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Anisotropic divergence controlled ultrasonic transmitter
array for three-dimensional range imaging

Sahdev Kumar* and Hideo Furuhashi

Department of Electrical and Electronics Engineering, Aichi Institute of Technology,
1247, Yachigusa, Yakusa-Cho, Toyota, 470-0392, Japan

*E-mail: kumarsahdev42@gmail.com

A simple, cost effective and long-range three-dimensional (3D) measurement system has been developed using
ultrasonic sound. The developed system consists of a high-power ultrasonic transmitter array (UTA) and an ultrasonic
receiver array (URA). In some particular cases, measurement in wide horizontal plane is required instead of vertical
direction. Therefore, anisotropic divergence control has been proposed and successfully controlled maintaining
high peak power in the horizontal direction. The characteristics of the UTA are compared with the theory by
generating a 40 kHz ultrasonic signal with modulated pulse width 2 ms. The measurable range without divergence
control has been obtained over 17 m + 0.5 m. Measurable range with anisotropic divergence control has been
improved to 16 m + 0.5 m on the isotropic divergence control from 14 m + 0.5 m at the same divergence angle10°.
Awidest view angle has been obtained at 20° with the isotropic divergence control and further improvement in the
view angle is observed with the anisotropic divergence control.

Keywords: 3D measurement system, ultrasonic transmitter array, anisotropic directivity, delay time, range
image.

Introduction

Recently, three dimensional (3D) positioning, shape
and size measurement of an object is one of the thrust
areas and efforts are being made to improve the
measurable range and resolution. There are several
conventional techniques available for 3D object
positioning and shape recognition such as stereo camera,
laser scanners, pattern projections etc. Ultrasonic image
sensor system is also one of such techniques and works
on the principle of pulse echo detection method. In spite
of low resolution, ultrasonic image sensor system has
several advantages over other conventional techniques,
such as its effective use in adverse atmospheric
conditions1-6. A few efforts have been made to improve
measurable range such as Tanaka at el. has developed a
high power ultrasound source using spark discharge7.
We have used spread spectrum (SS) pulse compression
technique as well as increased the number of transmitting
elements. A measurable range up to 6 m has been
achieved by the SS pulse compression technique while
as measurable range up to 25 m has been demonstrated

using ultrasonic transmitter array (UTA) of 12  12
elements and ultrasonic receiver array (URA) of 32
elements8, 9.

In our experimental results it has been shown that as
the number of transmitting elements increases the view
angle of object detection reduces10, 11. Therefore, to
improve the view angle and measurement field, a
divergence control on the directivity, such as an isotropic
divergence control, had been reported with the improved
view angle up to 6°12,15. In the isotropic divergence
control, the controlled angle is equal in both x and y
directions. In some particular cases it is required to
measure wide horizontal field and narrow vertical field.
Therefore, anisotropic divergence control has been
proposed and experimental results were compared with
the theoretical calculations13. Our experimental results
showed that with the isotropic divergence angle control,
measurement field increases with an increase in
divergence angle but measurable range decreases
accordingly14, 15.

J. Pure Appl. Ultrason. 38 (2016) pp. 49-57
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Theory

Figure 1 shows the coordinate system for the theoretical
calculations and Fig. 2 shows the coordinate system of
anisotropic divergence control. Considering a number
of transmitting element in x, y plane and put at positions
Pi (xi, yi, 0); the sound pressure at an observation point
is obtained by Eq. (1) as follows13.
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Here, A is the amplitude of the sound pressure of one
transmitter; r is the distance between the origin, i.e., the
center of the array and the observation point P (x, y, z).
The angles between the vector 
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OP  and the yz plane & xz
planes are θx and θy, respectively. The D(θi) are the
directivities of the UTA elements.  The Lx and Ly are the
distances between the center of the UTA and center of
the divergence angle and calculated by the following Eq.
(2) and Eq. (3)
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Here, θx and θy are the angles of the divergence in x
and y directions, n is number of ultrasonic transmitter
elements in the arrays, d is inter element spacing. In this
case time delay applied to each element is calculated by
Eq. (4), where, v is the wave velocity.
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Ultrasonic Transmitting and Receiving System

(a)  Ultrasonic transmitting system

A photograph of the developed UTA sound source is
shown in Fig. 3 that consists of 12 × 12 arrays of
transmitting elements; a device T4010B4 (Nippon
Ceramic Co. Ltd). This device has the beam directivity
100° (-6dB full angle) and resonant frequency of 40 kHz.
Each device can be operated at sound pressure 121.5
dB, input voltage 10 Vrms at a distance 30 cm with the
ultrasonic oscillation frequency 40 kHz. The devices are
arranged in such a way that they maintained inter element
space of 1 cm. A schematic block diagram of the UTA
transmitting system is shown in Fig. 4. The signal
applied to each transducer element is controlled
by field programmable gate array (FGPA)
(XILINXXC6SLX150) boards with a 50 MHz, clock

Fig. 1 Coordinate system of calculation.

Fig. 3 Developed ultrasonic transmitter array
Fig. 2 Coordinate system of anisotropic divergence

calculation.
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signal in the form of modulated signal of 40 kHz
frequency with a 2 ms pulse width and 400 ms pulse
repetition period is stored in a ring buffer. Each board
can control 36 transducer elements; thus, four boards
are used to control the 144 transducer elements. One of
them is the master board and other three boards are the
slave boards. Master board feed the amplitude-modulated
digital signal to all the three slave boards. The time delays
with rounded off value to 1  s are calculated by a personal
computer and sent to the FPGA boards.Thus delayed
signals are converted from analog to digital and vice versa
by D/A converters AD5415 (a 12-bit, dual-channel,
current output digital-to-analog converter) at a sampling
rate of 1  s. The transducers are operated with a maximum
input of 30 Vpp (peak to peak).

used for the receiver. Fig. 5 shows the schematic block
diagram of the ultrasonic receiving system.  Ultrasonic
sound, transmitted by the UTA is received by the URA
after its reflection from a plastic board of 30 cm width
and 80 cm length. The A/D converter device TSM -
372012 (Interface Corporation) converts the received
nalogue signal into digital form. The signal conversion
time from analog to digital is 2.5 s with a 12 bits
resolution. The outputs of the developed ultrasonic image
sensor system are shown in two windows one as range
image and another as signal intensity of the target object
after delay-and-sum (DAS) operations on the processed
data through personal computer.

Experimental Set-up

The experimental set-up is depicted in Fig. 6. The
transmitted signal is received by a sensor at 5 m away
from the UTA. The height of UTA and sensor is 1.5 m
above the ground level. The sensor is calibrated at the
ultrasonic frequency by a system using a ¼-inch free-
field response microphone (46BE; frequency range 4 Hz-
80 kHz, dynamic range 36 dB-157 dB, a data acquisition
module (USB-4431; 24-Bit Analog I/O, sampling rate
of 102.4 kS/s, and a sound measurement analyzer. A
device MA40S4R is being used as a sensor which has a
nominal frequency of 40 kHz and beam width of 80°.
The experiment is first aligned by obtaining the
maximum amplitude of the direct received signal at the
same horizon. After initialization the experimental
conditions, divergences are input through personal
computer and time delay is automatically calculated by
the system. Maximum peak to peak voltage is measured,
by manually rotating the UTA in the horizontal plane

Fig. 4 A schematic block diagram of the ultrasonic
transmitting system

Fig. 5 A schematic block diagram of the ultrasonic receiving
system

Fig. 6 Experimental set-up.

(b)  Ultrasonic receiving system

The URA receiving system consists of 32 receivers
and Omni-directional SP0103NC3-3 (6.15 mm (length)
× 3.76 mm (width) × 1.45 mm (height) devices are being
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with the azimuthal angle from 0° to 90° with 2° steps.
The ultrasonic wave velocity is considered 345 m/s at
room temperature 23°C for this experiment.

Experimental Results and Discussion

(a) Sound pressure level at different anisotropic
divergences

Figure 7 shows the sound pressure level (SPL) of the
UTA. The SPLs with isotropic divergence, i.e. φx = φy
are shown by the circles. The SPLs of a single ultrasonic
transmitter (SUT) and UTA without divergence control
are shown by straight dash-dotted line and narrow dotted
line respectively. The SPL with vertical divergence angle,
φy=0° and φy=5° are shown by the circles and triangles,
respectively. The SPL with φy=5° is less than φy=0° at
the equal interval, however, decreases significantly with
the isotropic divergence. Therefore, high peak sound
pressure can be maintained with the controlled vertical
divergence angles. The SPLs with φx=0°, 5°, 10° and
15° for φy = 5° are obtained as 125.3 dB, 124.8 dB, 119.9
dB and 115 dB, respectively.

Fig. 7 Sound pressure level at different divergence angles.

Figure 8 shows the directivity without divergence φx=
φy=0° and and obtained using Eq. (1) under the following
consideration sinθx xi + sinθy yi=0 on the z axis and (θx=
θ and θy = 0).  Figures 9 (a) - (c) show the directivities of
the UTA when divergence φx = 5°, 10° and 15°; φy = 5°,
respectively. The dots show the experimental data and
smooth line shows the simulation results. Applying the
half width at half maximum (HWHM) on the

Fig. 8 Directivity of 12×12 ultrasonic transmitter array (UTA)
without divergence.

Fig. 9(a) Experimental: Dots; Theoretical: Solid line φx = 5°,
φy = 5° and  θ = 0°.

Fig. 9(b) Experimental: Dots; Theoretical: Solid line φx = 10°,
φy = 5° and  θ = 0°.
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experimental data, HWHM measured 5°, 10° and 15°
according to the applied horizontal divergence on the
system.

(b) Measurable range

Figure 10 shows the measurable range at different
divergence angles obtained using a plastic board (30 cm
width × 80 cm height). Transmitted signal is received
after reflection from the plastic board using the UTA
and the ultrasonic single receiver (USR). The USR is
placed adjacent to the UTA at 30 cm distance. A distance
of the plastic board from the transceiver (Tx/Rx), until

reflected ultrasonic signal was clearly detected from the
back ground noise is considered as its measurable range.
The developed system works on the ultrasonic pulse echo
detection method and received signal amplitude "A" is
directly proportional to the following quantity given by
Eq. (5)11.
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Where, r is the distance between the ultrasonic
transceiver and the object and γ denotes the absorption
coefficient. Considering the measurable range of the SUT
and the UTA as r` and r`` then a relationship can be
formulated as Eq. (6)
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Here, k is the ratio of sound pressure transmitted by
the UTA to that of SUT and calculated as 34.7, 19.7 and
11.2 when φx = 5°, 10° and 15°; φy = 5°, respectively.
Theoretical measurable ranges for different k are
denoted by dashed, dash-dotted and smooth black line
and calculated at γ=0.12/m according to Eq. (6). A
measurable range without divergence angle control is
17 m + 0.5 m. The measurable ranges for isotropic
divergence angle control i.e. φx = φy = 10° and anisotropic
divergence angle control φx = 10°; φy = 5° are 14m + 0.5
m and 16 m + 0.5 m have been obtained. Figure 11 shows
the signal intensity of the URA at divergence angle φy =
0° & 5° when object is at the angular direction θ = 0°.
The circles and the triangles are the experimental results.
The signal intensity is lower at vertical divergence angle
φy = 5° in comparison to φy = 0°.

