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PREFACE

The need for the characterisation of wmaterials using
nondestructive methods has been growing steadily with the
advent of newer materials and their applications under strin-
gent conditions. Consequently, continuous efforts for the
development of new methods of characterisation becomes an
essential requirement. The thesis deals in with the ultrason-
ie nondéstructive‘methods of material characterisation. In
al)l the methods developed and reported here, the material has
been taken in the form of rod. This has not only provided =a
variation to the existing methods where parallsl plates arse
generally used, but has also resulted into the development of

some very accurate, fast and cheaper methods.

The foremost requirement for the characterisation of any
material is to ascertain that it is free from any undesirable
defect. A C-scen immersion technique has been developed for
this work and is reported in Chapter 2 which follows the
introductory Chapter 1. The ultrasonic velocity and attenua-
tion data of a material is & very effective tnol for the
material characterisation. In Chapter 3, a new method for the
evaluation of both the longitudinal as well &as transverse
wave velocity is given. The method uses & single longitudinal
wave transducer. A novel method for the determination of the
ultrasonic attenuation is described in Chapter 4. Finally,
the effect of ultrasound propagation in msaterial rods dus to
contact with liquid has been given iﬁ Chapter 5. The study
provides =a quick gualitative method for the intercomparison
of rods besides having t;emendous applications, such as in

interface testing, liquid level monitoring etc.

(iv)
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LIST OF SYMBOLS AND ABBREVIATIONS

o - Ultrasonic attenuation coefficient

a, a - Ultrasonic attenuation of longitudinal wave and
transverse wave respectively

A - Cross sectional area of ultrasonic beam
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A4, A, - Acoustic pressure of ray immediately after its
entrance in rod of diameter dy and d,

8 - Bulk modulus
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D, - Grain diameter

DSO - Digital storage oscilloscope
E - Young's modulus
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FBH - Fiat bottom hole

FE - Flaw echo

FFT - Fast fourier transform

(viii)



FSH - Full screen height

G - Shear modulus

y - Lame constant

h - Height at 80 % of full screen height
K - Constant

Km - Kilometer

A - Wavelength of sound wave

mm - millimeter |

us - micro second

L - Longitudinal modulus

MHz - Megahertz

MS - Mild steel

NDC - Nondestructive characterisation
NDE - Nondestructive evaluation

NDT - Nondestructive testing

Np - Nepers

p - Pressure of the echo

Po - Initial pressure

P, Q - Division on time scale for echoes in air and water respectively
P,,,P2.P3 - Pressures from echo path T1, T2 and T3

respectively for rod of end diameter d1

P,(,P,s, P - Pressures from echo path T1, T2, and T3

respectively for rod of end diameter d2

QE - Water path between transducer and top surface of rod

p - Density of the medium
r - Radius of the rod

f - radio frequency pulse

(ix)



R - Relative change in envelope area in dB

R4 - Reflection coefficient for incident longitudinal ray at

normal incidence for rod metal-liquid interface

Rs - Reflection coeffiecient for incident longitudinal ray at
an angle 30° and reflected longitudinal ray
R - Reflection coefficient for incident longitudinal ray at an
angle 6, and reflected transverse ray at angle 8 ,
R4 - Reflection coefficient for incident transverse ray at angle
6 , and reflected longitudinal ray at angle 9,
o - Poission’s ratio
SDH - Side drilled hole
SS - Stainless steel
T1 - Back wall echo path into a rod
T2 - Triangular echo path without mode conversion into a rod
T3 - Triangular echo path with mode conversion into a rod
t1 - Time of flight for echo path T1
t2 - Time of flight for echo path T2

t3 - Time of flight for echo path T3
8, - Incident angle of longitudinal wave

9 , - Refracted angle of longitudinal wave

9 , - Reflected angle of transverse wave for incident longitudinal wave
V, - Longitudinal wave velocity in rod material

V,, - longitudinal wave velocity in water

V, - Longitudinal wave velocity

V, - Transverse wave velocity

w - Width of contact line on curved surface of rod

X, Y - Reduction in gain in dB for air and water respectively
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CHAPTER - 1

INTRODUCTION

In recent yvears the need has arisen for testing
materials, engineering products and components before
building them Ffor highly stressed structures such as
aeroplane, rockets, ete. Invaluable information is
conveyed by the mechanical tests performed on samples
representing the batch of material from which a particu-
lar material 1is made. The samples are taken from the
actual rod or plate used in making the component and
accompany through all the production stages, including
heat tresatment. A satisfactory set of test figures
invites confidence in the quality of the material used
in the fabrication of component, but gives. no real
information about the probable performance of the compo-
nent itself in service. The component may have hidden
defects which no amount of visual inspection can revesl.
This makes it essential to detect and gauge these de-
fects to demonstrate integrity and relisbility of engi-
neering plant and to avoid risk failure. The character-
istics of the material, used to fabricate the compo-
nent, also need to be ascertained for all the conditions
during the end use. The growing requirement in engineer-
ing to demonstrate the ssfety and reliability of compo-

nents has encouraged the wider use of nondestructive



examination and characterisation of materials. The rods

or cylindrical shape materials are no exception.
1.1 CHARACTERISATION OF MATERIALS

Characterisation of materials from the standpoint
of their development, manufacture and eventual use is an
important subject for modern materials industry. The
word characterisation in its simplest form may be said
as evaluation of various parameters or features of
substance. Broadly speaking characterisation means the
evaluation of features of composition of a material,
including defects, that are significant for a particular
preparation, study of properties or use and suffice for
the reproduction of a material [1,2]. The word charac-
terisation may therefore mean different to different
people. For example a scientist concerned with single
crystals and glasses views defects and structure at the
molecular and atomic level, while one involved with
polycrystalline and granular materials views them at a
macro level. It is therefore not possible to imagine a
single, all embracing characterizing technique that
would meet all the objectives and even for the evalua-
tion of & single parameter such as the material composi-
tion, a number of different methods may be used for the
evaluation of materials composition, structure proper-
ties etec. and each method is limited by the information

it provides besides being either entirely destructive



(wet chemical methods) or partially destructive (dry

physical methods).

There are seversal techniques for the characterisa-
tion of materials. The technique adopted depends upon
several factors such a&s parameters to identify, cost,
time involved (batch or on line), destructive or nonde-
struetive, accuracy required, accessibility, environ-
ment, etec. These technigques may be destructive or nonde-
structive. The nondestructive testing (NDT) techniques
for material evaluation may utilise variety of waves -
light, electromagnetic and mechanical as the principal

tool for providing useful information.

With advances in techniques, instrumentation and
the understanding of various phenomena, the NDT tech-
nigues today are capable of giving much more information
about the material. Several kinds of defects and number
of parameters of the materials can now be evaluated by
nondestructive characterisation (NDC). Some of the more

popular techniques are as given below in brief [3-5].

i) Rediography : The X-rays produced genersally by Co60

A ——-

14

or C are incident on the sample. The radiations

transmitted through the sample fall either on X-
ray films making radiograph or on photosensitive
diodes giving real- time radiography on cathode
ray tube (CRT). This technique [B8] is extremely

popular in detection of defects and inhomogenities



11)

iii)

in materials, mostly metals.

Hagnetic Particle Inspection : When =a ferromagnetic
material is magnetized by passing through it high
DC or HWDC current, there will be magnetic fJlux
concentration around the inhomogenity of lesser
permeability. The flux concentration can be seen by
spraying fine magnetic particles over the sample
surface. This method is widely used for surface
cracks detection but can also be used for detection

of other inhomogenities ({7].

Optical Inspection Method : Optical inspection
methods are basically used to characterise the
surface of the materisl for properties such sas
inhomogenities, texture, roughness, geometry, grain
size, phase composition etc. Several methods exist

today which can be divided in various categories as

follows [8]

(a) Direct visible light viewing such as boroscope,
fiberscope, flexible endoscope, optical

profiler, video microscope ete.

(b) Optical microscope such as, sterec microscope,

compound microscope, electron microscope etc.

(c) Laser based system such as 2-D scanning, inter-

ferometer, holography, vibrometry etc.

{(d) Infra-red imaging



vi)

Liquid penetrant testing : For surface defect
detection, different kinds of liquid penetrant are
used. These penetrate to the erack present on the

surface of the material and make them visible {9].

Vibration testing: The material is subjected to
small periodic impacts by hammer or electromagnetic
vibrator. The vibrations produced in the material
are picked up by brosd band vibration pickup. The
pick up output is subjected to spectrum analysis.
This analysis <can be used to evaluate various

elastic constants and overall soundness of the

material (10,11].

X-Ray Diffraction: When the X-rays are incident on
a sample at obligue incidence, the bezm 1is dif-
fracted by the atoms inside the sample. The dif-
fracted besam intensity will depend upon the angle
of 1incidence, angle of measurement and the atomic
arrangement. Since the atomic¢ srrangement governs
several characteristics of the material, the varia-
tion of intensity of diffracted beam with angle c¢an
be used to characterise a material [12]. It is
often limited to laboratory scale being sophisti-
cated, bulky and requiring safety precautions. This
technique involves the evaluation of & few parame-
ters such as residual stress, phase, structure,

etc.



vii) Eddy Current Method: When a coil, with alternating

current passing through it, is brought near to the
surface of a conducting material, eddy currents are
produced in the material. The eddy currents will be
a characteristic of the material just below the
surface. The strength of eddy current can be esti-
mated by placing another coil near the generating
coil or by the same coil in the pulse mode [13,14).
This technique 1is used to c¢haracterise internal
defect, residual stress, composition, conductivity,

heat treatment, etc.

viii)Neutron Diffraction Technique : It is similar to

ix)

X-Ray diffraction but uses thermal (low energy)

neutrons in place of X-Rays. Debye temperature,

wspecific heat etc. can be evaluated by this tech-

nigue [15].

Magnetic Flux Technigque : When electric current is
passed through & straight conductor, msgnetic field
is produced arocund it. It is found that small
magnetic particles are attracted to cracks in the
metal. If the current is alternating, the change in
magnetic flux around the material can be picked up
by & current transformer or probe. The voltage
output of this probe will be a function of the
material properties producing magnetic flux lesk-

age. Residual stress, hysteresis, permeability,



porosity, etc., are the parameters which can be

evaluated with this technique (16].

X) Ultrasonic Methods : Ultrasonic nondestructive
testing is an important tool for the guality evalu-
ation of materials. Conventionally this technique
is used for the detection, location and sizing of
the defects in material. With advent of newer
material and more stringent conditions and shapes,
the emphasis 1is now being laid on the Ffurther
evaluation of various elastic parameters of the
materials for its characterisation. A high energy
pulse of ultrasound is used to detect, locate and
evaluate the defects such as e¢racks [17-20], poros-
ity, deterioration, corrosion, foreign inclusion,
ete. Direct contact or immersion testing techniques
[21] are generally used with single transducer or
some time with dual transducer in through transmis-

! sion technique for evaluation of defects.

