties studies of alkaline borate
glass mixtures using ultrasonic velocity data
P. Ramadoss,
P.G and Research Department of Physics,
Government arts college, Tiruvannamalai–606 603.
Elastic constants, Debye temperature, Gruneissen parameter, coefficient of thermal expansion, ratio of specific heats,
structure factor and micro hardness are calculated for alkaline borate glass mixtures such as Na2 O3+B2O3 and as Na2
O3+B2O3 + SiO2 to study the structural modifications. The results are analyzed.

Introduction
The study of variation in ultrasonic velocity and
its allied parameters of glasses play a significant role
in understanding their structural characteristics.
Evaluation of other parameters such as thermal and
mechanical parameters give useful information
regarding the strength of materials(1-3). Recently,
glasses such as borate, silicate, borosilicate ete, have
been used to study the physical, chemical, thermal and
mechanical properties of glasses at various
compositions (4-6). Since the elastic constants and
Debye temperature are sensitive to arrangement of
atoms or molecules, in the present work, an attempt has
been made to study the modification of structure of Na2
O3+B2O3 and as Na2 O3+B2O3 + SiO2 glass mixtures
using calculated mechanical and thermal values.
Theory and calculations
Debye temperature (ΘD) is calculated using
transverse and longitudinal wave velocities as(7)
ΘD=(h/K)/{(9N/4πVm)/[(1/Vl3)+(2/Vt3)]}1/3

… (1)
Where h- Planck’s constant
N–Avogadro’s number
K–Boltzmann’s constant
Vm–molar volume and
Vl and Vt –longitudinal and transverse wave
velocities.
The anharmonicity of system is studied using
Gruneissen parameter (Г) which is given by(8)
Г=(ΘDi/ ΘD)(Vm/Vmi)

… (2)

where ΘD and ΘDi–Debye temperature and change in
Debye temperature
Vm and Vmi–molar volume and change in molar
volume

Coefficient of thermal expansion (α) is related with
density (ρ), Gruneissen parameter(Г), specific heat at
constant pressure(Cp ) and Bulk modulus (B) as (9)
α=(ρГCp/B)

… (3)

Elastic constants and Lame constants are calculated
as (10)
C11=λ + 2µ

… (4)

Where
λ=ρ(Vl2–Vt2)

… (5)

µ=ρVt2

… (6)

The specific heat at constant volume (CV) is related
with Debye temperature (8)
CV= π4 R(

)3

… (7)

Where R – gas constant and T is temperature in K
and micro hardness (H)
H=

E

… (8)

Where E-young’s modulus and σ-Poisson’s ratio
Results and discussion
The calculated Debye temperature, Gruneissen
parameter, coefficient of thermal expansion, elastic
and Lame’s constants, specific heat capacities , ratio
of specific heats and micro hardness are presented in
Tables 1 and 2. The necessary input values for the
calculation are taken from ref.(11).
Debye temperature, which measures the structure
order has an increasing trend with the addition of
Na2 O with B2 O3. The addition of Na2 O with B2 O3
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Na2 O

B2 O3

SiO3

0
5.6
11.1
21.9
27.2
3.3
4.4
6.2
8.8
9.6
19.8

100
94.4
88.9
78.1
72.8
48.7
48.9
48.1
44.5
46.1
49.7

48.0
46.6
45.7
46.7
44.4
30.3

V l*
(m/s)
3474.0
4142.0
4615.9
5321.5
5661.5
4534.1
4441.0
4747.2
4890.0
4924.9
5646.2

Table—1
Vt*
ρ*
(m/s)
(kg/m3)
1901.0
1839
2621.3
1878
2919.8
1920
3356.8
2044
3549.4
2229
2628.5
2069
2573.0
2060
2708.1
2120
2892.3
2162
2916.4
2181
3408.0
2400

C11
1010Nm-2
1.32
4.52
5.72
8.09
9.95
5.68
5.81
6.33
6.98
7.14
10.4

λ
1.55
1.93
2.45
3.48
4.34
2.82
2.69
3.22
3.36
3.43
4.86

µ
0.66
1.29
1.64
2.30
2.81
1.43
1.36
1.56
1.81
1.85
2.79

H
0.95
2.87
3.63
5.06
6.07
2.27
2.17
2.50
2.87
2.95
4.36

*Ref: 11
Table—2
Na2 O B2 O3 SiO3
0
5.6
11.1
21.9
27.2
3.3
4.4
6.2
8.8
9.6
19.8

100
94.4
88.9
78.1
72.8
48.7
48.9
48.1
44.5
46.1
49.7

48.0
46.6
45.7
46.7
44.4
30.3

ΘD
(K)
158.68
217.96
245.04
288.97
315.22
232.72
227.57
241.91
259.82
262.25
315.38

Γ

0.71
0.61
0.48
0.40
1.03
0.94
0.85
0.84
0.64

α
Cv
(10-4/K) (J/kg/K)
9.54
5.88
2.88
1.85
12.3
9.46
6.88
6.65
3.00

Cp

13141 13149
5068 5076
3567 3575
2174 2183
1675 1683
4164 4172
4453 4461
3707 3715
2992 3000
2909 2918
1673 1681

shows that the composition becomes more ordered in
structure as ΘD increases , whereas the Gruneissen
parameter has a decreasing order which measures
disorderness of the structure and molecular orders.
The composition becomes more ordered when Na2 O
is added with B2 O3 as Г decreases.
The mechanical properties such as Lame’s
constants (λ and µ) and elastic constants(C11) increase
with addition of Na2 O with B2 O3. Whereas in the
case of Na2 O+B2 O3+SiO2, the addition of Na2 O
with B2 O3 and SiO2 is first decreases and then
increases the values of Lame’s constants. The
composition 4.4+48.9+46.6 of Na2 O+B2 O3+SiO2
may have less strength than other compositions, this
reflects in the values of micro hardness at this
particular composition the value is less.
The values of specific heats at constant pressure
and constant volume first increases and then
decreases. The nature of variation of the coefficient of
thermal expansion, which has decreasing trend in both
cases.
The alkali ions of Na2 O splits the glass network.
The ionic field strength or polarizability of the alkali
cations influences the resulting glass structure.

The structure changes lead to different mechanical,
thermal and chemical properties and vice versa(4).
The addition Na2 O to B2 O3 network creates BO4
units and then leads to increase in the dimensionality
and connectivity of Na2 O+B2 O3 and Na2 O+B2
O3+SiO2(11).
Symbols, their meaning and units used in Tables 1
and 2
Vℓ & Vt-longitudinal and transverse wave velocities
(m/s); ρ- density (kg/m3); λ and µ–Lame’s constants
(1010Nm-2); C11–elastic constant (1010Nm-2); H- micro
hardness (GPa);θ- Debye temperature (K); ГGruneissen parameter; α-coefficient of thermal
expansion(10-4/K); Cpand Cv–specific heats at constant
pressure and volume (J/kg/K)
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