Fig. 9(c) Experimental: Dots; Theoretical: Solid line φx = 15°,
φy = 5° and  θ = 0°.

Fig. 10 Theoretical and experimental results for measurable
range.

Fig 11 Signal intensity of the ultrasonic receiver array at φx =
0° & φy = 0° and  φx = 0° & φy = 5° and θ = 0°.
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Fig 12 Range image and signal intensity using the UTA and the URA for an object placed at 12 m away in  θ=0° direction and
divergence angles are: φx=5°, φy=5°, x & y axis are 5°/div., and z axis shows the distance between transceiver and object with
corresponding signal intensity.

(a) Range image (m) (b) Signal intensity (a.u.)

(a) Range image (m) (b) Signal intensity (a.u.)

Fig. 13 Range image and signal intensity using the UTA and the URA for an object placed at 12 m away in  θ=10° direction and
divergence angles are: φx=5°, φy=5°, x & y axis are 5°/div., and z axis shows the distance between transceiver and object with
corresponding signal intensity.

(a) Range image (m) (b) Signal intensity (a.u.)

Fig. 14 Range image and signal intensity using the UTA and the URA for an object placed at 12 m away in  θ=20° direction and
divergence angles are: φx=5°, φy=5°, x & y axis are 5°/div., and z axis shows the distance between transceiver and object with
corresponding signal intensity.
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Fig. 15 Range image and signal intensity using the UTA and the URA for an object placed at 12 m away in  θ=10° direction and
divergence angles are: φx=10°, φy=5°, x & y axis are 5°/div., and z axis shows the distance between transceiver and object with
corresponding signal intensity.

(a) Range image (m) (b) Signal intensity (a.u.)

(a) Range image (m) (b) Signal intensity (a.u.)

Fig. 16 Range image and signal intensity using the UTA and the URA for an object placed at 12 m away in  θ=10° direction and
divergence angles are: φx=20°, φy=5°, x & y axis are 5°/div., and z axis shows the distance between transceiver and object with
corresponding signal intensity.

(a) Range image (m) (b) Signal intensity (a.u.)

Fig. 17 Range image and signal intensity using the UTA and the URA for an object placed at 12 m away in  θ=10° direction and
divergence angles are: φx=30°, φy=5°, x & y axis are 5°/div., and z axis shows the distance between transceiver and object with
corresponding signal intensity.
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Figure 12 (a) is the range image of an object placed
at 12 m away from the UTA, when φx = 5°; φy = 5° and
the object is at θ = 0° direction; Figure12 (b) shows the
corresponding reflected ultrasonic signal intensity distri-
bution obtained by the DAS operation. Figure 13(a)
shows the range image of an object placed at 12 m away
from the UTA, when φx = 5°; φy = 5° and the object is at
θ = 10° direction. Figure 13(b) shows the corresponding
reflected ultrasonic signal intensity distribution obtained
by the DAS operation. Figure 14 (a) shows the range
image of an object placed at 12 m away from the UTA,
when φx = 5°; φy = 5° and the object is at θ = 20° direction.
Figure 14 (b) shows the corresponding reflected
ultrasonic signal intensity distribution obtained by the
DAS operation. Figure 15 (a) shows the range image of
an object placed at 12 m away from the UTA, when φx
=10°; φy = 5° and the object is at θ = 10° direction. Figure
15(b) shows the corresponding reflected ultrasonic signal
intensity distribution obtained by the DAS operation.
Figure 16 (a) shows the range image of an object placed
at 12 m away from the UTA, when φx = 20°; φy = 5° and
the object is at θ =10° direction. Figure 16(b) Shows the
corresponding reflected ultrasonic signal intensity
distribution obtained by the DAS operation. Figure 17
(a) shows the range image of an object placed at 12 m
away from the UTA, when φx = 30°; φy = 5° and the
object is at θ =10° direction. Figure 17(b) Shows the
corresponding reflected ultrasonic signal intensity distri-
bution obtained by the DAS operation.

Detection of object position

The distribution of the maximum signal intensity in
the range image data was calculated at the time when
the correlated signal reached to its maximum value. The
signal intensity and the range images are displayed in 21
× 21 pixels constructed by using Matlab and Simulink.
The total field of view angle of the UTA in x and y
directions is 105° × 105°. For example an object placed
at 12 m in the direction θ = 0° and divergence angles of
signal transmission are φx=5° and φy=5° from the UTA,
its range image is detected at the center position of the

21×21 pixels as given by 0°×
21 pixels 21 pixels

 + 
105 2° =11th

pixel. Therefore pixel point (11, 11) is in the center. The
image was successfully obtained at the center as shown
in Fig.12 (b). The z-axis in the Fig. 12 (a) shows the
distance between UTA and the object by matching the
color of the image obtained with the z-axis color bar.
The position coordinate of the image is (0, 0, 12 m) and

experimentally detected position coordinate is (0, 0, 11.6
m) on the z-axis as shown in Fig.12 (a). When the object
is placed at 12 m in the direction θ = 10° and divergence
angles of signal transmission are φx = 5° and φy = 5°
from UTA, its range image is detected at 2 pixels sifted
left from the center position of the 21×21 pixels given

by –10° × 
21 pixels 21 pixels

 + 
105 2°

 = 9th pixel. The pixel

point (9, 11) is shown in Fig.13 (b). The range image
position coordinate is (–2, 0, 12). The angular view
resolution 5°/pixel and the object is experimentally
detected at position coordinate (–10°, 0, 11.6 m) on the
z-axis as shown in Fig.13 (a). Similarly, the range image
coordinate of an object placed at 12 m in the direction θ
= 20° and divergence angles are φx = 5° and φy = 5° from
the UTA is (–4, 0, 12) and its image detected at the pixel
point (7, 11) as shown in Figs. 14 (b) and 14 (a). The
object is experimentally detected at position coordinate
(–20°, 0, 11.6 m) on the z-axis. The Range image
coordinates of an object placed at 12 m in the direction
θ = 10° and divergence angles of signal transmission are
φx = 10° and φy=5°, φx = 20° and φy = 5°, and φx = 30°
and φy = 5° from the UTA is (–2, 0, 12) for each case and
their image detected at the pixel point (9, 11) as shown
in Figs. 15 (b), 16 (b) and 17 (b), respectively. The
position coordinates of the object experimentally
detected are (–10°, 0, 11.7 m), (–10°, 0, 11.7 m), and
(–10°, 0, 11.5 m), respectively. The negative signed angle
shows that the object is in the left side with respect to
the angle θ = 0 odirection from the UTA.

Further, pixel measurement error in considered 1×1
pixel for the variation in the view angle of 5°. An object
range image resolution depends on uncertainties in the
ultrasonic pulse width, ultrasonic speed in open air, object
size and the object distance from the UTA as :

∆z = 
Pulse width (s) × Wave speed (m/s)

2
⎛ ⎞
⎜ ⎟
⎝ ⎠

+ positioning

error (m) ⇒ .002 × 345

2
 + 0.20 and calculatedas ∆z = 0.55

m for ultrasonic pulse width 2 ms, pulse wave speed 345
m/s and the object positioning error 0.20 m. Itis in good
agreement with experimental error of +0.50 m.

Conclusion

A long-range 3D measurement system has been
developed and directivity is successfully controlled by
controlling the anisotropic divergence angles of the
transmitted signal of UTA. Although, measurable range
decreases as the isotropic divergence control angle, i.e.,
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φx = φy increases and sound pressure decreases
significantly. Measurable range of the system with
anisotropic divergence angle control has been improved
over the isotropic divergence angle control by more than
2 m + 0.5 m. Measurable range without divergence angle
control is 17 m + 0.5 m with a very narrow view angle.
The most wide view angle is obtained for isotropic
divergence angle 20o and further improvement in the
view angle is observed with the anisotropic divergence
angle controlled system. This 3 D imaging system that
comprising the UTA and the URA clearly detects the
object position in the different directions maintaining
high peak sound pressure in the divergence angle
direction, that results improvement in measurable range
and view angle. Our experimental results are in
agreement with the theoretical calculations and good
control on directivity has been obtained with the
anisotropic divergence control angle.
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Weld defects studies of EN-8 mild steel by non-destructive techniques
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The present paper reports the weld quality evaluations carried on EN-08 mild steel samples fabricated with
Tungsten Inert Gas (TIG) welding process. Different weld inspection techniques are applied on the welds and the
details of weld defects analysis has been carried. Ultrasonic tests and Gamma and X-ray radiography methods are
useful to find the internal weld joint defects. Liquid penetration and magnetic particle inspection techniques are
suitable for surface and subsurface defects in weld samples. The kind of the weld defects and their nature in terms
of the weld defect quantification and quality evaluation with each applicable NDT techniques is highlighted.

Keywords: Quality Control, NDT, Magnetic Field Leak, Acoustic Impedance.

Introduction

Mild steel is the most common steel material which
occupies 85% of steel utility directly or for further
processing. Quality assessment of this larger quantity is
necessary. Most of the induction furnace units are
engaged in production of mild steel ingots/billets and
long products for mass consumption1. Carbon
composition ranges from 0.34 to 0.44% unlike other
grade steel which tend to be brittle yet malleable to make
suitable for pipeline, structural compounds, construction
material. It conducts electric current effectively without
tarnishing the material surface in any way making it ideal
for welding. Improper welding leads to innumerous flaws
incorporated in welded and heat affected zone which
needs to be  identified and eliminated. According to
quality assurance and standard requirements. To acquire
this quality, various tests and methodologies are available
and the  best among those is non destructive  evaluation.
Non Destractive Evaluation is a wide group of analysis
technique used in science and industry to evaluate the
flaw in the material without causing damage to material,
system or components. NDT does not permanently alter
the article being inspected. It is highly valuable technique
that can save both money and time in product evaluation,
trouble shoot and research2. This paper reports various

NDT methods which are discoursed on mild steel EN8
weld region for quality analysis and intensity of flaws in
each technique.

Non destructive evaluation (NDE) techniques and
their overview

Weld quality inspection of the structural components
is very essential to maintain the long life and preventing
failure while working under harsh environments like
thermal/chemical and fatigue loads in various
applications such pressure vessels or chemical plants.
The non destructive examination procedures as per the
prescribed codes are done on welded structures to realize
the weld quality evaluation for the final acceptance.
Various NDT techniques are used in the industry for
defect detection applications. The major techniques for
weld quality inspection are Visual Inspection, Liquid
Penetrant Examination, Magnetic Particle Testing, X-
ray radiography and Ultrasonic Inspection tests where
the details can be found in different published references.
The present work deals with the experiments carried on
weld quality inspection procedure on samples of EN-08
steel specimens with different NDE techniques and the
weld defects analysis.