Each of these methods is limited in the
.information revealed. Among all the known NDT and evalu-

|
jation  techniques, ultrasonic method is capable of

1

.revealing more and significant information. Ultrasonic
éNDT method offers several advantages for characteriss-
‘tion of materials. The most important advantage is 1its

;being applicable to virtually any shape or size of the

test material, It is usually quick and most effective.
. .‘.,--—-—-_""'"—--——_‘-



However, there are several variations within the wultra-
sonic techniques. Choice of proper ultrasonic technique
requires some understanding of the 1link between the
ultrasonic parameters and the ultimate parameter being
evaluated. Ultrasonic methods of characterisation has
been very popular due to the fact that it is cspable of
evaluating & large number of significant material
properties and has several merits over the other meth-
ods. This is economical and requires only one side to be
accessible, as against radiography which competes well
in popularity. Almost all types of materials can be
characterized and tested with the ultrasonic methods.
The eddy current testing is not possible in case of
non-conducting materials and magnetic flux leakage or
magnetic particle inspection is suitable only for
ferromagnetic materials. The ultrasonic methods sare also
not limited to the surface and sub-surface characterisa-
tion as in case of dye penetrant, magnetic flux lesksage,

eddy current and visual methods.

The principal advantages of ultrasonic inspection
as compared to other methods for nondestructive inspec-

tion of metal parts can be listed as follows

i) Superior penetrating power, which allows the detec-
tion of flaw deep in the part. Ultrasonic inspec-
tion is done routinely to depths of several feet on

many types of psarts.



ii)

111)

iv)

v)

vi)

vii)

High sensitivity, permitting the detection of ex

tremely small flaws.

Greater accuracy than other nondestructive methods
in determining the position of internal flaws,
estimating their size and characterizing their
orientation, shape and nature.

Only one surfsce need be accessible.

Volumetric scanning ability, enabling inspection of
a volume of metal extending from front surface to
back surface of s part.

Is not hazardous to operations or to nearby person-
nel, and has no effect on eaquipment and materials
in the vicinity.

Portability.

The principal disadvantages of the ultrasonic

inspection include the following:

i)

ii)

1ii)

iv)

Manual operation reguires careful attention by
experienced technicians.

Extensive technical knowledge is required for the
development of inspection procedures.

Parts that are rough, irregular in shape, very
small or thin, or not homogeneous are difficult to
inspect.

Discontinuities that are present in a shallow layer
immediately beneath the surface may be difficult to
detect.

Couplants are needed to provide effective transfer



of ultrasonic wave energy between transducers and
parts being inspected.
vi) Reference standards are needed for calibrating the

equipment and characterizing the flaw.

Use of wultrasound in NDT has been known almost
since 1880 discovery of piezoelectricity in quartz and
later in tourmaline, KDP, rochelle salt and other miner-
als. Richardson ([22] proposed the ideas of utilizing
high frequency sound waves for detection of objects
using water or air hs the carrier medium of ultrasound.
Mulhauser (23] applied ultrasonic waves for detecting
flaws in solids. The theory of wave material interac-
tion has been refined further by Vardsn [24]), Mc Gonna-
gle [5), Nozdreva [25] and Filipczynski et. al.([26]. It
demonstrates the application of ultrasound for the
evaluation of materials. All serious investigators of
material by ultrasound have stressed the use of ultra-
sonic method for “more than overt flaw detection” and
its use in characterisation of materials by measuring
ultrasonic velocity and attenuation at discrete frequen-

cies.

There has been expended interest in the measure-
ment of the elastic properties of solids by using ultra-
sonic techniques, for they have the very desirable
aspect of being in the form of nondestructive test.

Further, . since these materials are often designed for

10



exotic applications, it becomes necessary to determine
these properties with precision, under unusual environ-
mental conditions. For an isotropic material, by measur-
ing the ultrasound longitudinal and shear wvelocity
various elastic constants can be determined by the

following equations [27,28].

Shear modulus (G) = PV% e (1)
Longitudinal modulus (L) =Y +26 = P V2 o (2)
Bulk modulus (B) = L-4G/3 e (3)
Young’'s modulus (E) = G(3L-4G)/(L-G) .. (4)
Lame constant (7Y ) = L-26G <. (5)
Poisson’s ratio (o) = (L-2G)/2(L-G) ... (8)

The various elastic constant can be defined as

below :

iy Young’s Modulus (E) - When & rod or bar is subject-
ed to a uniaxial stress it 1is the ratio of applied
stregss to the change in length per unit length of
the rod, some times called elastic modulus.

ii) Poisson’s ratio (o) - It is the ratio of change in
dimension in 1lateral direction to the change in

length.

j11) Bulk modulus (B) - For isotropic materials as a

result of subjecting it to hydrostatic pressurs,
bulk modulus is the ratio of applied stress to the
change in volume per unit volume.

iv) Shear modulus (G) - Here material is subjected to

11



pure shear stress and shear modulus is ratio of
applied stress to the change in deformation
through angle.

v) Longitudinal modulus (L) - It related strain to a

longitudinally applied stress.

Ultrasonic wave attenuation is the loss of energy
in an ultrasonic wave propagating through 8 material
and can be attributed to scattering and absorption due
to heat conduction, viscous friction, and elastic hys-
teresis [29-31]. The amount of energy scattered depends
on the relative magnitude of wavelength and the average
grain diameter. Therefore true values of attenuation
at a particular frequency are helpful in predicting the
grain size of the material. Thus both the velocity and

asttenuation are used to characterise the material.

1.2 ULTRASONICS AND ITS SCOPE IN NONDESTRUCTIVE

CHARACTERISATION (NDC)

Ultrasonies is the branch of acoustics dealing
with the freguencies above audible range generally more

than 20kHz. The physical principles of classical scous-

tics however, hold equally good for the asudible as well
as ultrasonic regime [17,32-36]. Ultrasonics has rapidly
advanced and spread into various new areas encompassing
almost all aspect of science, industry and medicine.

Generally speaking, ultrasonic waves are capable of

propagating in all the media with the exception of the

12



vacuvm. This alone describes the scope of ultrasound.
Investigation of reflected or transmitted ultrasonic
waves from a medium of propagation can provide a valu-
able information @about the medium. Therefore, it is

possible to evaluate wide variety of  materials and

process by ultrasound.

For nondestructive characterisation, besides
detection of flaws in metals, ultrasocund can reveal
information about material properties and  microstruc-
ture. Similarly, inveétigation and manipulation of
ultrasonic signals from one medium to another can be
used to create other applications of interest. A

supmary of information revealed by ultrasound and its

other uses include [27,37-47]

Elastic constﬁnts Microstructure
Mechanical properties Density

Thickness gauging Porosity

Corrosion measurements Liquid level sensing
Applied stress Dimensional analysis
In-situ testing Surface profiling
Surface defects Object imaging
Internal microscopy Texture

Internal imaging Robotics

Object imaging Artificial intelligence
and more

The above information is dependent upon the devel-

13



opment of relationships between the following ultrasonic

measurements with the characteristics of wave propagst-

ing media

1. Velocity of longitudinal waves

ii. Velocity of transverse waves

iii1. Velocity of surface or Rayleigh waves

iv. Frequency dependence of attenuation of above waves

v. Phase change and phase amplitude of reflected or

transmitted waves and

vi. Interference of polarized waves.

Investigation of materials with longitudinal and

transverse waves can be used to reveal subsurface and

internal defects, thickness or corrosion mesasurements.

Longitudinal and transverse waves can be applied to

determine elastic constants, densities and porosity of

materials. Surface waves can be used for the detection

of surface breaking defects. Investigating of the rest
of the sbove mentioned parameters can be applied to

revesl important mechanical properties of materials.

1.3 ULTRASONIC NONDESTRUCTIVE METHODS

For characterisation of materials among the var-

ious parameters stated above, detection, 1location and

sizing the defects and velocity and attenuation meas-
urements are being considered most important parameters
for the present work. It is important to describe

various important technique generally being used by

14



researchers and users for characterisation of metals.
Various techniques used on materisls earlier for these

parameters with significance of the parameters are

given here in brief.

1.3.1 Detection and Location of the Defects

Both direct contact and immersion method are used
for detection of defects. In contact testing, the trans-

ducer is directly put in contact to the test specimen

using & thin layer of couplant. In immersion testing

transducer and test specimen both are immersed in liquid

and liquid works as the couplant. In immersion tech-

nigue various transducer movements are possible with

protection of wear and tear of the transducer face.

Different technigues used in ultrasonic testing

can be classified according to their relative importance

and primary physical measuring quantities, like intensi-

ty, phase and transit time of the ultrascund {17,48-51].

These may be Direct contact or Immersion type of test-

ing.
1.3.1.1 Intensity Hethod

Intensity of the ultrasound is measured after it

passes through the test piece using two transducers.

Voltage produced by 2 high frequency generator excites

the transmitting probe to oscillation which are propa-

gated in coupled test piece. Second probe positioned

15



coaxially on opposite side receives a portion of the
radiated wave and transmits to the input of an amplifi-
er. Awplified voltage is read on indicating instrument.
This wmethod can be applied in various different tech-
niques like sound transmission, reflection, conduction

and image projection. Imsge projection can be produced

by using a image converter which converts ultrasound

intensity into visible light.
1.3.1.2 Acoustic Holography

This is an image projection method [52] using
interference effects similar to the optical holography.
Ultrasound receiver records the amplitude in respect of

magnitude and phase. It can be stated as a two step

method

i) Diffraction pattern of an object irradiated with

wiltrasonic waves is interfered with mutually coher-

ent reference waves to form and record an acoustic

hologram.

ii) An acoustic hologram is illuminated with a beam of
light. The resultant diffraction from hologram
provides generally reduced object wave, which is
used to form a three dimensional visual image of
the object.

1.3.1.3 Transit Time or Resonance Methods

16



These are essentially velocity evaluation methods.
A change 1in velocity gives the required information

about the socundness of the sample.

(1) With Continuous Sound Wave

When the thickness of a test specimen is equal to

integral nuaber of half wavelength of ultrasound wave,

thickness resonance occurs. A transducer is excited by a
high frequency generator with variable frequency, ususal-
ly below its own frequency range, to supply an ultra-
sound pressure of maximum uniformity over entire fre-

guency range. The test plate draws more energy from

transmitter when in resonance. Resonant frequencies are

measured for two successive peaks of maximum current

observed to evaluate the velocity of the test material

(ii) With Pulsed Sound Wave
(a) Comparative method In this method unknown transit

time is compared with an accurately known but variable

transit time for same pulse. Length of the piece and

transit time can be measured accurately so velocity can

be determined.

(b) Fregquency measuring method : This method uses multi-

ple echoes at resonance for measuring transit time,
which is the reciprocal of the echo repetition frequen-
cy. If returning echo triggers the next excitation pulse

and so fofth then the pulse repetition frequency (prf)
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will be same as echo repetition frequency. Since pulse
repetition freguency can be vreasured with high accuracy
by frequency meter, the transit time can be exsactly

peasured. Sing around method works on this principle
1.3.1.4 Pulse Transit Time or Pulse Echo Methods

In this method, both the transit time and intensi-

ty of wultrasound are measured. It can be used with

sound tresnsmission and also with reflection method. The

sound pulses coming from the transmitter are radiated

into the test piece. If it encounters a flsw in 1its

path, the flaw transmits an echo wave - & portion of

which, depending on 1ts form and size, reaches the

receiver. Receiver and transmitter can be combined in =8

single probe. The screen ijs calibrated with a standard

reference block. The echo coming from flaw indicates

transit time from transmitter to the flaw snd to receiv-

er which gives distance of flaw. By scanning the test

piece using different normal beam and angle beam probes,
the flaw size can be determined. By using ultrasound
output from the flaw detector to C-scan or P-scan equip-
ment the cross sectional and three dimensional picture
of the sample, including flaw, can be observed.

Some of the more jmportant methods with special
f rods are described in Chap-

reference to the testing ©

ter 2.
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1.3.2 Size and Shape Estimation of Defects

Determination of the flaw size and shape in the
material is importent for better estimation of the
probability of failure and to reduce number of replace-
ment of costly items. The determination of flaw size and
shape is also important in nondestructive characterisa-

tion of materials for proper selection of materials and

sophisticated design analysis,.

In ultrasonic characterisation of materials the
estimation of size of defects is based on the energy
reflected, diffracted or scattered from flaw back to the

probe. Various techniques applied to estimate the size

of defects are basically classifisd in three different

possibilities as“follows [53-82)
i) By evaluation of echo amplitude, that is,

6dB drop from maximum amplitude
6dB drop from sides
Equal height of echoes from back wall and flaw

Shadow method
Ultrasonic scatter technique
Distance amplitude correction (DAC) curve

Distance gain and size (DGS) diagram

Y Y ataYalaVal
Jh o oo
N N NN N N N

ii) By evaluation of time of flight, that is,

(a) Time of flight diffraction (TOFD)technique
(b) Crack tip reflection technique

(¢) Surface wave technigue
(d) Surface wave mode conversion technique

1ii) By scanning and image reconstruction

Ultrasonic holography
Ultrasonic tomography
Ultrasonic C-scan system
Ultrasonic spectroscopy

NN
Qo Up
N S N N
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The accuracies in this approach 1s much better if
reliance is made on amplitude alone and some acceptance
criteria is set. Nevertheless, accuracies better than 3
mm or + 20% would be rare. The techniques 1is also
confined to defects of size greater than the probe beam
diameter. The DGS diasgram developed are the good at-
tempts to standardise the echo in predicting the equiva-
lent flaw size either bigger or smaller than the wultra-

sonic beam. The flaw sizing based on echo amplitude is

strongly influenced by flaw orientation and flaw type

than flaw size and in some cases c&n either under size

or oversize then the actual size.

Other advanced techniques which may appear a

little more difficult to apply than the conventional

techniques may -be Vvery useful where size is to be

measured more accurately. Ultrasonic C-scan is the

system used for present study for detection, 1location

and measurement of the size of the defect present in the

rods. The C-scan technigue is described in detail in a

latter chapter.

1.3.3 Ultrasonic Velocity Measurement

Ultrasonic velocity has become an important tool

for the study of the physical properties of the mat-

ter. Ultrasonic velocity neasurement offers a rapid and

nondestructive method for the characterisation of mate-

" rials. Various elastic parameters and estimation of
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grain size has been going on for the past several years.

Some of the methods for the measurements of uwltrasonic

velocity are given below in brief [63-72].
1.3.3.1 Diffraction Method

It is the direct method for measuring the ultra-
sonic velocity in transparent samples, liquid or solid.
This method makes use of diffraction pattern in the
optical Fresnel zone, the region slong the optical axis
imnediately behind the ultrasonic wave. Collimated light
is incident on to a standing ultrasonic wave. The re-
suvlting FPresnel diffraction pattern which is a series of
real images of the ultrasonic wave fronts is examined by

a microscope. Since images of wave fronts are \/2

apart, one can evaluate the velocity.

1.3.3.2 Baric Pulse-echo Method

A pulsed rf signal of given frequency is converted

neans of a transducer into & pulsed ultrasonic wave

by
of the same frequency. The ultrasonic pulse travelsg
through the sample and is reflected between the =sample

boundaries until it decays away. The velocity is deter-
mined by measuring the transit time between the reflect-

ed pulse and the corresponding pulse propagation dis-

tance in the sample.

1.3.3.3 Sing Around Method

In this method a second transducer is used as
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receiver and placed at the end of the sample opposite
the transmitting transducer. The received signal is
used to trigger the pulse generator thsreby generating s
continuous succession of pulses. Since repetition rate
of this pulse sequence depends on the travel time in the

sample, the ultrasonic velocity may be determined by

measuring repetition rate.

1.3.3.4 Pulse Echo Superposition Method

A series of rf pulses from a pulse generstor is
introduced into the sample. The repetition rate of these

pulses, controlled by freguency of continuous wave

oscillator, is adjusted to correlate approximately to

some multiple of an acoustic round trip transit time in

the sample. Acoustically measured time delay between

superimposed “in phase’ pulses is the reciprocal of the

continuous wave oscillator frequency.

1.3.3.5 Pulse Echo Overlap Hethod

As with the sbove method a series of rf pulse

introduced into the sample. Pulse repetition rate is

controlled by continuous wave oscillator. During the

acoustic time measurement oscilloscope is switched to an

X-Y mode in which the continuous wave oscillator pro-

vides the sweep. CRT intensity is reduced and two inten-

sified echo of interest are visible. The echo can be

made to overlap cycle for cycle.
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Besides there are several other methods such as

interferometer method, long pulse buffer rod for small

samples etc.

1.3.4 VUltrasonic Attenuation Measurement

Ultrasonic attenuation 1is a combined effect of

absorption and scattering. A number of sources of error

need to be considered if one is measuring attenuation

Among the errors are those arising from

i) velocity dispersion

ji) transducer coupling
iii) phase cancellation - resulting from lack of paral-
lelism of the sanmple

iv) material inhomogeniety

v) diffraction
Acoustic waves emitted by a transducer into a
sample spread out into a diffraction field. Diffraction

error is related to ratio of source dimension to sacous-

tic wavelength and thus is especially large for low

frequencies, small transducers and high velocity materi-

sls. The error due to the diffraction can be of the
order of masgnitude as that of the measured value some

time.

Some of the methods for the measurement of ultra-

sonic attenuation &re given below in brief. Systems of

measurements studied earlier [63,73-85] can be divided
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in three fundamental classes of techniquss based on

optical, pulsed wave and continuous wave methods.

1.3.4.1 Optical Systems

Light diffraction offers a technique for measuring
ultrasonic wave sattenustion . The method depends on
satisfying the conditions for linearity between ultra-

sonic wave intensity and light intensity in the first

diffraction order. Length of nltrasonic beam is then

scanned and attenuation measured. Method is useful at

high frequencies or for materials having high attenua-

tion coefficient.
1.3.4.2 Pulse Echo Method

In the basic pulse echo method for measuring

attenuation & pulsed rf signal of given frequency is

converted by means of a transducer into a pulsed ultra-

sonic wave of the same frequency. Ultrasonic pulse

travels through the gample and is reflected between the

sample boundaries until it decays away. Ultrasonic

attenuation is obtained from amount of electrical atten-

uation introduced into the circuit to maintain a con-

stant amplitude of 8 selected echo into the receiver

[23]. It can also be evaluated from the exponential

decay using well known expression for the attenuation.

Pulse spectrum sanalysis technique uses pulsed

wave from the highly damped transducers and spectrum

24



analyser for messuring the attenuation as a function of
frequency. A technique based on long pulse buffer method
for attenuation measurement in thin, highly attenuating

material is also used. It is a two transducer arrange-

ment for a solid sample.
1.3.4.3 Continuous Wave Systems

(i) Transmission technique : This technigue is used for
acoustic transmission measurements through flat
and parallel homogeneous samples. A stable oscilla-
tor is tuned to a mechanical resonance peak, deter-
mined by peaking the signal observed on the oscil-

loscope. The freguency separation between corre-

sponding resonances is measured. The full frequency

width of each resonance at 50X power is used to

determine the sample attenuation.

(ii) Sampled continuous wave technique : In situations

in which electromagnetic cross talk is a problen,

one can measure attenuation by & sampled continuous

wave (SCW) spectrometer, which eliminates electro-

magnetic cross talk and provides for both time

domain and frequency domain msasurements. The time

domain decay information is useful for determining

sttenuation.

(iii)Transmission oscillator ultrasonic  spectrometer

This instrument does not use an external

(TOUS):
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oscillator and is an acoustic analog of the margin-
al oscillator used in nuclear wmagnetic resonance

technigue. Also called marginal oscillator ultra-

sonic spectrometer (MOUS),

A different resonance techrnique makes use of &

sealed cylindrical resonator consisting two transducers,

@ thin spacer with D-ring and a housing to hold the

components and provide electrical coupling.

1.4 PROBLEMS FACED FOR NDC OF ROD MATERIALS

Unlike other products having plane surface, the

evaluation of defects in rolled, cylindrical or circular

rod products is a bit difficult. The scanning from the

end of the rod of course can find transverse defects if
the diameter of the rod is comparatively bigger like for

rolls, heavy axles and rotor forgings. The possibilities

of ghosts caused by mode conversion at shoulders and

section changes may exist and 8ll such
checked. Small diameters bars can have small

indications may

be well
defects and to find these by scanning from the end is
be successful because of small ares

not 1likely to

presented by the flaw to the pro
g either side of the defect. Rods shouild,

be and the masking by

energy travelin

also scanned along their whole length

therefore, be
besides the testing from the end. ¥hen a plane wave
strikes the curvea curface of the rod, it gives rise
| £ triangular reflections of longitudinal
r o

to a numbe
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waves, mode converted transverse waves, creeping waves
radiations, surface waves etc. [88]. This causes problen
in interpretation of the results. In contact testing the
virtual line contact doesn’'t damp out the ringing of the

transmitter 1in the same way as a flat surface does.

Consequently, 1if the transducer is also a receiver,

persistent ringing when flaw echoes arrive might mask

them.

When curved surface of the rod is to be inspected

by ultrasound, commonly a widening or divergence of the

ultrasonic beam is encountered due to reflection, re-

fraction and reduced effective source dimension where

the probe contacts and only a part of the transducer

plane is utilised. The fact results in reduced testing

sensitivity compared with the case of a flat surface.

The amount of divergence, in contact testing,
depends on the altrasound velocities of couplant and rod
material. For inspection of the rods therefore adaptor
blocks (shoe) are used to obtain full contaecting area
betwsen probe and curved surface of rod. By suitable
choice of adaptor material, it is theoretically possible
to achieve & focussing, but the reflection losses due
to the great difference of sound impedances of adaptor
block and couplant generally are higher than the gain
obtained by the focussing. An echo, sequences of course,

g ares which can disturb the

8onerated at the couplin
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interpretation of the indication on the CRT screen.
Therefore design of an adaptor need most care and
should be as short as possible or should be so long that

multiple echoes don’t occur in the test range.

1.5 SCOPE OF THE PRESENT WORK

Present work deals in with the characterisation of

material in the form of rods by ultrasonics. The work

may contribute significantly towards the solution for

several problems faced in the characterisation of rod

shaped materials.

A new idea for the detection and location of

defects present in the rod sheped materials by ultrason-

jec C-scan system has been developed. It is found to be

superior than the known methods in several aspects and

is described in Chapter 2.

For the measurement of ultrasonic velocity in rod

materials, & new method has been developed which gives

both the longitudinal wave and the transverse wave

velocities. Results have been presented for ultrasonic

velocity in various rods of varying diameter with the

new technique and compared with the velocity obtained

bulk material. This method is described in

from the
Chapter 3.
attenuation measurement in rod

The vltrasonic

material is given in Chapter 4. A new technique is used
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which doesn’'t reguire the beam diffraction correctio
n

and uses & single rod and single transducer for th
e

measurement of ultrasonic attenuation of both the longi
1_

tudinal and transverse wave.