Visual Inspection deals with the surface inspection for
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any apparent visual defects, cracks, discontinuities, bead
imperfections etc. on the weld surfaces and interface area
with base materials. This provides the primary sight of
the quality check on the physical surface condition of
the sample and the weld quality. This is simple and
primary inspection for the initial quality evaluation.

Liquid penetration process is relatively simple, low
capital cost, the arrangement of discontinuities is not a
limitation but it has its own limitations as it can inspect
depth up to 2 mm. The defects need to open to surface
and the testing procedure offers low reliability and
moderate sensitivity requiring considerably high degree
of operator skill. Test objects are coated with visible or
fluorescent dye solution. Excess dye is removed from
the surface, and a developer is applied. The developer
acts as blotter drawing trapped penetrant out of
imperfections open to surface. With visible dyes, vivid
color contrasts between the penetrant and developer
makes "bleed out" easily visible. With fluorescent dyes,
ultraviolet light is used to make the bleed out
fluorescence bright alloy imperfections readily seen. The
principle of penetration testing is capillary action.

The principle of magnetic particle testing is flux
leakage. It may be applied to raw material, billets,
finished semi finished materials, welds and in-services
parts. Magnetic particle inspection is not applicable for
non-ferrous and austenite stainless steel. As the specimen
is mild steel it can undergo magnetic particle inspection
which is accomplished by inducing a magnetic field in a
ferromagnetic material and then dusting the surface with
iron particle (either dry or suspended liquid).Surface and
near-surface imperfections distort the magnetic field and
concentrated iron particle near imperfections, previewing
a visual indication of the flaw3.

Acoustic impedance mismatch is the working principle
of ultrasonic inspection. The Ultrasonic probe transmits
high-frequency sound waves ranges from 500 kHz to

10 MHz into the material to detect imperfections to locate
changes in the material properties4. The most commonly
used ultrasonic testing technique is pulse echo, where
sound is introduced into a test object and reflections
(echoes) are received from internal imperfection or form
a part of geometrical surface, it is necessary that the
discontinuity/flaw must be larger than one-half of the
wavelength.

Passing highly penetrating electromagnetic radiation
through an object and recording its image one film will
develop5 a radiography film to study. Differential absorp-
tion is the principle of radiography and the absorption is
a function of density and thickness of the material.

A correlation is made with NDT methods like Liquid
Penetration, Magnetic Particle, Ultrasonic, Radiography
Inspection by knowing the weld defect signatures.
According to ASTM standards and codes, this correlation
saves time in real operation condition for establishing
quality control5.

Various Geometries

Materials and method

Mild steel is widely used in the applications like
automobile, chemical plants, auxiliary components and
manufacturing purposes. EN-8 is usually supplied in
various forms like normalized or heat treated, quenched
and tempered which is adequate for a wide range of
applications. This is also very popular grade through
medium hardening carbon steel which is readily
machinable in any condition hence is considered as most
suitable for the manufacture of various parts such as
general-purpose axles and shafts, gears, bolts and
studs. It can be further hardened typically producing
components with enhanced wear resistance.  It is also
available in a free-machining version. EN8M in its heat
treated forms possess good homogenous metallurgical

Table 1 – Applicable of NDT techniques for various defects and their performance.

Defect Type V.I P.T M.P.T U.T R.T A.E

Micro-crack P E G G P E
Macro-crack E E E E O* E
Porosity G G E
Surface Imperfections G E E G P E
Internal Imperfections × × G E E E
Brazing/bonding Welding G G G E E E
Inclusion × × P E E E

P= Poor; G= Good; E=Excellent; O* = Orientation dependent; ×= Not Applicable.
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structures giving consistent machining properties.

Weld sample is fabricated with suitable dimension
along with introducing cluster porosity, inclusion in weld
region during tungsten inert gas welding to join the
materials deliberately. After welding the length of the
plates are 150 mm and 300 mm.

Procedure followed to make defective samples during
TIG welding
Plate material - Mild steel EN-08
Plate Thickness - 10 mm
Plate Width (Before weld) - 75 mm
Plate length - 300 mm
Main weld method - TIG welding (welding

current 110 to 130 amperes).

As the test piece conditions is a mild steel (EN-08),
TIG welded, type III penetrant that is both fluorescent
and visible sensitivity level IV, water washable and non
aqueous type 1 fluorescent developer have been chosen.

NDT techniques

Visual Inspection

The samples are examined for the weld quality
evaluation for the EN-8 samples thoroughly for weld
discontinuities and surface quality. No apparent defect
is observed on the weld samples.

LP Testing

One of the straight forward inspection technique is
Liquid Penetrant Inspection Technique, and the details
of which are given below with steps followed.

Sensitivity comparison of liquid penetration test:

Calibration of Liquid Penetration test for sensitivity is
carried out by comparison of water based at right MR
67 and glycols based MR 68 NF left. It found that water
based penetrant showed high sensitivity due its low
contract angle, viscosity and surface tension.

Pre cleaning (surface preparation)

The sensitivity of any penetrant examination procedure
is greatly dependent upon the surrounding surface and
discontinuity being free of any contaminant that might
interfere with the penetrant process. The surface must
be free from oil, grease, water, rust, scale, acids, even
water or other contaminants that may prevent penetrant
from entering flaw. The cleaning solvent used is volatile
which does not leave any moisture.

Penetrant application and dwell time

The water based duel (type -III) penetrant (MR 67) is
applied effectively by brushing as shown in Fig 2 within
the specified temperature range (i.e. 10 and 38°C). The
penetrant is left on the surface for a sufficient time to
allow as much penetrant as possible to be drawn from or
to seep into a defect. Penetrant dwell time is the total
time that a penetrant is in contact with the surface part.
The time varies depending on the application penetrant
material, the specific materials used, the nature of the
part under examination (that is, size, shape, surface
condition, alloy), and type of discontinuities expected6.
Material density of mild steel is high and as penetrant is
water based it shows excellent penetration properties i.e.,
low contact angle and viscosity7, 05 minutes dwell time
is sufficient for good sensitivity inspection.

Fig. 1 AL Comparative block

Fig. 2 After Penetrant Application

Process inspection

Inspection is performed under adequate white light (i.e.
less than 2 ft candles (20 Lx)) to detect indication from
any flaw which may be present8. As it is duel penetrant
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it was viewed under black light (U.V. light) and observed
considerable sensitive cluster porosity at two places in
the specimen as shown in Fig. 3.

Post cleaning of surface

Simple water rinse is processed thoroughly to clean
the parts of surface, to remove the residual penetrant or
developer from the parts that were found to be acceptable.

Magnetic particle inspection :

Magnetic particle inspection is one of the potential
techniques to inspect the subsurface defects like cracks,
laps, seams micro-cracks and discontinuities on or near
surface material. The procedure applied in this technique
is shown below in detail[9]. White back ground film is
applied over the inspection for better inspection practice.

Calibration of magnetic partial equipment (Yoke):

To attain best sensitivity of flaw, yoke need to be
calibrated according to ASTM standard that is it needs
to lift a weight of 10 lb in Alternative Current (AC) and
40-50 lb in Direct Current (DC) that indicates the
magnetic field strength and depth of penetration in Figure
5. It is also examined under ASTM test block and
absorbed six lines clearly shown in Fig. 4.

Introducing magnetic field :

Longitudinal Magnetic field is induced in the specimen
with the help of indirect magnetic field Yoke. Direct
current is preferred for deep possible penetration. These
longitudinal magnetic lines will pass through the material
and if any gap or interruption occurred, the magnetic
flux leak will take place in that area. At this point,
magnetic flux is highly comparative to other areas.

Magnetic particle application :

Dry magnetic particles are dispersed over the white
backgrounder inspection area. It is due to the magnetic
flux leak, the magnetic particles accumulate over the
defects.

Inspection procedure :

Examined under sufficient light intensity of 100 ft
(1000 Lx)10, defects are viewed clearly and cluster
porosity is observed on the specimen at different places
as shown in Fig. 6.

Ultrasonic investigation

Ultrasonic technique is the potential for probing the
weld defects through the weld joint. As the inspection

Fig. 3 Cluster Porosity Observed on the Specimen.

Fig. 4 ASTM test block.

Fig. 5 Calibration of yoke in AC (A) and DC (B) mode

Fig. 6 Custer porosity absorbed at different position
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area is weld region we cannot directly place probe over
weld region. The procedure adapted is pulse echo
technique with angle probe of 45°, shear wave
development for inspection.

Calibration of the ultrasonic flaw detector (Make:
Modsonic; Model: Da-Vinci-alpha) is done according
to ASTM standards by using V2 blocks for angle probe
sensitivity. Adjustments are carried out using zero key,
range, material velocity angle. Measurements which are
set to ‘on’ and other parameters and given to device for
inspection conditions sensitivity are level of ultrasonic
flaw detector with angle beam probe 45°, X off is found
to be 10 mm as shown in Fig. 7 and given feed to
equipment by considered tolerances as + 1 or –1 on Sound
path11.

distance is calculated. Actual sound path and surface
distance are extracted from the device by amplitude
response from the DAC block. Capture the amplitude of
first hole by placing the probe at a surface distance of 10
mm and sound path 14. 14. Adjust the instrument gain
to attain 80% echo, enter this reading in DAC menu
by using enter key as first point, similarly carry this
procedure without changing the sensitivity control, obtain
maximum amplitudes from second and third hole without
altering gain13. Due to sound attenuation and hole
diameter difference in the actual values from calculated
values, amplitude of first each is 80% and second echo
is less than the 1st i.e., 34% and the third echo is less
than 2nd i.e., 26% as plotted in Table 2. Feed the peaks
of the indications of echo on the screen by entering 2
and 3 points in DAC menu. Connect the screen marks
by pressing DAC ON to provide the distance amplitude
curve for the side-drilled hole as in Fig. 8. The line in
DAC curve represent that if a echo crosses upper line it
implies reject, second one for repair and bottom line for
acceptance.

Inspection procedure :

Inspection is carried over the work piece by applying
2T oil as couplant over weld and HEZ (Heat Effect
Zone).

Table 2 –  Table of data to draw DAC Curve

S.No Thickness T=40 Actual surface distance Actual Beam path Ref Db

1 ¼ t = 10 9.39 13.29 56.0
2 ½ t = 20 19.07 26.98 54.9
3 ¾ t = 30 31.07 43.95 63.3

All units are in mm.

Fig. 7 Calibration of V2 Block

Fig. 8 DAC Curve

Generating distance amplitude curve :

The use of electronic methods to compensate for
attenuation losses as a function of ultrasonic metal travel
distance may be employed by DAC curve12. Specimen
reference DAC block is prepared with same grade
material of that need to be inspected having dimensions
40 mm thickness and hole drilled subsequently at ¼ t =
10, ½ t = 20, ¾ t = 30 on the DAC block. By considering
the thickness of the DAC block sound path, surface
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A scan in thoroughly carried over entire specimen and
found sharp echo's at different places typically some
crossed reject line are shown in Fig. 9 at a depth of 3.80
from surface and amplitude of echo 90% cutting off reject
line.