The effect of water loading on the ultrasound

propagation in the rods has also been studied Th
. e

results show 8 dependence of ultrasonic wave propagatio
n

on the charactpristics of the material and thus offe
rs

s novel technigue for the characterisation of wmaterial

in the shape of rod. This study has been presented in

Chapter 5.
of the work done and its impor-

Finally a summary

tance in the characterization of rod material has been

given in Chapter 6.
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CHAPTER - 2

CHARACTERISATION OF ROD BY DETECTION
OF DEPFECTS

2.1 TINTRODUCTION

Rods and rod shaped components are widely used

in engineering plants, building of highly atressed

structures, various types of components like pin, axle,

shaft, penetrator (bullets), frame structure, etc.

components may be subjected to heavy stress

individual

Structural
and fatigue during their subseguent use in

system. This may mean failure of the system if the rod

has been found defective or undergone some hidden de-

fects during use. Moreover the rods are also being used

in the form of cladded rod as acoustic wave guide [1-3]

and characterisation provides better estimation oF

performance for use in a particular application.

For better interpretation of results in nonde-

structive evaluation, a knowledge of the type of possi-

defects in material is very helpful. Hanufacturing

ble
defects occurring in semi-finished products of round bar

or rod shaped pmaterial can either be internal or surface
defects [4-6]. Internal defects originate either from
ingot defects elongated during drawing, namely shrinkage
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cavities and inclusions, mainly in the core (Fig.1).
Other defects due to rolling and drawing include piping
and cracks in the core which in cross-section appear
Plat or star shaped. Surface defects usually result from
drawing may be such as radial incipient cracks or
spills which penetrate to the surface at a flat angle.
Most of these flaws extend in longitudinal direction
which reguires that axis of sound beam lies in a oross
sectional plane either normal or oblique to the surface

so that the flaw is always normal to the beam axis

Casting wmay also give defects {7,8] which may be

stated as follows

i) Gas defects : These are generally caused due to low

gas passing tendency of mold. Gas defects can be of

various types such as blow holes and open holes

air inclusion and pin holes etc.

ii) Shrinkage Defects These are caused by ligquid

shrinkage ococurring during the solidification of

the casting. It can be shrinkage cavities or pipe.

iii) Molding naterial defects : These defects are caused

due to the characteri
and washes, metal penetration, fusion,

stic of molding materials and

are cuts

runout, swell, drops ete.

g metsl defects : These defects are caused

purities in starting metal and speed

iv) Pourin

due to the im
of pouring it jnto the pold. It can be mis run and
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4. Types of defects in rod and round stock

Fig.
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cold shut, nonmetallic / slag inclusion

v) Metallurgical defects : These defects are caused
due to unwanted cooling stress or by chilling of

casting like hot tesars, hot spots.

vi) Deformation of geometrical form : These are caused
due to improper assembly of mold. The geometrical

shape of casting is not obtained as per design and
dimensions.

vii) Cracks Defects grouped in this category are hot

erack and cold cracks

The forging defects may be like clinks, forging

lap, forging bursts or cracks, pipe, inclusions, hair-

line cracks etc.
To demonstrate the integrity and reliability of

stem and to avoid risk failure, it is essential to

these defects. The growing requirement

the sy

detect and size
to demonstrate the safety and reliability of plants has
encouraged the wider use of nondestructive examination.
Ultrasonics 1is & valuable technique because of its
convenience, sensitivity and quantitative results.
Amongst all the NDE technigues, ultrasonic method is

of revesling more OF significant information.

capable
NDT nethods offer several sadvantages for

Ultrasonic
als [4,8-15]. The technique is

characterization of materi

or flew evaluation and thickness gauging

commonly used f
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of metallic and non-metallic materials. A high energy
pulse ultrasound is used to detect, locate and evaluate
the defects such as cracks, porosity, deterioration,
corrosion, foreign inclusion, etec. ([18-19]. Direct
contact or immersion testing techniques [20-22] are
generally used with single transducer or some time with

dual transducer in through transmission technique for

evaluation of defects.

Considerable difficulties are encountered in the

testing of round bars or rods for internal defects. Any

type of jrregularity in material co¢ross section nmay

effect the sound path. However it is not easy to identi-

fy the defect from the sound image, and to correlate the

interference echoes to particular defect. Nevertheless a

knowledge of these correlation is very important for an

NDT expert to give & way to wide application of ultra-

_sonics in NDE.

As against the advantages described for ultrasonic

NDT, there is & gserious draw back. Although it is quite

easy to find even small defects, it is very difficult to
determine somewhat accurately the size of .the defect.
The sttempt here actually is to find ways which enables
one to make an exact statement about the size and nature
of the defect in rod of various materials. The defect

in rods of small d
t and determinations qf flaw below 30 mn

evaluation jameters i.e. below 40 mm

is more difficul

is very difficult. garlier studies [23-28) have showun
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maximum clarity of defects in rods of diameter 50 to

80umm.

Attempts have been made in past to determine size
of defects with sufficient accuracy. At first it was
believed that the problem could be solved with the
rules of geometric opties [23-24]. It was also tried to
calculate the defect size by the ratio of flaw echo to

back wall echo when defect surface is at right angle to

the direction of ultrasound beam by the following formu-

la.
FE/BE = F/A
where FE = flaw echo amplitude

BE = back wall echo amplitude

F = area of defect
A = cross sectional area of sound beam
However, the peam divergence effect c&uld not be

taken into sccount in the above eguation. Due to this,

for the constant work piece lendth, a defect of given

size will give a higher defect echo if it is nearer to
the sound ijrradiation. At the same time the back wall

echo decreases. Applicability of this equation is there-

fore 1limited due to the fact that it does not consider

the distances between transducer-defect, transducer-

back wall end defect-backwall. In usual probes or narrow
beam probes, the sound pressure varies with increasing

distance from jrradiation point. It declines in the far
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field region and the curve proceeds discontinuously for
distances in near field region. Therefore the mesasure-

ment of echo ratio in the short range field does not

allow one to infer the size of the defect. It is guffi-
cient if only one of two echoes is situated in thes near

field range. Therefore, while using echo ratio, =size

measurements of defect must be carried out in the long

range field. The near field is smaller for low frequency

transducer but they show & dispersed input pulse 1in

the luminous screen image, the so called dead zone, and

defect echo cannot be recognized. One is often thus

forced to make some compromise. Howesver it has been

proved that variation of pulse width or receiver sensi-
tivity does not markedly effect the echo ratio, till the
lie in linear region of inatrument'

two echo ratios

amplifier. In order to radiate a continuous sound wave

at maximally possible sound pressure and 8 given fre-

it is logical to excite a plate at natural

quency
frequency and keep its damping minimum. But in case of
nondestructive examination, even if continuous sound

wave is used it will usually be necessary to sweep. the
frequency to avoid the creation of standing waves in
test piece. In the shifting of freguency, if we desire,

remain constant as possible whioch,

amplitude should

resonance curve does not permit.

however, @& narrow
broaden the resonance curve a suitable

Therefore to
regulting in the band decreasing

damping is introduced,
m value at this limit,

to about 70% of the maximu
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In echo method length of the pulse may prevent the
detection of defects near the surface. The pulses of
minimum duration is therefore desirable and it is neces-
sary to generate and transmit pulses at frequencies
which are not excessively high and with a minimum number
of oscillation i.e. shock pulses or transients. Reeping

this as criteria the problem stated above that the

defect can be sized only in far field is removed and it

will be far better to size a defect in near field which

even does not require the correction of beam divergence

effect.

For a plane wave probe emitting uniform beam width

in test sample in near field (NF), the echo heights

from equal size defect A and B will be the same except

the attenuation in naterial (Fig.2 a). This will happen

for broad band transducer. However, in narrow band
transducers, the acoustic Pressure varies significantly
with distance in the near Field. In such a case echo
heights from A and B can be of any value. If shadow is
BWE height due to A and B will

considered in this case,

r broad band transducer and narrow band trans-

be same fo

ducer both.

In far field or diverging beam field (Fig.2b),

ght from A and B will vary depending upon atten-

n effects.

If shadow is considered in

echo hei
Echo height of B will be

vation and diffractio

always Lless than that of A.
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this case BWE height will vary. The defeet A will caste
wider shadow than B and hence BWE height due to A will

be less than due to B.

To detect internal or surface defeots on & rod

both types of methods, that is, direct contact and

immersion are used. Some of the techniques ugeq earli-

er for defect detection in rods are deseribed below ip
brief [4,5,23-34]

To {find defects in core, the stationary rod is

coated with viscous o0il and secanned continuously with

the protected normal longitudinal probe along a fey

longitudinal tracks, at least on two tracks being trang-

posed 90° in order to obtain an echo with sufficient

probability. Usually frequencies are of 2 to 6 MHz, the
higher frequencies and a small probe diameter being used

on thin material in view of the better cloge range

resolution. The width of flaw can be estimated roughly
the ratio between flaw echo and bottom echo, But

from
flaw, the depth of flaw, diameter of rog

for sizing the
fregquency used . 8hould be

and diameter of probe and
taken into consideration. The care should be tgken to

avoid mistaking triangle echoes for flaw echoes.

Thin bright rods down to approximately 5§ mm diame-

ter are preferably tested by TR probe. Two probes may be

the circumference displaced 90° from each

Placed on
n a continuously moving specimen. A

other and mounted i
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flow of water may be used &s coupling. Device for guid-

ing the probes greatly facilitates these tests. The V-

shaped shoe of angle 120° are alsc used for guiding the

probes to contact the rod along the diameter and move-

ment along the surface.

aurface defects are found with oblique transverse

waves or with surface waves, the later, however, can be

used only on very smooth surface, making furthermore

quantitative difference between deeper and shallower

cracks impossible. If an angle probe with 45 or 80° is

suitably ground, the broad beam after a few reflections

£ills a zone under the surface fairly completely upto a

depth of approximately 1/5 of the diameter (Fig.3a)

and covers internal defects in addition to surface

defects. These gurface defects can only be distin-

guished by finger tips

Thin bright round stock, down to a diameter 1 mm

can be checked for longitudinal surface defects by dry
contact with plane normal probes of frequency 4 to B MHz

a plastic shoe agains
4 mm are detectable provided that

protected by t wear. Cracks with a

minimum depth of 0-

1ongitudina1 directi
has not been applied to any apprecia-

extend in on at least 10 to 20 mm.
However the method

of tiresome and time consuming

ble extent becausSe€

visual inspection.
blique transverse wave drops

Since sensitivity of ©
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' d
.y 3. Some of the technique use
Fig. 3 for testing of rod m_atenal

48



after several reflections, the flaw as far as possibl
should be encountered in the first third to one half e
the circumnference. Thus in case of stationary rods, t N
may be carried out along 2 to 3 longitudinal track’ -
the probe should be advanced along & zigzag path o: ::d

e

circumference. Flaw echoes than travel back and f
orth on

the CR screen and can be detected easily

technique provides testing flexibilit
4

Immersion
since the transducer can be moved underwater to int
ntro-
duce a sound wave at any desired angle. It is suitabl
ita =]

for high speed and scanning system because the transd
sduc-

er does not contact the test object and therefore i
is not
subjected to wear. Also all types of waves and test
esting
directions can be obtained by using a movable b

including a surface wave (Fig.3b). Further to evaluate
defects in material, its surface should be uniform and
smooth for contact testing. Immersion testing is useful
for examining srregularly shaped objects when submerged

quid. The continuous
tybe or bar is performed using immersion

in a 1i testing for defects evalua-
tion in rod,

r test objects having uniform and

testing. In regula
ultrasound beam scenning is not so diffi-

plane surface.
pection of test abject. In rod shaped

cult for 100% ins
it is a bi

rved changes the b
depende upon the relative ultrason-

+ complex, for the surface of the

materials,
eam shape drastically.

rod being ¢Y

The change in shape

ties in water and in rod material. For exam-

ic veloci
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ple, 1in steel rods where velocity is about 4 times of
that in water, the beam divérges on entering into the
rod. The beam divergence increases with smaller diame-
ter rods as the radius of curvature decreases sand the
incident angles gets larger. The beam divergence exacer-
bates the difficulty in testing the rods, already

present due to change in transmittivity of vltrasonic

waves. The transmission coefficient is different at

different angles and the ultrasonic beam are incident on

the rod at different angles at different points on

surface. This changes the varistion in pressure in the

beam and is difficult to account for.

Imperfections which are radial in nature and

oriented predominantly longitudinally to the major axis

of the rod are detected by this technique. The rod is
rotated transversally and also advanced langitudinally
through some glanded test tank. The ultrasonic beam
describe the helical scan path of required pitch and
6ver1ap on the surface for 100% inspection of the test
The scan is known as Helical scanning. A holder

object.
detecting the longitudinsl

the probes for

mounting
and core defects, rides on the rod. Probes are

surface
water level kept constant tc compensate

submerged, the
at the entrance and exit openings.

for the  1losses
adjusted in the holder for correct posi-

Probes can be

tioning for any diameter.
mercial on-line testing system have been

The method is  extenmively

used and com
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available for past several years.

After reflection from the inner wall a diverging

beam of shear waves inside & rod converges to form
C a

caustic. This surface of high sound intensity forms a

well defined structure within the sample under test

which can be used as a probe for internal defects. The

returned °~ pulse echo data can be utilized to determine

the size, shape and position of the defects. Width of

ensrgy concentration at the caustic has been measured

and used to calculate the resolution of such a testing

system [35-361.

I1f the surface 1s not perfectly smcooth, trouble-

some interfering echoes in zone behind the entrance
echo some times may b€ observed in immersion testing
using broad sound beam. These in case of thinner rods
may mask the echoes of core defects completely. There-
fore narrow or focussed sound beams ars used or nagks
g or a slot can be inserted in the

with a round openin

th. The relative posit
t fixed. This can be done by simply

sound pa jons of probe, mask and

round stock is kep

mask which may be rotatable,

using a probe holder,
nt of probe and containg two eccentric

mounted in fro
o transverse waves c¢irculating in

(Fig.428)- Tw
jons can determi
ough the core of the rod. Rod with

openings
ne shallow defect or two

opposite direct

longitudinal beamS thr

alightly zed surface down to 12 mm

oxidi

mill rough,
using probe of frequency 4 to 8

diameter can be tested
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MHz.

With focussed probe the decreass in sensitivity

due to the strong refraction in rod can be compensated

TR probes also have a pronounced sensitivity maximum at
a definite depth.

Longitudinal defects close to the surface of rod

can be tested by two probes as transmitter and receiver

and arranging in a immersion tank at 180° or 80°

(Fig.4b). Transmitted sound beam travel along a polygon

may be reflected by the
an be received by receiving probe. When the

and longitudinal defect if

present and ¢
rod is rotated defect echo is observed as traveling
echoes. To detect spills in two possible directione of
carried out simultane-

inelination, the test is usually

n two parallel testing planes and sound c¢ircling

cusly i

in opposite directions.

Magnetostrictive method [4] has also been tried
gitudinal surface defects (possible

for detecting lon
An array of several coils is

only in steel and nickel).

a way that the
d at a steep pitch (Fig.5a). Re-

mounted in excited ultrasonic pulse

spirals around the ro
is orientated 80
ljected by & tongitudinal defect and

ceiving coil that it can receive part
of the sound beam ref

defect
g wave directly,
n this way can reveal, by its

echo. Other receiving coil can

thus produce
the sound transmis-

receive the spiralin

sion indication obtained 1
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Fig . 5. (@) Rod testing by magnetostrictive excitation.
E - Receiver, S - transmitter
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Fig . 5.(®) Testing billets with two probes
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disappearance, the presence of large defects. The

instruments are capable of testing 2 to 14 mm diameter

rods. In case of bright stock, longitudinal defects at

least 0.05 mm deep can be deteoted in this way.

Core defects in rolled, round billets with diame-

50 mm and more 8are detected by transporting these

ters
without rotating on conventional rollers. This is ocar-
ried out with two probes from two sides to cover wider

angular range of flaw orientations (Fig.5b). Longitudi-

nal defects in round billets can be detected by means of

angle probes Or pipe probes in the same way as for the
drawn rods. Owing to the rough and not very uniform

of the round billets,
Testing by hand can therefore be

surface the coupling conditions

are less favourable.
ere the requirement of flaw detectability

considered wh

too high. For continuous testing the specimen

is not
ion, which in round billets

should be fed in 8 gpiral mot
with difficulties because they are not

usually meets
sufficiently straight.

in the cas®é of drawn steel rods, testing of
s on material thicker than 30 mm is one

internal defect

of the oldestvapplication of pulse echo method. Perhaps

d ds b .
the charac fects depends on beam width,
diameter of rod, rod material

transducer:

frequency,
(in immersion testing). Optimi-

veloeity and water path

factors give improved results.

zation of theseé may
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In the present chapter theoretical expression and
results have been evaluated for optimal selsction of the
frequency, transducer diameter, rod diasmeter, rod mate-
rial velocity and water path for better evaluation of s
defect in various rods. Beam width is the important

parameter to evaluate or resolve the smallest defects

The variation of beam width with respect to rod diameter

and transducer diameter asre evaluated and plotted. The

theoretically obtained results have been compared by

performing the experimsnts on various samples of rods

with simulated defects using various transducers in

varying frequency and diameters. Thus limit to detect

and size the smallest possible defect in varyving size

rods has been estimated.

In the present studies rods of diameter ranging

from 5 to 55 mm with simulated defects are taken. A new

teohnique is developed using immersion testing C-scan

system [37,38]

the diameter using normal bea
rrangement has been developed for the exist-

te scan the rod circumferentially through

m longitudinal transducer.

An add-on a

ing facilities of C-s¢ ‘
nferentially as well as longitudinally.

an system. This allows the scan of

rod circu

2.2 C-~SCAN TRSTING OF RODS - A NEW METHOD

In immersion testing, the test object is placed in

filled with water and transducer is set to

the tank
waves normal to the surface of

transmit ultrasonic
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objeet, if the test object has a smooth and plane suy-
face. In ultrasonic C-scan systems, there is no arrange-

ments for evaluation of defects in rod shape materials,

The ultrasonic C-scan technique {38-41) ;s an

important tool for the NDE. It allows high resolution

imaging of subsurface regions, which is inaccessible

With the conventional technigues of optiosl O scanning

e@lectron microscopy. The fundamental beasures ,f

Performance of a C-scan gystem are resolution gnq

Penetration. To determine these measures quantitatively,

attention must be paid to the type of probe apng the

technique employed.

A broadband probe is excited by g spike. The

emitted ultrasonic energy is coupled from probe to the

Sample by water filled in the tank. Data in the gorp of

return signal amplitude is collected along a two dimen-

as the probe is raster scanned over the

sional grid
Specimen. Electronic gate is set to extract the selected

from the entire return signal and these data ape
ro

echo

then d to vary the intensity on a monitor or gare
use

paper. Magnification or reduction ~can be

Printed to
achieved by scaling the scanning grid. System

pulse echo,

can be

configured in a variety of modes, such as
jssion, double through transmission and
tranem s

through
angle b using plane or focussed wave transducers,
eam
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In the present system, in addition to the t
: water
tank -
for C-scan system, an arrangement to push th
e rod

to be tested is made i
in such & way that th
e rod both

revolves and advances uniforaly with respect t
o the

transducer (Fig.6a, b, ¢). A leveling plate is 1
placed

inside the tank. Rod to be inspected is kept
on the

plate. A U-shaped frame (Fig. 7a, b,c) is fixed
on the

rod carrying the Y-movement of transducer. Thig ¢f
. rame is

used to push (advance) the rod. The pushing for
¢ce and

the gravitational force and frictional force combi
ombined

rotates the rod while it is advancing on the 1 1
eveling

plate. The frame is also attached with a braking mech
echa-

that does not allow the
ement given by the frame. Leveling plate i
s

nism
s rod to move forward wmore

than the moVv

adjusted that its face jg parallel to the plane of

=1}

It ensures that the transducer plane

the transducer.

ig always parallel to the plane on which rod is revolv-

he transducer and th
e axis of rod is perpendicular to the saxis

ing. T e specimen rod sre set in such

a way that th
n at position 2 in Fig.8 throughout

ound beam as ShO¥
This ensures tha

rod interface and rod axis remains

the scanning. t the distance betwreen

and the

oughout the scan
we of travel and echo amplitude from

transducer
ning. Once this condition is

constant thr

the ti

achieved,
d be equal at both ends of rod.

water rod jnterface woul

anning of the rod, following points

puring the 86

are always keet in mind.
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DETECTOR | \
( SONATEST 300
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GPIB Plate Rod
PC-AT 80486
UNICORP
[ e INKJET
B PRINTER
DOS 6.22 { HR-560C )
WINDOWS 3.1
RCPNDT

Fig. 6(a). Block diagram of experimental

setup
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6(c) Photograph of the image analysing system
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(i) Axis of the rod and beam axis should be in the same

plane and perpendicular to esch other. This will

make the beam axis of the transducer along the

diameter of the rod.
(ii) The rod diameter should be uniform all over.

(iii)The rod surface facing the transducer should be

free from any defect, otherwise variation in echo

height will be observed.

(iv) The rod axis should be in a plane parallel to the

plane in which the transducer face moves for the
scanning. This can be achieved if the plane of the

leveling plate is parallel to the scanning plane

of the transducer.

Ultrasonic signal from the rod may be received

back after reflection, refraction, multiple reflections

ete. The earliest echo signal, after the water rod
will result either from the back wall of

interface echo,
present in between the interface

the rod or the defect
ular beam width. The back

and back wall within 2 partic
as to be jdentified and selected using the

Wwall echo h
gate width and position available in

Suitable electronic
m. The overall effect of flaw

the flaw detector syste
s contribution seen in

Present in the rod will have it
11.
the received signal from the back wa

B3



2.2.1 Positioning of time gate

The C- i
scan image can be formed by fixing th
e tLime

gate at differ }
ent positions in
the followin
g ways.

(i)

(i1)

(iii)Gatin

Gating the inte
rface echo : The
: echo will b
e af-

fected by surfac
e defects, varyi
P ying smoothnss
s, but

wil
1 not effect due to the internal defects of
the

rod.