Fig. 9 Defect echo in A- scan

Fig. 9 B scan image of Defect echo

Fig. 10 Defectogram

right 70 mm to 85 mm and 145 to 200 mm on the
specimen which is vividly depicted in defectogram
Fig. 11 . The echoes   are above acceptance line of DAC
Curve which are at a depth of 2.74 mm with an amplitude
of flaw 67% (with the help of curve). Other pin holes
and minor defects under repair line need to be repaired
which are at 6 mm depth14 and no defects are found in
heat affected zone region.

This technique provides the weld quality defects
evaluation through the reference defects which are
calibrated prior with known defects. Hence this requires
expertise in carrying out the inspection and interpretation
of the results for the defects confirmation and it may be
treated as cluster porosity.

X-Ray Radiography Testing

It involves exposing a test sample to penetrating
radiation (with high energy) so that the radiation passes
through the object being inspected and their recording
medium is placed against the opposite side of that
object15. The part is placed between the radiation source
and a piece of film will stop some of the radiation.
Thicker and denser areas will stop more radiation. The
film darkness will vary with the amount of radiation that
reaches the film through the test object. The minimum
recommended thickness limitation may be reduced when
the radiography techniques are used to demonstrate that
the required radiography testing sensitivity has been
obtained. Radiography test is conducted on the sample.
Wire type and hole type pentameters are taken for test
accuracy16. The sensitivity achieved is good and the
defects in the film are observed easily. Cluster porosity
is absorbed extensively in radio graphic film over weld
region.

Results and Discussion

• Surface defects and discontinuities are detected
through Liquid Penetration test illustrated in Fig.
3. Subsurface defects cannot be identified but are
fixed flaws which are open to surface with high
sensitivity of about 20 microns.

Freerun B scan is also recorded in specific places where
continuous higher sharp echo is found measured from

Fig. 11 Cluster Porosity and Inclusion
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• Surface and sub-surface discontinuities are detected
through magnetic particle inspection illustrated in
Fig. 6. The cluster porosity is detected.

• Two internal discontinuities were detected through
ultrasonic testing and are shown in Fig. 9, 10. It is
due to near dead zone surface that the defects are
hard to identify at surface as accurately as liquid
penetration and magnetic particle test.

• Radiography film gives us a clean and solid copy
of film to interpret the cluster porosity location,
orientation and storage capacity of films.

• Over all the results that are attained from ultrasonic
and radiography are highly sensitive than other two
NDE techniques for weld quality inspection
procedures. Still the inexpensive testing magnetic
particle inspection also gave sufficient information
about defects porosity and cluster porosity in
present near surface and deep up to depth of 6 mm
in the surface as per U.T. investigation.
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The present paper reports the synthesis and study of thermo acoustic properties of alpha alumina (α-Al2O3)
nano suspension in ethanol base fluid. α-Al2O3 nanoparticles were synthesized through alkoxide route using sol-gel
method. Aluminum isopropoxide Al (OC3H7)3, and aluminum nitrate nanohydrate Al (NO3)3 9 H2O were used for
preparing alumina solution. Sodium dodecylbenzene sulfonate (SDBS) was used as the surfactant stabilizing agent.
The sample was characterized by X- ray diffraction (XRD) and scanning electron microscopy (SEM).  Average
particle size has been estimated by using Debye-Scherrer formula. The ultrasonic velocity measurement at 4 MHz
with an interferometric technique has been made on alpha alumina (α-Al2O3) nano suspension in ethanol base fluid.
Measurements were also taken for the density and viscosity. The thermo acoustic parameters were calculated from
the velocity, density and the viscosity measurements. By taking measurements over entire range of concentrations
and temperatures, we obtained information about the aggregation of nanoparticles in the suspended medium. Thermo
acoustic parameters are related to the surface of nanoparticles and nanoparticle surfactant interactions and help for
the study of thermo acoustic properties of nanosuspension.

Keywords: α-Al2O3; ethanol; XRD; SEM; Thermo acoustic parameters.

Introduction

The ultrasonic sound velocity and the thermodynamic
parameters derived from it have been widely used to
interpret the interactions between nanosuspensions in the
base fluid.  There has been an increasing interest in the
study of interactions between the nanoparticles in the
suspended medium1-2. Ultrasonic study of nano-
suspension has been extensively carried out in different
branches of science to measure the thermodynamic
properties to predict the nature of interactions of
nanosuspension in base fluid3-4. Ultrasonic velocity and
thermo acoustic parameters as a function of the
concentration in nanoparticle suspension are useful in
gaining insight into the structure and bonding of
associated nano complexes and other processes in
nanosuspension. The materials of interest in this study
are α-Al2O3 and ethyl alcohol (C2H5OH). Thus ethyl
alcohol has an OH group that might be expected to lead
to the formation of a hydrogen-bonded nano complex

with α-Al2O3 at the oxygen site and perhaps electrostatic
bonding at the other sites. These types of nanosuspension
are of interest to organic chemists who want to know
about the type of bond and the number of each kind of
nanoparticles in the α-Al2O3 nano complex.

In this work, measurements of the velocity, adiabatic
compressibility, relaxation time, internal pressure,
acoustic impedance and other related thermo acoustic
parameters as functions of concentration and tempera-
tures are reported. The data presented may stimulate other
researchers to consider the interactions of nanoparticles
in nanosuspension. Such data are valuable in building a
core of basic information about nanosuspension. The
method used in the measurement of ultrasonic velocity
at 4 MHz was the interferometric method over the
temperature range 25-40°C.

α-Al2O3 is one of the most widely used oxide ceramic
material. It is used in a variety of plastics, rubber,
ceramics, and refractory products. As the α-phase
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ultrafine Al2O3 is a high performance material of far
infrared emission, it is used in fiber fabric products and
high pressure sodium lamp as   far-infrared emission and
thermal insulation materials. In addition, α-Al2O3 with
high resistivity and good insulation property, it is widely
used as the main components for YGA laser crystal and
integrated circuit substrates. Therefore α-Al2O3
nanoparticle was select for proposed study.  In the present
investigation the synthesis of α-Al2O3 nanoparticles by
sol-gel method is discussed. The main objective of
present work is to contribute the nanosuspension
properties database in current literature in order to better
understand the effects of various parameters such as
particle size and temperatures. Ultrasonic velocity and
thermo acoustic parameters are highly dependent on
specific surface area of nanoparticle in nanosuspension.

Experimental methods

The test liquid samples used were of spectroquality.
All these samples are of BDH analar grade and
were assume to be sufficiently pure so that no further
purification was necessary.  In this study the ultrasonic
measurements have been made by interferometric
method at fixed frequency 4 MHz over the entire range
of concentrations and in the temperature range 25-40°C.
The velocity of ultrasound thus measured was accurate
to within 0.01%. The viscosity of the suspension was
measured using a Brookfield rotating cylinder
viscometer. The densities were measured with an Anton
Paar DMA 35 N vibrating tube densimeter with a
± 0.5 × 10–3g/cm3 resolution. The temperature of
nanosuspension medium was controlled to within
0.2°C.

Preparation of Samples

Nanoparticles of alpha alumina (α-Al2O3) was
prepared by sol-gel method5-9 from Aluminum
isopropoxide [Al (OC3H7)3] and aluminum nitrate.
Starting solution was prepared by adding aluminum
isopropoxide [Al (OC3H7)3] gradually in 0.2 M
aluminum nitrate and solution continuously stirred for
48 hours. Later, Sodium dodecylbenzen sulfonate
(SDBS) was added and stirred for one hour.  Now this
solution were heated up to 60°C and stirred constantly
for evaporation process. Now the paste so obtained was
heated at 90°C for 8 hours, we get nanoparticles of alpha
alumina (α-Al2O3) in powder form.

The prepared sample were characterized for their phase
purity and crystallinity by X-ray powder diffraction
(XRD) using PAN-analytical diffractometer (Cu-Ka
radiation) at a scanning step of 0.01°, continue time 20
s, in the 2h range from 10° to 120°. Formation of the
compound confirmed by XRD pattern matched with the
standard data available in JCPDS file. From this study,
average particle size α-Al2O3 has been estimated by
using Debye-Scherrer formula

0.9
D

WCos

λ
θ

= (1)

Where 'λ' is the wavelength of X-ray (0.154060nm),
'W' is FWHM (full width at half maximum), 'θ' is the
diffraction angle and 'D' is particle diameter (size). The
average estimate size of α-Al2O3 nano particles is found
to be 20-30 nm. The prepared α-Al2O3 nano particles
were suspended in ethanol. Fig.1 represents XRD pattern
of α-Al2O3 nanoparticles and Fig. 2(A) and 2(B)
represents SEM images of α-Al2O3 nanoparticles.

Fig. 1 XRD pattern of α-Al2O3 nanoparticles.

Fig. 2(A) SEM image of α-Al2O3 nanoparticles
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Results and Discussion

The results of measurement at 25-40°C for α-Al2O3
nanosuspension in ethanol base fluid are shown in
Fig. 3, where the ultrasonic velocity are plotted versus
molar concentration. The ultrasonic velocity propagation
shows analogous behavior with molar concentration of
α-Al2O3 nanoparticles in ethanol. The non linear
variation of ultrasonic velocity versus molar con-
centration helps for the study of structure and bonding
of associated nano complexes10-13. The ultrasonic
velocity exhibited maximum value at 25°C and decreases
with temperature because of thermo-elastic losses which
arises due to the Brownian motion of nanoparticles in
suspended medium. There is formation of hydrogen bond
due to hydrogen atom of ethanol (C2H5OH) attached to
a strongly electronegative oxygen nanoparticle of α-
Al2O3. Looking into the behavior of nanoparticles, it can
be understood that, the broad maxima in the velocity
curve at 0.06 are attributed to the molecular associations,

complex formations due to hydrogen bond; where as
minima at 0.04 and 0.08 indicates dissociations of
nanoparticles in nanosuspension. The measurement of
sound velocity of α-Al2O3 nanosuspension in ethanol
base fluid is important as a reference study in relative,
automatic ultrasonic velocity measurements, which is
often required in an industrial process line.

For further analysis and interpretation, adiabatic
compressibility, relaxation time, acoustic impedance,
internal pressure, free volume, free length, molar sound
velocity, molar compressibility and Vander Wall's
constant  were calculated using our measured values of
ultrasonic velocity, density and viscosity.

The Adiabatic compressibility versus molar
concentration at 25-40°C for α-Al2O3 nanosuspension
in ethanol base fluid are shown in Fig. 4.  The adiabatic
compressibility of nanosuspension is a thermodynamic
parameter of fundamental significance. It enables direct
access to the nanosuspension structure in terms of the
particle packing density and the inter particle forces.  The
adiabatic compressibility shows the reverse trend as that
of ultrasonic velocity which is theoretically accepted.
The non-linear variation of adiabatic compressibility with
molar concentration indicates the presence of phase
separation in nano suspension. Adiabatic compressibility
of α-Al2O3 nanosuspension show minima at molar
concentration 0.06, indicating nanoparticles are more
rigid in this concentration region. This may mean that a
more stable nano complex is formed with electronic
bonds of two different strengths, one hydrogen bond and
other a weaker electrostatic bond.

Acoustic impedance is found to be almost reciprocal
of adiabatic compressibility. The Acoustic impedance
versus molar concentration at 25-40°C for α-Al2O3 nano-
suspension in ethanol base fluid are shown in Fig. 5.

Fig. 2(B) SEM image of α-Al2O3 nanoparticles.

Fig. 3 Ultrasonic velocities versus molar concentration of
α-Al2O3 nanosuspension in ethanol.

Fig. 4 Adiabatic compressibility versus molar concentration
of α-Al2O3 nano suspension in ethanol.
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Acoustic impedance show similar trend as that of
ultrasonic velocity, it is in good agreement with the
theoretical requirement. Peak at 0.06 is due to the
aggregation of nanosuspension in ethanol base fluid.

The relaxation time versus molar concentration at 25-
40°C for α-Al2O3 nanosuspension in ethanol base fluid
are shown in Fig. 6. It is depends on viscosity and
adiabatic compressibility. It shows similar behavior as
that of adiabatic compressibility. It is caused by the
energy transfer between translational and vibrational
degrees of freedom. Minima at molar concentration 0.06,
indicating nanoparticles are more rigid in this
concentration region.

shield in this region. Internal pressure and free volume
of nanosuspension are highly useful in understanding
nature of interactions, internal structure and the
aggregation behavior.

The intermolecular forces, which in one way or another
determine the said properties of nanosuspension, consist
of attractive forces and repulsive forces. These forces
have opposite directions but are numerically equal under
given external conditions. The attractive forces are
dependent on the distance between what are called the
centres of attraction of the nanoparticles, whereas the
repulsive forces are dependent on the distance between
the surfaces of the nanoparticles. Centres of attraction
do not coincide with the geometrical centre of the
nanoparticles.  The distances between the surfaces have
a clear physical significance, and thus lend themselves
more easily. Surface tension, viscosity, thermal expansion
and molecular association will be related to the
intermolecular free length. Free length is long, ultrasonic
velocity has a low value. Its value corresponded to the
molecular shape Fig. 9 contains the plot of free length
versus molar concentration. It shows similar trend as that

Fig. 5 Acoustic impedance versus molar concentration of
α-Al2O3 nanosuspension in ethanol.

Fig. 6 Relaxation time versus molar concentration of α-Al2O3
nanosuspension in ethanol.

Fig. 7 Internal pressure versus molar concentration of
α-Al2O3 nanosuspension in ethanol.

Fig. 8 Free volume versus molar concentration of α-Al2O3
nanosuspension in ethanol.

The concentration dependence of the internal pressure
and free volume of α-Al2O3 nanosuspension in ethanol
are shown in Fig. 7 and Fig. 8. Internal pressure and free
volume shows reverse trend which is in good agreement
with the theoretical requirement. In this case internal
pressure and free volume curves indicates association
through hydrogen bonding at molar concentration 0.06.
This suggests close packing of the molecules inside the
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Fig. 9 Free length versus molar concentration of α-Al2O3
nanosuspension in ethanol.

Fig. 10 Molar sound velocity versus molar concentration of
α-Al2O3 nanosuspension in ethanol.

Fig. 11 Molar compressibility versus molar concentration of
α-Al2O3 nanosuspension in ethanol.

Fig. 12 Vander Wall's constant versus molar concentration of
α-Al2O3 nanosuspension in ethanol.

of adiabatic compressibility and reverse trend as that of
ultrasonic velocity which is in good agreement with the
theoretical requirement.

Fig. 10 and Fig. 11 contain the plots of molar sound
velocity and molar compressibility versus molar
concentration of α-Al2O3 nanosuspension in ethanol.
Increase in the values of these parameters predicts strong
interactions in the interacting nanosuspension. These
parameters help for the study of range of repulsive and
attractive forces between nanoparticles in nano-
suspension. These thermo acoustic parameters show
similar trend as that of ultrasonic velocity.

The Vander Waal's constant versus molar concentration
at 25-40°C for α-Al2O3 nanosuspension in ethanol base
fluid are shown in Fig. 12. It  shows similat trend as that
of ultrasonic sound velocity, it is in good aggreement
with theoretical requirement. The maxima at 0.06 shows
association of nanoparticles due to closed packing of the
interacting nanosuspension inside the shell. The change
in van der Waal's constant would be due to a change in
intermolecular geometry.

Conclusion

• The ultrasonic velocity and thermo acoustic
parameters show considerable deviation from any
linear variation with respect to molar
concentrations.

• Non linear variation of ultrasonic sound velocity
and thermo acoustic parameters versus molar
concentration are due to Brownian motion of
nanoparticles in nanosuspension.

• Behavior of nanoparticles in ethanol base fluid nano
suspension dependent on its specific surface area.

• Thermo acoustic parameters are highly useful in
understanding nature of interactions, internal
structure and the aggregation behavior.
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Comparison between capacitive micromachined ultrasonic
transducers with circular and square microplates
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The Capacitive Micromachined Ultrasonic Transducers (CMUTs) are constructed on silicon substrate in which
one electrode is highly doped at top and other is metal layer on suspended silicon membrane resting on silicon
dioxide walls. The moving part of CMUT wall is made from silicon nitride membrane. They are efficient transmitters
and receivers for air coupled non-destructive evaluation applications, generating or detecting ultrasonic waves by
vibrating membrane featuring fixed circumference. Despite the advantages and their broad bandwidth, studies
indicates that the overall sensitivity of CMUT's need to be improved to match piezoelectric transducers. This paper
presents an approximate analytical solutions and comparison between circular and square plates for the static
deflection caused by electrostatic forces and pull-in voltage by using MATLAB. The evaluation of the electrostatic
force between the two plates is simplified due to the fact that the electrostatic gap is much smaller than lateral
dimensions of the device. This has been seen that the deflection of circular is better than the square microplates.
These theoretical analyses are helpful for design and optimization of such devices.

Keywords: Ultrasonic transducer, Electrostatics, Static deflection, Electrostatic force, Pull-in voltage.

Introduction

The Capacitive micromachined ultrasonic transducers
(CMUT's) have become the choice of technology for a
wide range of applications such as medical diagnostic
imaging, non-destructive testing, material characteriza-
tion, and automotive collision avoidance applications like
park assist or blind spot monitoring. This type of sensors
exhibit many advantages over their piezoelectric
counterparts, such as inherently low power consumption,
very high resolution and sensitivity, excellent stability
and durability, lower sensitivity to temperature variations,
low noise features1. The typical CMUT geometry is built
with a square, circular diaphragm separated from a fixed
back plate by a small air gap. CMUTs are the transducers
where the energy transduction is due to change in
capacitance.

The physical and chemical properties of liquid
mixture can be studied by the non-linear variation of
ultrasonic velocity, Lennard Jones potential repulsive
term exponent, relative association and interaction
parameter with concentration  in a liquid mixture.

CMUT

A CMUT is simply a device with two plate-like
electrodes biased with a DC voltage and driven with an
additional AC signal to harmonically move one of the
plates. The main components are the cavity, the
membrane, and the electrode.

Materials Used

The device is constructed on silicon substrate in which
one electrode is highly doped at top and other is metal
layer on suspended silicon membrane resting on silicon
dioxide walls. The moving part of CMUT wall is made
from Silicon membrane.

Various Geometries

The various geometries present for CMUT plates are
circular, square and Hexagonal. In this paper, we present
a distributed parameter model to determine the deflection
of the circular and square plate subjected to non-uniform
electrostatic forces.

J. Pure Appl. Ultrason. 38 (2016) pp. 71-75
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Formulation and Simulation for Circular shaped
membrane in CMUT

The model is based on the Kirchhoff-Love assumptions
that the plate is thin and the deflections and slopes are
small2. A schematic of the device structure is shown in
Fig.1. The material and other geometrical parameters are
summarized in Table 1.

The electrostatic force per unit area acting on the upper
plate is given by,
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The boundary conditions for a clamped circular plate:
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Using boundary conditions, trial solution can be
simplified to: w(r) = a2(R2 – r2)2
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It is clear that Wmax goes to infinity as BR4/42do
approaches unity, which gives the limiting value of the
voltage. i.e. Pull-in voltage, defined as max. Voltage
applied at which upper membrane collapses with the
lowest substrate.
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For the constant case, the Galerkin's method gives the
exact solution as-
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The capacitance of the device at a given bias voltage
is given by3.
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Where, 4( 42 )= − oM BR d

Also, considering a uniform hydrostatic pressure of
intensity q0, the solution for combined loading is given
by
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Here, a constant hydrostatic pressure of 200 kPa is
applied on the top surface of the plate and the deflection
is determined for various bias voltages.

Fig 1. Clamped Circular CMUT

Table 1 – Parameters used in simulation

Material Silicon

Radius, R 45 µm
Thickness, t 1 µm
Young's Modulus, E 130 GPa
Poisson's ratio, v 0.23
Density, ρ 2330 kg/m3

Initial gap, d0 1 µm
Dielectric constant, εo 8.85×10–12  F/m

The model is based on the Kirchhoff-Love assumptions
that the plate is thin and the deflections and slopes are
small.

Governing equation for deflection of a thin elastic
circular plate of radius R and thickness t is given by Eq.
(1), where 0 < r < R, w(r) is the Displacement of plate at
any radial position, r and Q(r) is the  Electrostatic force
per unit area on the top plate.
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Formulation and Simulation for Square shaped
membrane in CMUT

A schematic of an electrostatically actuated
configuration composed of two parallel rectangular
microplates is considered in this theoretical analysis. Its
schematic is shown in Fig. 5 and parameters for
simulation are shown in Table 2. The space between the
two microplates is assumed as a vacuum or air with a
dielectric constant ε0. The deflection of the top micro-
plate is assumed to be small compared to its thickness
h4.

3

212(1 )
=

−
Eh

D
u (9)

Integrating the integrals and then solving the resulting
equation for k00-
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The resulting k00, provides consistent solutions with the
physical situation in which the deflection of the micro-
plate increases with the applied voltage,
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The wsq(x,y) represents the transverse deflection of a
clamped square micro-plate under electrostatic force; Msq
is given by-
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Results and Discussion

The parameters for study considered are deflection,
capacitance, pull-in voltage and deflection profile for
combined effect for hydrostatic and electrostatic forces.

Figure 3(a) shows the deflection in membrane with
respect to change in voltage by Eq. (4) and Eq. (5), which
is formed by considering linear term and constant term
respectively. At moderate bias voltages, the difference
between two plots is not significant but it becomes
significant after bias voltage exceeds 60 V.

Figure 3(b) is plotted with the help of Eq. (12).
Comparing Figures 3(a) and 3(b), it can be seen that pull-
in voltage for circular plat occurs somewhere near 80 V
while for square plate it occurs near 45 V. Thus square
plate having lower pull-in voltage is considered much
better than circular plate.