Gating between interf
ace &nd back wall i
: This will

obscure the echo from the smaller defect if
1 a

larger defect is present in the same line, f
, for the
captures only the highest signal availabl
a e.

gate
Also, the echo height will depend upon the depth
p of
the defect dus to attenuation. This will ove
resti-
the size of the nearby defect and underest
esti-

mate
mate the size of the far of defect.

g the back wall echo only : The back wall ech
cho

give petter results as compared to th
2

gating will
The obstruction by the

positions.

above gate
ected signal from back

defect will reduce the refl
m width remains uniform throughout
u

wall. If the be&
the reduction in

of the material,

the thickness
jrrespective of depth

o will be same

wall ech
ght of the back wall echo will

The heil
n the atten

back
of defect.
gation or any such parame

not depend ©
jg will alua

gs give the correct size of th
e

ter. Th
position of the defect



2.3 EFFECT OF BEAM WIDTH ON ROD TESTING

The ultrasonic reflection from curved surface in

rod is complex and some defects could be missed depend-

ing upon frequency, rod diameter, surface roughness

ete.[42,43]. VYet it is desired that continuocus testing

of rod is performed using ultrasonic immersion testing

For evaluation of shape and size of defects it is

better to minimize the beam width into the material such

that the reflected or received signal from the defect is
comparable to the back wall echo and hence sufficient to

The beam in contac
o have an effective width for which ultra-

analyse. t with the surface of the rod

is supposed t
sonic energy 18 received after reflection from the

or ground boundary ©
the bead width has to be evaluated

defect f rod (back wall). Keeping
this point in view,

gelection of the frequency, transducer

for optimal

and water path for particular rod diametsr,

diameter

To find the effective bean width for a given

rod diameter and transducer diameter, let us

water path,

refer to Fig.9.

effective bean width of the transducer

Let BD =

QE = water path petween ¢ransducer and top surface
of the rod
r = radius of rod
p = diameter of transducer
- : ion res ect.
cidence and refract B ively
ei’er - angle of in
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Fig. 9. Evaluation of effective beam width
when a plane wave strike curved
surface of the rod
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Then in triangle OBD, /
y/_ BOD = / _FOA" =
(29r - 81)

Therefore BD = r sin(zer ~ 8.)
i veoal)
- .
ere Gr can be expressed in terms of 08. as
sin 8 v
S X 1r
= - £ TR
o 81 Vln (2)

where Vlr = velocity of longitudinal wave in rod

velocity of longitudinal wave in watep

vlw

The problem now is to fi :
ind out 9i in such & way that

the ray CS strikes the transducer at S where

QS = D/2
For this we find 8, in terms of &S.
QS = QR + RS P
QR = FG = AG - AF
From triangle AGC, AG = AC cos (2 gr _ Oi )
AC = 2 AA" =2 sin26,
or AG = 2T sinZBr cos(zer - Bi)
AF = r sin 8,
or @R = 2r 5in20, cos(28, - 8,) - r sinb; o 4)
Rs = RC tan(RCS) = RC tan(46, - 26; )
RC = RG + GC
RG = QE + EF = QE # {(x - T cosei )
From trisngle AGC,
GC = AC sin (26,.-8;) = “F sin 26, sin(26_-9.)
ps = [QE + p-r cosfy * 2r Sinzer'Sin(zer“ei)J
tan(49r—2ei) o CBY
sybstituting £ values of @R from equations (4,
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3 x

is equal to D/2, that is,

D/2 = QR + RS (8)

For a particular rod, transducer and water path, we can

out the value of 6, which satisfies equation (8)

of

find
This value of Bi is then used to evaluate the value

BD from equation (1)

The beam width is determined theoretically using

the above expression and with the help of a BASIC pro-
gram for 5 mm and 50 mm diameter rods and transducer
of frequency 5 MHz and diameters 12.5 and 25 mm at

Varying water path (Fig.lO). Thsoretical V&lues fOI‘ beam

evaluated for varying water path for 3, 5,

width were

10, 25 and 50 mm rod diameters with a transducer diame-

ter of 19 mm (Fig.11).

It is Pound that the beam width decreases

crease 1in transducer dismeter
ater path. However, after the

o
s

with de
ii) with increase in W
the increase in water path does npot

near field,
change the beam width apprecisbly.

iii) with decrease in rod diameter

ror thicker rods, one shall have to use

Cl&ﬂrly’
ncer for lesser beam width.

Smaller diameter transd
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2.4 EXPERIHENTAL PROCEDURE

An ultrasonic C-scan equipment provides a pe
nent record of test with high speed automatic sc o
| anni
It displays the discontinuities in a planar view Enlng.
. Essen-
g C-scan image provides a two dimensional vi
iew

tially,

of t i i i i
he specimen, 1D which difference in image
contrast

is a result of the obJ i
jects interaction W i
ith an 1mp1
nging

sacoustic wave.

The block disgram and photographs of the —ex
peri-
mental setup are shown in Fig.6 and 7. Following equi
quilp-

ment were used for the measurement.
Ultrasonic flaw detector - Sonatest masterscan 300

L)
’ rac-

ing range 0.5 to 25 MHz.

_ gtainless steel tank with overall

n tank
50 mm in ]ength. 400 mm in depth

of 12

in width along
jtioning system attached to the

ii) Immersio

dimensions
with angular and three

and 500 mm

micropos

dimensional
clamp - The linear movements of the
can be manual or controlled

t ransducer
transducer in clamp

ronically by

o built in computer progdramme

elect

(Fig. 72-
A number of transducers having dif-
is used to scan the

111y Transducers
nd dismeter

fFerent frequeﬂcy a
N e t ;

rod for best pOS-lblb sizing of the defect in a
hese &€

rod. Among b



iv)

v)

Vi)

5 MHz, 25 mm diameter, Krautkramer make

5 MHz, 20 mm diameter, Pganametric make

7.5 MHz, 12 mm diameter, Panametric make and

20 MHz, 10 =mm diameter, Anglia NDT, backed

Digital storage oscilloscope (DSO) - Tektronix 2440

DSO, sampling rate 500 MS/s.

-~ The quantiser unit has two functions.

Quantiser
flaw detector’s analog

One is that it converts the
ital signal and the other is that it

output into dig
etween the scanning control

provides an interface b
and the 1BM-PC. This jnterface passes on

nds to the stepper
vided under the water

system
motors vis

the computer comma

stepper motor drivers PIo

also P&
from the PO

sses On the transducer position

tank. It
tentiometers (fixed along

coordinates
side the stepper motors) to the computer.

Two sets of personal computers are

(80486) personal computer is con-
r via gpIB interface card and

Computers
One IBH

o the quantis®

used.

nected t software, RCPNDT,

3.1 environment. This software

WindoW
and control of the required

quantized colour

helps in the &€ duos 2

scan pattern: It caf P £ the ultr i
1 copY printout © asonic

display and 8 h&r ) omputer js to receive the
gecon

test results:



C e

(conne
cted to flaw detector) and to perf
rform Fouri-

trans
form and other mathematical functi
1l0ons on

er

the wave form.

vii) Test sample - The rods taken for inspection
diameters in the range of 5 mm to 60 mm withare N
ing lengths and materials given in the Tablzary_
There are & number of simulated defects 1in each )
|ike cuts, notches and holes of different diamet::d
s

at different positions (Fig.12)

To scan the speclmen rod, kept on the level
eling
d earlier with its axis along the ¥

plate as describe
in contact with the rod Th
- e

ame 18 brought

justed with th
ght does not change from on
e

axis, U-fr
e help of screws such

plate and rod &re€ ad

that the interfacé eccho hel
the probe iS ad—

£ the rod. Also,

end to another end ©
romanipulators till the back

e help of mic

justed with th
ximised:

wall echo height 15 02
. set uP by marking two diagonally

The scan &red i
s called scan start

one of the points 1

opposite points.
e index pitches and scan

indeX (0, 0).
ng ©

Th

position
by men g a menu displayed on the
s rod, the transducer is

lengths
To Scan 100% of th
;gtance equal to or more than

nt (where T = radiusg

colour VDU.
X-uxis
increme

q little

moved along the
more than the



Various rods used under study with actual dimensions
of the simulated defects. L-denotes defect dimension
rod axis (Y-axis in image), W-denotes along
is the depth

TABLE 1

along
X-axis in image and H

Diameter Length DefectlDefect dimension (mm)

|Rod Material
No. of rod of rod [No. L W H
(mm) (mm)
‘niom 51.0  134.0 | 1. 22.4 3.5  2.32
1. Aluminium 2. 0.9 13.5 0.43
3. 14.7 1.5 1.5
4, 15.4 1.5 1.5
5. 14.2 1.5 1.5
B 1.66 6.8 6.6
7. 19.8 3.0 3.0
8. 1.33  1.33 31.7
g. 19.0 4.0 0.2
148.0 | 1. 1.26  7.14 2.8
2. M. Steel 8.8 2. 1.33 1.3 B8.28
3. 1.2 6.2 1.06
4. 1.33 1.33 6.08
5. 0.9 5.5 0.88
1n7.0 1. 0.62 Circ 0.7
3. 5. Steel 5.8 o 2. 5.0 5.0 0.49
3. 0.9 5.0 0.42
1. 0.9 Circ 0.55
4. g, Steel 5.8 108.8
32 1.286 7.08
98.8 | t 1
5. Brass ox 0.8 3.0 0.5
164.0 1. ‘ ‘ '
8. Steel 9.0
0 20.5 1 16.8 8.65 6.85
7. 1 38. '
S s0.0 | 1 2.3 2.3 10.2
s 212.0 ' 2. 2.3 2.3 10.2
8. Aluminiu 3. Q.8 29.6 29.8
| e u ———
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the rod. In this way the C-scan image wiil
of

length of
repre

sent the rod as two dimensional view of g block

oc

* chO

Si . »
&nal of longitudinal wave received from the back
wall

th :
rouvgh the diameter of rod is gated for C-scan ip
.. ' age.
an image shows the number of defects depending
thei ; o
heir size compared to the wavelength of sound
ave,

thei < :
heir orientation, beam width, etc. Though the depth £
0

from the surface can not be evaluated from ¢ty
e

defect
defect

but the length and width of the

C-scan imsge,
rod ecan be

the position from the side of

along with
need be there, the depth of the defect can

@nalysed, If

be evaluated by posit
and analysing the A-scan available on

joning the transducer above the

defect position

the flaw detector.

2.5 RESULTS AND DISCUSSION
jon 2.2.1, the time gate

As discussed above jin Sect

arious positions,
and back wall echo or at

namely, at the inter-~

can be set at v
nterface

Pace or between the 1
periment was done to compare

the back wall echo. An €X
sjons. These images are shown in Fig.

It is found that the

meter aluminium’ rod Pop

the Scan image

different Eate pOSit
(b) and (e) respect1Ve1y.
t between interface and back

13(&),
of all the

Bating at interface and tha
r detection

Wall gives poor responsé fo
erface echo perhaps can give some

nterna]l defects.
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f C-scan

ison ©
tion

Fig. 13. Compar
od inspec

|m'age for aluminium
using gating for

ho

(a) Interface ec
interface and

(b) Betweel
back wall echoes

(c) Back wall echo

fc)
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informati
on about the surface defects. The b
s est gatin
g

g g.