Figure 4(a) shows plot for bias voltages up to 60 V
for circularplates. The graph is plotted with the help of

Fig. 2 Clamped Square

Table 2 – Parameters Used in Simulation

Parameters  Value

Length, 2a  40 µm
Thickness, h  1 µm
Young's Modulus, E 1.30×105 MPa
Poisson's ratio, u  0.28
Separation distance, d  0.2 µm
Dielectric constant, εo 8.85 × 10–12  F/m

For the transverse deflection (w = w(x, y)) of the micro-
plate under a distributed electrostatic force, the partial
differential equation can be written as -

( )
4 4 4

4 2 2 4
2 ,

∂ ∂ ∂+ + =
∂ ∂ ∂ ∂ e

w w w
D F x y

x x y y
(8)

x and y are the coordinates originated at the center point
of the micro-plate; D is the flexural stiffness. The
classical thin micro-plate theory is used for the deflection
analysis.
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Fig. 3(a) Centre point deflection with respect to voltage for
circular plates.

Fig. 3(b)Centre point deflections with respect to voltage for
square plates.

Fig. 4(a) Deflection with respect to radius at bias voltage of
60 V.

Fig. 4(b)Deflection profile with respect to radius at bias voltage
of 60 V.

Fig. 5 Variation of capacitance with respect to bias voltage
for circular microplate.

Eq. (3) and putting the value of V in B. Figure 4 (b)
shows that at a DC bias of 80 V, the displacement of
the centre found is 0.21um.

Figure 5 depicts the capacitance at different bias
voltages for circular plates given by Eq. (6).

Figure 6 shows the deflection of the circular plate
subjected to hydrostatic and electrostatic pressures both

Fig. 6 Deflection profile for various bias voltages when a
constant hydrostatic pressure of 200 kPa is applied on
top surface of plate.

applied simultaneously at different bias voltages given
by Eq. (7).

Figures 7(a) and 7(b) are also plotted by Eq. (12) by
setting y=0 and x=0 respectively at bias voltage of 60V
and 80 V.

Conclusion

The mathematical equations has been solved to study
the difference in parametric changes of the circular and
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shaped micro-plate using Galerkin method. Also, the
capacitance and hydrostatic pressue at various bias
voltages for circular plate has been plotted. Circular
membrane is often used in CMUT's as it generates lowest
stress concentration and equalized electrostatic force in
all directions. While, square membranes were reported
to produce the maximum area efficiency of the device.
This has been seen that the deflection of circular is better
than the square micro plates.
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The study of molecular interaction in organic liquid mixture  plays an important role in the development of
molecular science. The present investigation deals with the study of Lennard Jones potential repulsive term exponent,
relative association and interaction parameter to explain molecular interaction in binary liquid mixture of an aprotic
liquid dimethyl acetamide (DMAC) with isobutyl methyl ketone at different frequencies and at constant temperature
308K.The study of DMAC is important because of its utilization in industry and pharmaceuticals. Ultrasonic velocity
(U) and density (ρ) of the binary liquid mixture at different frequencies 2 MHz, 4 MHz, 6 MHz and 8MHz have
been measured at temperature 308 K. Lennard Jones potential repulsive term exponent (n) relative association (RA)
and interaction parameter (χ) have been calculated for the entire range of mole fraction and are interpreted to
explain molecular interaction occurring in the liquid mixture.

Keywords: Binary mixture, ultrasonic velocity, mole fraction, relative association, interaction parameter.

Introduction

A large number of investigations have been made on
the molecular interaction in liquid mixtures by various
methods like ultraviolet, dielectric constant, infrared,
Raman effect, nuclear magnetic resonance and
ultrasonic methods. Presently, ultrasonic method is a
powerful method to provide information regarding the
physiochemical properties of liquid system1-9. Literature
survey reveals that less work has been done on the
molecular interactions in the mixtures of dimethyl
acetamide.It is a dipolar solvent with high boiling point
and good thermal and chemical stability and used as
solvent in various solvent extraction processes. The study
of Lennard Jones potential repulsive term exponent,
relative association and interaction parameter in binary
liquid mixture of dimethyl acetamide (DMAC) with
isobutyl methyl ketone at different frequencies can be
helpful to test suitability of the modifier for DMAC,
which would increase the extraction efficiency of
DMAC.

The physical and chemical properties of liquid mixture

can be studied by the non-linear variation of ultrasonic
velocity, Lennard Jones potential repulsive term
exponent, relative association and interaction parameter
with concentration  in a liquid mixture.

Experimental

The liquid mixtures of various concentrations in mole
fraction were prepared by taking chemicals of analytical
grade (E Merck) which were used as such without
further purification. The mole fractions were varied
between 0.1 and 0.9 so as to have the mixture of different
compositions. Liquid mixtures of different mole fractions
were prepared on concentration scale with a precision
0.0001g using an electronic digital balance. Densitiy ρ
of liquid mixture was determined by a specific gravity
bottle of 10ml capacity10,11. The ultrasonic velocity U
was measured by a multifrequency interferometer with
a high degree of accuracy operating at different
frequencies12. An electronically operated constant
temperature water bath is used to circulate water through
the double walled measuring cell made up of steel

J. Pure Appl. Ultrason. 38 (2016) pp. 76-79
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containing the experimental liquid mixture at the desired
temperature.

Theory and Calculation

Using the measured data Lennard Jones potential
repulsive term exponent (n), relative association (RA)
and interaction parameter (χ) have been calculated from
the following relations.

n = (6 Vm / Va) – 13 (1)

Where Vm = M/ρ = molar volume, Va = (M / ρ) [1 –
(U/ U∞)] = available volume, M  = molecular mass of
the liquid mixture and U∞ = 1600 m/s

RA = (ρ / ρ0) (U0/ U)1/3 (2)

Where ρ0 and U0 are density and ultrasonic velocity
of DMAC respectively.

χ = (U/Uideal)
2 –1 (3)

Where Uideal = X1U1 + X2U2 = ideal mixing velocityof
the liquid mixture.

Results and Discussion

The variation of density ρ, ultrasonic velocity U, molar
volume Vm, available volume Va with mole fraction of
DMAC at 308 K for frequencies 2 MHz, 4 MHz, 6 MHz
and 8 MHz for the binary liquid mixture are presented
in Figs. 1-4 respectively. The variation of Lennard Jones
repulsive term exponent n, relative association RA and
interaction parameter χ are given in Figs. 5 to 7.

The increase in density ρ with the increase in mole
fraction of DMAC as shown in Fig. 1, indicates the
presence of dipole-dipole interactions  in the binary liquid
mixture. The increase in ultrasonic velocity with the
increase in mole fraction of DMAC as shown in Fig. 2

Fig. 1 Variation of ρ Versus X1

ρρρρ ρ 
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gm
–3

Mole Fraction of DMAC (X1)

Fig. 2 Variation of U Versus X1
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Fig. 3 Variation of Vm Versus X1
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 m
3 m

ol
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ol
–1
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Fig. 4 Variation of Va Versus X1

at a particular frequency indicates increase in
intermolecular forces in the binary mixture13-15. The
variations of molar volume Vm and available volume Va
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Mole Fraction of DMAC (X1)

Fig. 5 Variation of n Versus X1

n
R

A

Fig. 6 Variation of RA Versus X1
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χχχχ χ

Fig. 7 Variation of χ Versus X1

with the increase in mole fraction of DMAC are depicted
in Figs. 3 and 4. The decrease in molar volume and
available volume is due to the net packing of molecules
which may be due to the dipole-dipole interactions in
the binary liquid mixture.

Lennard-Jones potential is given by the relation16.

ϕ(r) = –Ar–6 + Dr–n

Where r is the intermolecular distance, n is the
Lennard-Jones potential repulsive term exponent and A
and D are constants. The first term comes from attractive
forces while the second term comes from repulsive
forces. It is clear that larger the value of n smaller is the
second term. Therefore large value of n indicates that
the attractive forces are dominant over the repulsive
forces. Fig. 5 shows that the values of n increase with
the increase in concentration of DMAC which indicates
the increasing dominance of attractive forces over
repulsive forces in the liquid mixture. Further, the values
of n decrease with the increase in frequency for a
particular concentration which indicates the increase in

repulsive forces resultin gdecrease in molecular
interaction in the liquid mixture. This also explains the
reason for the decrease in ultrasonic velocity with the
increase in frequency17.

It is observed from Fig. 6 that the values of relative
association RA increases with the increase in mole
fraction of DMAC for all frequencies  and  this  increase
in relative association indicates the presence of the
dipole-dipole interactions between molecules in the
liquid mixture. Such increase of relative association also
indicates that the liquid system is in a more compressed
state and the component molecules are much closer to
each other at higher concentration of DMAC.Relative
association remains almost constant for all frequencies
at a particular concentration.

Figure 7 shows that the values of interaction parameter
χ are negative over the entire range of mole fraction of
DMAC for frequencies 2 MHz, 4 MHz, 6 MHz and 8
MHz which indicate the existence of dispersion
interactions in the binary liquid mixture. Further
interaction parameter shows irregular trend with the
change of frequency18.

Conclusion

On the basis of the experimental values of density and
ultrasonic velocity and computed values of Lennard
Jones potential repulsive term exponent, relative
association and interaction parameter it is concluded that
there exists molecular association, dipole-dipole
interaction and dispersive forces in the binary mixture
of DMAC with isobutyl methyl ketone. The decrease in
the values of Lennard Jones potential repulsive term
exponent with the increase in frequency for a particular
concentration of DMAC confirm the decrease in
molecular interaction in the liquid mixture due to the
increase in frequency.
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Density (ρ), ultrasonic velocity (u) of DMF-Water and components1-Benzothiazol-2-yl-3-(2-hydroxy-5-methyl
phenyl)-5-(4-methoxy phenyl) pyrazoline (BHMPMPP), 1-Benzothiazol-2-yl-3-(2-hydroxy-5-methyl phenyl)-5-
phenyl pyrazoline (BHMPPP) and 1-Benzothiazol-2-yl-3-(2-hydroxy-5-methyl phenyl)-5-(4-chloro phenyl)
pyrazoline (BHMPCPP) in different concentrations of DMF-Water mixture have been determined at 303.15K
temperature at 2MHz and 4MHz frequency range. Acoustical parameters such as Adiabatic Compressibility (β),
Intermolecular free length (Lf), Acoustic Impedance (Z), Relative Association (RA), Isothermal Compressibility
(βT), Thermal Expansion Coefficient (α), Interaction Parameters (χ), solvation number (Sn) and some other
parameters have also been investigated from density and ultrasonic velocity of experimental data. The results are
discussed on the basis of molecular interactions viz. solute-solute, solute-solvent interaction.

Keywords: Density, Ultrasonic velocity, Acoustical parameters, Molecular interaction, pyrazolines.

Introduction

Ultrasonic technique is one the sensitive technique to
elucidate the interactions in binary mixtures to their
components and also the physicochemical behavior of
solutions1-3. By scientific and industrial point of view
measurement of ultrasonic velocity is a noninvasive
technique, used to determine thermodynamic relation
between the molecules of compounds in suitable solvent
and with liquid mixtures. Ultrasonic technique find
applications in fundamental research, medicine, industry,
defense etc.

Density and ultrasonic velocity are the physico-
chemical properties used to determine composition of
pure components and their mixtures in terms of
intermolecular interactions4-7.

Studies of ultrasonic parameters are applicable to
determine the interactions of compounds. Here
heterocyclic compounds i.e. N-Benzothiazol-2-yl-3,5-
disubstituted pyazolines are taken for the investigation
of ultrasonic parameters. Pyrazoline is the N-containing
heterocyclic compound. Pyrazoline compounds shows
versatile biological activities like antimicrobial8-9,

analgesic10, antioxidant11 etc. Physical parameters of it
are also studied12-13.

The present work deals with the study of acoustic
parameters of N-Benzothiazol-2-yl-3,5-disubstituted
pyrazoline in DMF-Water binary mixture in different
concentration and frequencies (2 MHz and 4 MHz) at
293.15 K. The result areinterpreted on the basis of
intermolecular interactions.

 Experimental

Materials and methods

During experimentation, binary solvents of DMF
and Water was used. DMF was of SD Fine grade. The
double distilled water was used throughout experiment.
The purity of DMF and Water was 99.6% and 99.4%
respectively. The solute BHMPMPP, BHMPPP,
BHMPCPP were synthesized. For the experimentation,
observations taken were of density and velocity of sound.
Densitometer of DMA 35 and ultrasonic interferometer
at 2 MHz and 4 MHz with frequency fluctuation of
±0.02%. The interferometer have high frequency
generator and a balance contech balance of accuracy

J. Pure Appl. Ultrason. 38 (2016) pp. 80-83
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(±0.001 gm) was used for weighing purpose.

Results and Discussion

Determination of various ultrasonic parameters starts
from determining the velocity of the solution. The
expression used to determine ultrasonic velocity is

u = ν λ
where, u = ultrasonic velocity & λ = wavelength

From the values of ultrasonic velocity, adiabatic
compressibility (β) was calculated by using Newton-
Laplace equation.

Intermolecular free length (Lf) gives idea about the
intermolecular interactions between molecules, so to
determine it following expression was used

Lf = Κ β

Where, K = Jacobson Constant

The product of velocity and density in medium is the
acoustic impedance (Z = u ρ) which was also determined.

The relative association (RA) was calculated by using
expression

RA = 
1/3

0

0

uρ
 

ρ u

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠

Where, ρ0, ρ, u0 & u are the density and ultrasonic
velocity of solvent and solution respectively.

Isothermal compressibility (βT) and thermal expansion
coefficient (α) were also calculated14.

Interaction parameter (χ) was used to determine
interactions by using equation

2-1

ideal

u
χ = 

u

⎛ ⎞
⎜ ⎟
⎝ ⎠

Where, u and uideal velocity of solution and solvent.

Solvation number (Sn) also calculated to know the
association of molecules.

The calculated values of all parameters are listed in
Table 1-2 and figure of some parameters against mole
fraction shown in Figs. 1-3. The velocity of the solution
increases as concentration increases. The increase in
velocity is directly proportional to the molecular weight
of the solute. Hence lead to solute-solvent interaction.
While increase in frequency 2 MHz to 4 MHz ultrasonic
velocity also increases due to molecular interaction in

Table 1 – The values of adiabatic compressibility (β), intermolecular free length (Lf), acoustic impedance (Z) & relative association (RA) in
binary solvent mixture (DMSO, Dioxan, Acetone) + water at 303.15K.

Conc. β×10–10 Lf×10–09 Z RA β×10–10 Lf×10–9 Z RA
2 MHz 4 MHz

BHMPMPP

0.01 4.11841 5.7953 1539902.88 0.97437 4.22057 5.8667 1521152.16 0.97835
0.02 4.09096 5.7759 1545139.4 0.97339 4.18567 5.8424 1527558.8 0.97711
0.03 4.08557 5.7721 1546395.6 0.97353 4.09177 5.7765 1545223.2 0.97378
0.04 4.07485 5.7645 1548508.08 0.97323 4.03807 5.7385 1555543.2 0.97176
0.05 4.03237 5.7344 1556962 0.97199 3.99616 5.7086 1564000 0.97053

BHMPPP

0.01 4.14615 5.8148 1534272 0.97476 4.13772 5.8088 1534833.6 0.97443
0.02 4.11009 5.7894 1541066.68 0.97345 4.12470 5.7997 1538333.6 0.97403
0.03 4.06177 5.7553 1550364.4 0.97178 4.11550 5.7932 1540210.88 0.97390
0.04 4.05685 5.7518 1551463.2 0.97181 4.10216 5.7838 1542870 0.97361
0.05 4.01868 5.7247 1559132.4 0.97074 4.03890 5.7391 1555224.8 0.97155

BHMPCPP

0.01 4.10882 5.7885 1541540.32 0.97375 4.13602 5.8076 1536463.04 0.97482
0.02 4.10174 5.7835 1543028 0.96801 4.05235 5.7486 1552403.36 0.97174
0.03 4.09634 5.7797 1544283.52 0.97384 4.01868 5.7247 1559132.4 0.97074
0.04 4.08929 5.7747 1545772.2 0.97380 3.95811 5.6814 1571176.8 0.96852
0.05 4.07771 5.7666 1548201.6 0.97368 3.87932 5.6245 1587297.6 0.96562
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Table 2 – The values of isentropic compressibility (βT), thermal expansion coefficient (α), interaction parameter (χ) & solvation number (Sn)
in binary solvent mixture (DMSO, Dioxan, Acetone) + water at 303.15K

Conc. βT×10–15 α×10–4 χ Sn βT×10–15 α×10–4 χ Sn
2 MHz 4 MHz

BHMPMPP

0.01 5.6013 1.0170 0.21517 37826.3332 5.7402 1.0232 0.17784 37816.8221
0.02 5.5638 1.0153 0.22320 18914.4898 5.6926 1.0211 0.18754 18909.8391
0.03 5.5559 1.0149 0.22443 12609.7958 5.5643 1.0153 0.21441 12608.9451
0.04 5.5411 1.0142 0.22753 9457.5089 5.4911 1.0119 0.23044 9457.6913
0.05 5.4826 1.0115 0.23995 7541.5147 5.4334 1.0093 0.24283 7541.6557

BHMPPP

0.01 5.6402 1.0187 0.20778 33686.7032 5.6288 1.0182 0.20216 33685.3959
0.02 5.5909 1.0165 0.21825 16514.3315 5.4326 1.0092 0.20583 16512.9320
0.03 5.5250 1.0135 0.23249 10939.0776 5.6022 1.0170 0.20736 10937.2956
0.04 5.5178 1.0132 0.23373 8107.3040 5.5794 1.0160 0.21196 8106.1214
0.05 5.4651 1.0107 0.24494 6486.3386 5.4926 1.0120 0.23044 6485.7236

BHMPCPP

0.01 5.5887 1.0164 0.21825 39995.7862 5.6256 1.0181 0.20216 39991.3829
0.02 5.5787 1.0159 0.22011 19366.5060 5.5115 1.0129 0.22673 19367.3644
0.03 5.5707 1.0156 0.22134 12956.5649 5.4651 1.0107 0.23663 12957.8780
0.04 5.5607 1.0151 0.22320 9683.4514 5.3824 1.0069 0.25529 9685.4780
0.05 5.5444 1.0144 0.22629 7737.1664 5.2747 1.0018 0.28040 774.2601

Fig. 1 Variations of adi. Compressibility with Mole fraction
of binary mixture.

Fig. 2 Variations of intermolecular free length with Mole
fraction of binary mixture.

Fig. 3 Variations of interaction parameters with mole fraction of binary mixture.



83A.G. GOTMARE et al., ACOUSTICAL PARAMETERS OF PYRAZOLINES IN DMF-WATER

liquid mixture.

The gradual decrease in adiabatic compressibility (β)
with respect to increase in concentration suggest medium
becomes more compressible. Intermolecular free length
(Lf) give the idea about the interaction between existing
components of the mixture.

Acoustic Impedance (Z) is the impedance offered to
the sound wave by the components to the mixture
whereas the relative association (RA) is the measure of
extent of association of components in the medium. The
increasing trend in these parameters suggest the
strengthening of interaction among the components. The
interaction may be solute-solute, solute-solvent, solvent-
solvent.

The interaction parameter (χ) values are found to be
positive, positive values indicate the strong interaction
between the binary mixture.

Conclusion

N-Benzothiazol-2-yl-3,5-disubstituted pyrazolines
shows strong solute-solvent interaction with binary
mixture solvent (DMSO, Dioxan, Acetone)-Water in two
different frequencies at 303.15 K.
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The ultrasonic properties of terbium monophosphide have been investigated with its mechanical properties
along <100>, <110> and <111> orientations. The second and third order elastic constants have also been calculated
at 0K – 300K temperatures range using Coulomb and Born-Mayer potential. For finding the stability and ionic
nature of TbP, some of the mechanical parameters have also been evaluated at room temperature. Additionally,
thermal conductivity is also calculated using Slack's approach. Finally, ultrasonic attenuation in TbP is calculated.
Obtained results of the present investigation are discussed in correlation with available results of previous findings.

Keywords: Terbium monophosphide, elastic properties, thermal conductivity, ultrasonic properties.

Introduction

Ultrasonic studies have been applied as an important
tool for studying the microstructural features and inherent
properties of different types of materials1. The rare-earth
monopnictides have attracted the interests of numerous
researchers due to their anomalous physical properties
like magnetic, elastic, thermodynamics and phonon
properties2. Buschbeck et al.3 reported on the first
magnetization measurements on TbP and TbSb in
magnetic fields as high as 140 kOe covering the range
from high to low temperatures. There are only few studies
on TbAs and TbSb monopnictides. Nakanishi et al.4 have
examined the Fermi surface (FS) and magnetic properties
of rare-earth monopnictide TbSb by means of de Haas-
van Alphen (dHvA) and high-field magnetization
measurements. Nakanishi et al.5 have scrutinized the
magnetic and elastic properties of rare-earth
monopnictide TbSb by means of specific heat, high-field
magnetization, and ultrasonic measurements. Ciftci et
al.6 presented thermodynamical, electronic and elastic
properties of TbP using first principles method with
plane-wave pseudopotential.

The TbP compound has not been studied very
intensively and deeply using the first principle methods.
Terbium monophosphide (TbP) is an intermetallic

compound of simple rocksalt structure. After the
discovery of the transition to type-II antiferromagnetism
the magnetic and elastic properties of TbP have attracted
considerable experimental and theoretical interest7.

The aim of the present paper is to reveal elastic,
mechanical and ultrasonic properties of TbP. The second
and third order elastic constants (SOECs and TOECs)
of TbP have been evaluated using Coulomb and Born-
Mayer potential with two input parameters i.e., nearest
neighbor distance and hardness parameter. The SOECs
and TOECs are applied to find out mechanical constants
such as Young's modulus, shear modulus, bulk modulus,
Poisson's ratio and tetragonal modulus of TbP. Further,
SOECs and TOECs are used to compute ultrasonic
properties such as ultrasonic velocity and attenuation
along <100>, <110> and <111> directions. The thermal
conductivity has been computed at room temperature.