A compari
rison of different
transduce
rs used
was

also done b i
y evaluating the Fast Fourt
urier Transform
(FFT)

back wall echoes from 51 mm diameter alumini
um rod,

of
Though it is expected

These are shown in Fig. 14(a.b.,c).

the results would be better for
T observed for back wall echo £
G

that ]
higher frequency

transducers, but the FF
y few components of higher frequencies Thi
. is

rod has ver
v'l!)S.L]'..Oll of hl‘gher fte‘-]uencies in d
rao

is due tO tile at p
_ A th llsed. T!le ba“d widt.h f
nafer pa O

and in the

material
n is also limited and the signal

syste

the flaw detector
of higher frequencies may not amplify by the same gain
er freguency sig
set at wide band

k at 13 HHz. It is observed

nal. For this reason the flaw

as the low
width which is 3 to

detector was 8lways

B down with pe#

18 MHz at 5 d
g dB freguency bandwidth

gpectrs that

from the freguency
fFor 5 MHz transducer 17 3.3 to 6.3, that for 7.5 HHz it
20 MHz 1t js 4 to 9 MHz. To make

is 4.4 to 7.6 and fOF
performed to see the nomi-

rimnent was
Using 20 MHz transducer

this clear an expe

y of t he rransducer:

-gluminium (v1-7076T block)

nal freguenC
om water

¢h of 17 oM (
ducer as 20 MHz and 6 dB

FFT of the echoés fr
Fig.15a) shows the

a unt,@f péa

interface for
hominal grequency of the trans
bea i) 5 to 27 MH WhereaS FFT of the interface
m width 85 !

52 @ (Fig.15b) shows the attenua-
echo faor a watel path ¥
el f th compon€n of hisgher rreguencies  1in
g an 0 e
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(a) For water path 17 mm

FIG.15. Frequency spectra of the interfgacs

e .
from water-aluminium (V1-7076T block)cho Signgy
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water only. Further ultrasound attenuation is more i
in

metals as compared to the water at higher frequencie
s.

It makes clear that the transducer of nominal frequen
cy

20 MHz the higher frequencies are getting attenuated i
n

water path. It was therefore thought appropriate to sca
n

rods either by 5 MHz or by 7.5 MHz trans

path also can not be too much wini-

most of the

ducers. The water

the effective beam width of the transducer

mised as
by reducing the water path (Fig. 10 and 11)

increases
er rods high frequency probe may be

For smaller diamet

as it gould give high
1so be reduced up to some extent, the

better er sensitivity. Since the

water path can 2
of higher

and useful higher

frequency componenit may not be

attenuation
frequency component may

very high

still be available.
rmed on a number of rods

Experiments were perfo
(Table 1) The sizés and locations of the artificial
evaluated from the scan images

he rods were
ds and Compar
ameters of each scan plan select-

defects in t
ed with the actual sizes

(C-scan) of the ro

of the defects: The par
along with the

ed were stored

records of
he different shaped defects

1t is found ghat 811 F
a ed clearly with the system develored. The
re observVv . ¢ the beam along the direction
effective gienctes d axis pecomes Very small due to
. to the *° n. The defects width

perpendicul@
P raSound bea

the 11



{a) C-scon Image ot S Nz runadoces

Fig. 16. Comparison of C-scan
image for aluminium rod inspe-
ction using transducer
frequency

(2) 5 MHz/20mm
(b) 7.5 MHz / 12mm
(c) 20 MHz / 10mm

87
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17{8) Rod No. 1. Defect 1 is seen twice due
to scanning by more than st times

Fig. 17. C-scanimage of different rods.
X and Y axis represent circumfe-
rence and rod axis respectively
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17 (¢) Rod No. 3

a0



17 (d) Rod No. 4
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17(e) Rod No. 5

82



17(H Rod No. 6
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17(g) Rod No. 7. Scanning
about 27l times
along X axis
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(W) along th i
e circumference as ms
asured on X-axi
Xls of

scan image therefore gi
give comparable re
sults. Perhsa
ps to

determine th
e correct size af the def i
ect it 1is
essen-

t‘ *
ial that setting up procedures are correctly foll
| ollowed
and ultrasonic beam is in a plane and perpendicul
ar to

the rod axis. Otherwise defects particularly of
o the

transverse type which are along the beam axis in smal
. maller
diameter rods may be missed. As in Fig. 18 compared
re to
nsducer emitting the ultrasound beam w
as

17(b), the tra

slightly off the rod axis for 8.8 mm diameter rod

y 1 and 2 in aluminium rod No. 1 g
. re

Defect numbe

The problem is faced when the defect
c

in oval shapée-
ttom or when two oOr more defects occ
ur

occurs at the bo
case the results may vary fronm

simultaneously. In that
actual size due to the shadow effect. It is found that
due to 1lack of knowledge of depth in C-scan image,
pe of & circle on surface, hole or any

defect in the sh?
g at the center of rod will show

nt defect lyin

significa
y the 1ength of hole can be

mage and onl
d as in case of defect numb
ts along the rod axis is very

a line on scan i
er 8 and 7. In steel

predicte

rod the dimensi
correctly and show

could not P®

small andl
larger size du
rods with simulated defects under

number of
The defects observed are

The
. 1.
study are given in Table ‘
tried nre and defect jength and width is given
ried to meas
A comparisot of the present system,

in the Table 2.



il T

Fig

_18. Ultrasonic C-scan image of rod
No. 2 with slightly off axis from

rod axis
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TABLE 2. A compar

json of simulated defects actually

measured

ed by ultrasonic C-scan image. L, W -

and evaluat
denotes defect dimensions along rod axis (Y-axis
in ima%g) ?;d along circumference (X-axis in image)
respective
Rod Defect Defect Dimension in (mm)
Defect
No. type [No. (L) (W)
Actual Measured Actual Measured
1. Oval 1. 22.4 22.5 3.5 8.5
Oval 2. 0.9 3.0 13.5 12.5
Hole 3. 14.7 14.5 1.5 2.0
Hole 4. 15.4 18.5 1.5 1.0
Hole 5. 14.2 13.5 1.5 2.0
Hole 6. 1.6 2.0 6.8 ---
8 19.5 3.0 -
Hole 7. 19.
Hole 8. 1.33 3.0 1.33 S
g. 19.0 19.0 4.0 3.8
2 Cl.lt 1 1.26 2.3 1-%4 10.4
) ] .33 3. . 1.4
20%6 g %_2 2.8 6.2 9.0
Hol . 1.33 3.5 1.3 1.4
Cgte 5- 0.9 2.8 5.9 6.9
1.8 Circ -
3. Cirec 1. g,gz 6.3 5.0 5.7
Cut 2. 0'9 1.5 5.0 5.6
Cut 3. ’ ci
1.8 irc -
4. Circle| 1- 0.8
32 2.5 1.26 1.4,
5. CDH 1. t.
8 2.5 12.0 17.4
8. Cut 1. 0.
15.8 8.65 -
7. SDH 1. 16.8
3.8 2.3 4.4
8. Hole 1. 2.3 3.9 g‘g 2t
HO].B 2. 3:8 9.8 2 . S
-_--———_———-—-'-.

g8




TABLE 3. A comparison
the Helical scan syste

of the presented system with
m and A-scan systen

P;esent system
With add-on
arrangement

(C-scan)

Immersion

Automatic

Coupling uniform

Detection, location
and sizing of the
defect

No change required
f?r different
diameter rods

Faster

Rod length depend
on tank size

Hard copy print
out with mapping

Very small
effective

b?an diameter,
highest
Sensitivity

\_—_‘-/

Conventionsal
systemn

(Helical Scan)

A-scan systenm

Immersion

Automatic

Coupling uniform

Detection and
location of the

defect

Major changes Ar€
required

Fastest

any length

chart PaPe¥

99

Direct contact

Manual and time
consuming

Coupling nonuniform

Detection, and
location of the
defect

No change required
for different diam-
eter rods

Slow, individual
dependence

Any length

Chart paper printout

Poor sensitivity




Helical -
scan system and th
e A-scan s i
ystem is i
‘ given 1in

Table 3. In
) some cases where defect
depth igs 1la
rger or

comparable to the radi
jus of rod the width
of defect i
s

sli
ightly more than the actual. This is due to th

o fact
that we are measu j )

ring the curved surface

of the def

. ect
s an arc of circular cross section of th

e rod.

actually a
In some cases Wh i i
ere dimension of defect
along rod i
8xX1ls
than the beam diameter the measured si
1ze 1is

is less
y equal to the beam width. To mea
sure

found approximatel
re accurately focused transducer also may b
e

the size mo
These transdu

e considered for overa
ve not been presented in the work
or

cer however require several oth
er

tried.
11 effect of the beam

aspect to b

into the rod and ha

here.

2.6 CONCLUSION
A new technigue using longitudinal waves and
canning through diameter of the rod has

nferential
ing the defects and their size

circu
q for obser?

chnique works well to detect and size

been trie
The te
the defects: 1t requil
arrangement to the ex

small and 1inexpensive

evaluation.
res on 1Y

jsting C-scan system. The

d very useful and has advantage

e effective beam width into

add-on
peen foul

technigué
comparable to the defects size

pecon®s
frequency’ gransducer diameter, rod

the rod
n the
4 water path between

It depends ©

rod material v

diameter;
100



tra
nsdu
cer
and
rod
su
rface. Sinc
e th
e tr
ansdu
cer
pars
m—

eters
and wat
er path
c
an be controlled
, the d
esired
beam

width
can be
obtai
ined without much
diffi
culty

101



2.7 REFERENCES

10.

11,

12,

13.

14,

15,

16.

Zen, C. et al Acoustic wave idi
) y » g!.lld!ng roa §
graded velocity profiles, Ultrasonies 30 (199;)9;:$2

flaw classifinstion poten-

Rose, J, Neural nets for
Proc. 14WCNDT (1996) 41-46

tial with guided waves,

and Barshinger, J., Guided wave applicatian

Rose, J.
$7-60

In aging sircraft, Proc. 14WCNDT (1998) 1

and Rrautkramer, H » Wtrasonie

Krautkramer, J.
Seringer Verlag

Testing of Materials, Third edition,
Berlin, Bonn (1983)

Hinsley, J.F., Nondestructive Testing, Macdonald g
Evans Ltd., London (1959)

B., Oldfield, G. and H. Rawding, Ultrasonien

Banks,
in Metals, Prentice Hall Ine., Ney

Flaw Detection
Zersy (1882)

J.L., Metal Casting, Prentice Hsa]l) Inc.

Morris,
(1857)
Campbell, J.S. Jr., Casting and Forming Processes in
MHanufacturing, HcGraw Hill Book Co., NY (1950)

Bhardwaj, M.C., Fundamental developments in ultra-
sonics for advanced NDC, Proc. NDT of High Perforp-

ance Ceramics, Boston (1987) 472-527

W. J., Nondestructive Testing, Me
Inc. N.Y. (1961)

Nichols, R.W., Development in Pressure Vessel Tech-
nology :Insp.’and Testing, Appl. Sc¢. Pub. NY (1979)

Graw-

HcGonnagle
Hill Book Co.,

R.C., Nondestructive Handbook Vol 1 & 2,

HcMaster
The Ronald Press Co. NY (18589)

Highmore, P.J. and Rogerson, A., Advances in wultra-
sofic flaw characterization in NDT (Ed. JH Farley
and RW Nichols), 3 (1987) 1553-1563

Ultrasonics and Its Industrial Appli-
NY (1860)

i ic Spectral
ittin D.¥. and Adler, p., Ultrasopl
g:al;sfs ’ for Nondestructive Evaluation, Plenum
Press, NY & London (1881)
J.C., Ultrasonic flaw Detection for

Drury, ‘
cian:, Unit Inspection Co. Ltd (1983) 163-195

Babikov, 0.1.,
cations, Consultant Bureau,

techni-

102



17,

18.