Theory

The Coulomb and Born-Mayer type potential has been
applied to find out the SOECs and TOECs, which follow
Brugger's definition of elastic constants8. Leibfried
et al.9 developed anharmonic theory of lattice dynamics
to find out elastic constants at different temperatures
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obtained by addition of elastic constant at 0K and elastic
constant at a particular temperature, i.e.,

0( ) = + vib
IJ IJ IJC T C C

and 0( ) = + vib
IJK IJK IJKC T C C (1)

CIJ and CIJK are the second and third order elastic
constants. '0' and 'vib' stands for 0 K and particular
temperature such as 100 K, 200 K and 300 K respectively.
The detailed expressions for temperature dependent
SOECs and TOECs are given in our previous paper10.

The expressions for finding the values of Young's
modulus, bulk modulus, anisotropic shear modulus,
tetragonal modulus, Zener anisotropy parameter,
Poisson's ratio are given in our previous paper11.

The ultrasonic velocities along <100>, <110> and
<111> direction are of three type i.e. VL, VS1 and VS2
(here L and S stand for longitudinal and shear modes of
propagation). The Debye average velocity plays a key
role to determine other important properties and is
obtained with the help of Debye model .The expressions
for finding ultrasonic velocities for longitudinal and shear
modes of propagation and Debye average velocity are
given in literature12,13.

The minimum thermal conductivity13 of the lattice
along different crystallographic direction has been
calculated at room temperature.

 Theory of ultrasonic attenuation was initially
developed by Akhieser14. Further this theory was
modified by Bommel and Dransfeld15 and finally by
Mason16. The Mason's modified form has been used for
determining ultrasonic attenuation, (α/f 2)L for
longitudinal wave and (α/f 2)s for shear wave. The
expressions to find out ultrasonic velocity and ultrasonic
attenuation are given in our previous papers17,18.

Results and Discussion

The SOECs and TOECs have been computed by means
of two basic parameters i.e., lattice and hardness
parameter. The lattice constant6 for TbP is 5.696 Å. The
value of hardness parameter is taken as 0.313 Å for TbP.
The computed values of temperature dependent SOECs
and TOECs are given in Table 1. It is seen that the values
of C11, C44, C111, C166 and C144 increase with temperature
while C12, C112 and C123 decrease with temperature. The
values of C456 remain constant. It is also observed that
the values of elastic constants decreases with increase
in molecular weight.

This type of behavior of higher order elastic constants
is already found in other rare-earth materials like praseo-
dymium monochalcogenides17, lanthanum monochal-
cogenides18 and rare-earth monoarsenides19.

It is proposed that Cauchy relation11 for SOECs and
TOECs at 0K are:

0 0 0 0 0 0 0
12 44 112 166 123 465 144; ;= = = =C C C C C C C (2)

The deviation of elastic constants in Table 1, suggest
that the forces become more ionic with rise in
temperature. The Cauchy's relation is followed at 0K
but deviates at higher temperature due to vibrational part
of energy.

The obtained results of SOECs and TOECs are applied
to compute the Young modulus (Y), bulk modulus (B),
shear modulus (G), tetragonal moduli (CS), Poisson's ratio
(σ), Zener anisotropy factor (A) and ratio B/G. These
values are given in Table 2.

The Born criteria stability6 is expressed as :

11 12 44

11 12

( 2 ) / 3 0; 0

( ) / 2 0

= + > >
= − >S

B C C C

C C C (3)

Table 1 – Temperature dependent SOECs and TOECs of TbP [in 1010 N/m2]

Temp. [K] C11 C12 C44

0 4.95 1.43 1.43
100 5.21 1.44 1.35
200 5.41 1.32 1.44
300 5.63 1.28 1.45

C111 C112 C123 C144 C166 C456

0 –82.7 –5.81 2.40 2.40 -5.81 2.40
100 –84.4 –5.51 1.93 2.41 -5.85 2.40
200 –86.0 –5.31 1.77 2.42 -5.88 2.40
300 –87.8 –5.11 1.60 2.43 -5.91 2.40
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It is obvious from Table 2 that the values of B, C44 and
CS are greater than 1. Thus, Born mechanical stability
criterion has been satisfied by TbP. Hence, these are
stable substances. The ratio of B/G (fracture/toughness)
is less than 1.75 as given in Table 2. Thus, TbP are brittle
in nature. The nature of bonding forces can be analysed
from Poisson's ratio. For central forces, the value of
Poisson's ratio should lie in the range 0.25<ν < 0.5. For
TbP considered in the present study, the value does not
fall in this range which means that the forces are non
central26.

The values of ultrasonic velocities for longitudinal
mode (VL), shear modes (VS1 and VS2), Debye average
velocity (Vm) and Debye temperature (θD) are calculated
using SOECs10. The values of these parameters are given
in Tables 3–4.

In the chosen materials, the ultrasonic velocity for
longitudinal mode is highest along <100> direction and
minimum along <111> direction. This type of behavior
has already been proved for other rare-earth materials18,

19.

The computed values of thermal relaxation time,
thermal conductivity and ultrasonic attenuation along
different crystallographic directions <100>, <110> and
<111> room temperature are presented in Table 4. The
thermal relaxation time is of the order of picosecond.
This indicates that these materials behave like
intermetallics20. It also can be observed that the values
of relaxation time decreases as we go from <100> to
<111>. The values of ultrasonic attenuation is found
lowest for TbP along <100> direction, where shear wave
polarised along <100> direction and highest along <111>

Table 4 – Thermoelastic attenuation (α/f 2)th, ultrasonic attenuation due to p-p interaction (α/f 2)L,   (α/f 2)S   and  (α/f 2)S  along <100> , <110>
and <111> directions (all in ×10–16Nps2 m–1), Debye average velocity, VD (103 m/s), Debye temperature, θD (K) thermal relaxation
time, τ (ps) and thermal conductivity (Wm–1K–1) TbP at room temperature.

Direction (α/f 2)th (α/f 2)L (α/f 2)S (α/f 2)S

<100> 0.0004 0.191 0.050 -
<110> 0.0017 0.241 0.879 0.038
<111> 0.0017 0.215 0.440 -

VD θD τth κ

<100> 1.63 170.6 7.29
<110> 1.75 183.8 6.28 1.965
<111> 1.84 193.1 5.69

Table 2 – Mechanical properties (in GPa) of TbP at room temperature.

B Y G σ B/G CS A

27.3 42.3 17.1 0.241 1.60   21.8 0.663

Table 3 – Ultrasonic velocities VL and VS of TbP (all in the units of 103 m/s).

Ultrasonic velocities along different directions (at room temperature)

Temp <100> <110> <111>

VL VS1=VS2*1 VL VS1*2 VS2*3 VL VS1=VS2*4

100 2.73 1.43 2.60 1.43 1.66 2.55 1.59
200 2.79 1.44 2.63 1.44 1.72 2.58 1.63
300 2.87 1.45 2.67 1.45 1.78 2.61 1.68
400 2.94 1.46 2.71 1.46 1.84 2.64 1.73
500 3.01 1.47 2.76 1.47 1.91 2.67 1.77

*1 Shear wave polarized along <100> direction;  *2 Shear wave polarized along <001> direction
*3 Shear wave polarized along <110> direction;  *4 Shear wave polarized along <110> direction
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direction where shear wave polarized along <110>
direction. It is also observed that ultrasonic attenuation
due to p-p interaction for longitudinal wave is
predominant over total thermal loss.

Conclusion

In the summary of present results, we conclude that
TbP are stable as it follow Born stability criterion.
Coulomb and Born- Mayer potential is applied
successfully to evaluate higher order elastic constants
for TbP. Investigated material is brittle in nature as it
has ratio of fracture/toughness less than 1.75. On the
basis of picoseconds order of thermal relaxation time
for the chosen material we can say that TbP is of
intermetallic character. The minimum attenuation along
<100> direction reveals that it is most suitable direction
for the anisotropic study of these materials. The obtained
results of present investigation are useful for their future
performance and further studies.
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This thesis is a theoretical study for the characterization
of materials having NaCl-type structure. For characterization
of the materials, its elastic behaviour and mechanical
properties are analyzed. Since propagation of ultrasonic
waves through a medium is the characteristic of the medium,
the ultrasonic velocity and attenuation coefficient for the
waves give the idea about the thermophysical properties of
the material. This thesis is a theoretical study where higher
order elastic constants and other constants governing the
mechanical properties like-bulk modulus, shear modulus,
Young's modulus, tetragonal moduli, anisotropic ratio and
Poisson's ratio etc are computed theoretically. Various other
parameters like ultrasonic velocity, Debye average velocity,
Debye temperature, Grhneisen parameter, thermal
conductivity, thermal relaxation time, acoustic coupling
constant and ultrasonic attenuation are calculated. The second
and third order elastic constants are computed using the
Coulomb and Born-Mayer potential by using two basic
parameters- hardness parameter and nearest neighbour
distance. The obtained results are compared with the
experimental and theoretical results available in literature.
All the calculations are done in the temperature range 0-
300K and along the three crystallographic directions <100>,
<110> and <111> for  the chosen materials.

The thesis comprises of six chapters. Chapter 1 deals with
introduction to ultrasonics, properties of ultrasonic waves
and its application in various fields. The significance of
elastic constants and different modes of propagation and
ultrasonic parameters like ultrasonic velocity, Debye
temperature, Grhneisen parameter, thermal conductivity,
nonlinearity parameter, thermal relaxation time and various
types of attenuation are discussed. Chapter 2 is Review of
Literature depicting various studies related to the materials

and methods under study. Chapter 3 describes the material
used and methods employed. The materials under study were
monobismuthides of B, Cm and U; Berkelium monopnictides
(BkN, BkP, BkAs, BkSb); Silver halides (AgCl, AgBr);
Neptunium monopnictides (NpN, NpP, NpAs, NpSb).
Chapter 4 describes the results obtained. The calculation of
SOEC and TOEC; mechanical parameters like bulk
modulus(B) etc, the  values of ultrasonic velocities along
different directions; Breazeale's nonlinearity  parameter,
values of Grhneisen parameter; specific heat capacity and
energy density, thermal conductivity and thermal relaxation
time; acoustic coupling constant for longitudinal(DL) and
shear (Ds) waves along the three crystallographic directions
<100>, <110> and <111>; variation of thermal attenuation
with temperature and attenuation due to p-p interaction are
tabulated in this chapter separately for all the chosen
materials. Chapter 5 is the discussion of obtained results.
Chapter 6 is the summary and conclusion.

It can be said that the results obtained gave a comparison
about the mechanical and thermal properties of the materials
under study in the selected temperature range and along
different crystallographic directions. The materials were
found to be mechanically stable, anisotropic and semi-
metallic in nature. The attenuation caused by p-p interactions
dominated over the thermal attenuation in the selected
temperature range. This is in agreement with the Mason-
Bateman approach to evaluate ultrasonic attenuation. So it
can be said that this approach can be successfully applied
to  semi metallic compounds.

The results of this thesis can be beneficial for scientists
working in the field of material characterization and
engineering while applying these materials for various
purposes.
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