19,

20.

1,

22N

23.

24

25.

26 .

27.

28.

29,

30.

Oliver, J., Disgersion of elastic waves in cylindri-
cal rod by a wide band short duration pulse tech-

nigue, J. Acoust. Soc. Am. 29 (1957) 189-94

Ambardar, R., Muthu, H.T., Pathak, S.D., and Parbha-

kgr, 0., Effect of porosity, pore diameter and grain
size on ultrasonic attenustion in aluminium alloy

castings. INSIGHT 37 (1995) 536-543

Drury,J., Ultrasonic sizing of defects, a 1light-
hearted 1look at the problem, British J. NDT, 21

(1979)200-207

I5-3684 (1981), Code of practice for wultrasonic
pulse echo testing by contact and immersion testing,

Bureau of Indian Standards.

1S-6384 (1986), Code of practice for wultrasornic
testing of sesmless metallic tubular products by
contact and immersion methods, Bureau of Indian

Standsards.

ASTM E-1001 (1984), Standard practice for detection
and evsluation of discontinnities by the immersed
pulse echo ultrasonic method using longitudinal

waves, American Society of Testing Haterials.

Ein beitrag zur ultraschallprufung von

Pohl, D.,
rundstahl, Stahl u. Eisen 82 (1862) 97-1086

H.G., Uberschallprufung von rundstahl auf
Stahl u. Eisen 73 (1853) 1717-20

30 (19589)

Brandt,
innenfehler,

Krautkramer O0.J., Arch. Eisenhuttenwes,

893-703

K. and Ivens, G., Mater. Pruf. 2

Arbeit von, Kreits,
(1980) 240-44

Cylindricsal surf
ction of round bars, Trans.

ace echoes in the ultra-

Ki a, K. .
TmiIr Nat‘ Res'

soniec flaw dete
Inst. Met. Z (1963) 21-28

Cylindrical surface echoes in UFD of
Res. Inst., Met. o (1983)

Kimura, K.,
Trans. Nat.

rouond bars,
43-51

i } izi i tubular
Ciorau, P.., Contribution of flaw sizing 1n
S;gels products by ultrasound, British J. NDT 33
(1991) 333-336

J et. nl., The ultrasonic reflection

Kravtkramer, , lon
, cks and the problems associa
from small surface cra g Bogec abs

; defects.,
ith reference (1969) 133-144

ed w
Conf. Ind. Ultrason.,

bars,

103



31

32.

33.

34.

35.

38.

37.

38.

39.

40.

41,

42.

43.

Whittington K. and Cox, B A i i
> . , B., Application of
array to ultrasound flaw detection in tubes, péiﬁ?d

Ind. Ultrason., Sep.23-25 (1969) 107-32

Zheng, K.S Chen, Y. and Pen
> ) ) A Py . g, Y., A new U].tr i
testing technique for titanium bars with ai;ﬁif

dismeter, Proc. 14WCNDT (1996) 633-638

Peng Y. Jian | et al A new i
) ’ 1an. . » . 3 ultr
testing technigue for small baré and inquisitigsogég
relevant theory, Proc. 14WCNDT (1936) 667-672

Shankar, K. and Rajeshwar Rao, N
of bar for critical applications usiﬁé
14WCNDT (1998) 673-80

Sastry, G.,
Evaluation
ultrasonics, Proc.

Brewester, J. and Ashbee, K., Further insight into
f shear wave caustics in NDE of

the potential role o
rods and pipes, Ultrasonics 29 (1991) 52-256
NDT of rod and pipes using shear wave

Macshfeghi, H .,
24 (1986) 19-24

caustics, Ultrasonics

yudhisther FKumar, Ashok Kumar and B. Kumar, Impro-
jmmersion testing of rods,

vised technique for

National Symp. on Advances in NDE, New Delhi, HNov.

8-10 (1995)

vYadhisther Komar, Ashok Kumar and Basant EKumar,

Nondestructive evaluation of rods by ultrasonic C-
14WCNDT (1996) 647-650

scan system, Proc.
6 A., Canumalla, S. and Tittman, B.R.,

Yltrasonic C-scan imaging for material characteriza-
tion, Ultrasonic 31 (1993) 373-380

Wong, B., and Ong, S.., Ultrssonic
foreign inclusions in sintered

Gordan,

Tan, K., Hing, P

C-scan of embedded

ceramiecs, Froc. 14WONDT (1986) 781-84

Ponyakin, V.T.. Rybakov, N.K. and Panchenko, Y.N.,
neasurements of fuel welded

defects
14 WCHNDT ( 1996) 323-28

scoustic radiation
in Physical Acous-
Vol. 10, Aca

Ultrasonic
joints, Froc.

Neubauer, W.G., Observation of
curved surfaces,

from plane and
tics By Mason W.P. and Thurston R.N.,
NY (1973) 81-125

demic Press,
vYan-Rongning and Deng-Jtienping, The smallest discon-
by ultrasound, Proc.

tinuity that can be detected
14WCNDT (1996) 957-60

104



CHAPTER - 3

ULTRASONIC VELOCITY
MEASUREMENT IN ROD MATERIAL




CHAPTER - 3

ULTRASONIC VELOCITY MEASUREMENT IN ROD MATERIAIL

3.1 INTRODUCTION

Ultrasonic velocity has become a valuable tool

for the study of various physicsl and chemical proper-

ties of the matter. Ultrasonic velocity measuremnent

a rapid and nondestructive tool for the charac-

offers
of materials. Elastic constants of an iso-

both

terisation
tropic solid can be determined ultrasonically when

and transverse wave velocities are known

longitudinal

The estimation of grain size has been going on

(1-3].

for past several years by the measurement of ultrasonic

Attempts to correlate grain size, and hence

velocity.
with velocity has also been studied with

hegt treatment,
Several other features of msate-

reasonable success [4].
rials such as porosity, strength, inhomogeinity,
thickness and presence of

aniso-

tropy, density, corrosion,

be effectively determined by

in these materials
modern methods are

measuring the

flaws can
{5-8). Though

ultrasonic velocity
changes are small, nevertheless
capable of giving reliable results.
h tempersature

The study of varia-

has been

of ultrasonic velocity wit
t by non-contact method using laser genera-
for reception

tion

done 1in pas
interferometer

tion of wultrasound and
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3 B
n

made by a n
umber of resear
chers on elasti
ic wave pro
pa-~

at 3 . . .
gatlon in cylindrical rods of different homogeneous d
an

an i . .
nisotropic materials and of different diameter
S at

varying frequencies [11-19].

The basic concept of ultrasonic velocity measyr
e_

m
ent comes from elementary physics i.e. the velocity f
0

= . . . .
n ultrasonic wave in & medium is simply the dist
ance

traveled by the wave in the medium per unit time T
: o

make accurate determinstion of the velocity time £
’ o

flight of the wultrasonic wave and thickness of the
sample are required to be measured accurately. Various
methods have been proposed in past by seversal authors
for the measurement of ultrasonic velocity, on increas-

speed and accuracy, and on augmenting the Scope

ing the
of velocity measurement in different

of application

materials. Some of the useful and caommon techniques of

have already been described in

velocity measuremnent

Chapter 1.

The present work reports a new and novel technique

to determine the ultrasound velocity in a solid materi-

al. The material is taken in the form of a rod. Since

ultrasonic velocity measurement requires accurate
the time of

mesas-

of sample besides

dimension
ork on sample having pre-

urement of
flight, it is imperative to w
A parallel plate will require not

cisely machined faces.
aces but also the paral-

anly the smoothness of the surf
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e .

limit of
ace
cecurascy, usually 0.002 mm [20] Thi i
e | : 1s is often
icult to achieve and certainly quite
experisive

If however the sample is taken in the f
orm

and tedious.
the required

of
a s ) i
rod shape, it is easier to achieve
accurac 1 I
y in dimension
s, such as circular)
arity and i
uniform-

ity throughou
t the length. Conse
. gquently, a sample i
in the
technique

form ]
of rod provides a simple and economical

of

various modes of propagation and

echoes,
it difficult to analyse

triangular
the re-

multireflection make

ceived echo signals in & rod.
gravated if the diameter

The measurement of veloc-
of the

ity may get further &g
rod js smaller particularly for the shear wave.
accurate and new techunique has been

A simple.
ijon of

for the determinat ultrasonic velocity

developed
in rod meterial. In

nsverse wave

of longitudinal and tra
new technique of ultrasonic veloc-

the present work the
snd 1its results

has been described

ity measurement
d samples. Only

a numnber of cylindricnl ro

transducer 1is

presented for
1 beam

inal wave norms
oth longitudinal as well as

to

a single longitud

measurement of b

y. The method can be applied

used for the

transverse wWave velocit
measure the velocity of any isotroplc material. The
ent is that the sample has to be & eylin-
d be amsll enough

only reguirem

rod and that the diameter shoul

drical
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such that the transverse wave is not attenuated com-

large enough such that the 2nd and 3rd
Thess

Pletely and

echoes are resolved with the available equipment.

requirements, as will be seen later, are fairly easy to

neet. Study has been made for the velocity determination

on rods of different materials for rod diameter ranging

from 5 mm to 50 mm and of maximum length about 300 mm.

3.2 THEORETICAL CONSIDERATION

When a longitudinal wave normal beam transducer is

Put in contsct with the curved surface of the rod such

along the diameter of the rod,

that the beam axis is
the

back wall echoes are observed at equal spacings. As

between the transducer and the curved surface

contact
the divergence angle is

large

of rod is s line contact,

of echoes besides the back wall echo can

and a number

be observed. The ultrasonic w
of the waves will be able to reach the transducer
radiate

aves can taske any path and

SOme
All the waves which

after multiple reflections.
such that they are reflected back to the
e

served as echoes. First three

at an angl

point of origin will be ob

re of jnterest to us fo
may be noted that the length of

diameter

r the measurement of

echoes only &

It

ultrasonic velocity.
e transducer

is equal to th

upon the coupling condition

the “contact line”
the width depends
Thin and highly
rence very small

whereas
pressed couplant has

j ter.
i) RS line contact

thickness and

and

negligible
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width but sufficient enough to transmit and receive the

ultrasonic waves.
3.2.1 Ibportance of First Three Echoes

We consider only first three echoes for our study
(Fig.1). These three echoes for an 1isotropic and

rod material are found unique. The uniqueness

flawless

has been established by the theory and validated by the

experiment.

If the rod material under study is flawless and

the first echo results from the

back wall

surface is smocoth,

signal received after a reflection from the
diametrically opposite point. This

(Fig.2a), that is,
covers a to and fro path into the rod and is denoted by

T1 Second echo results when the ray of the transducer
into the rod makes an angle of 30° with nor-

refracted
and reflected

mal. [t will be reflected at incident

st two points on the curved surface of the

angles of 30°
covers

rod and then received by the transducer. The ray
j1steral triangular path and can be denoted by T2
:81C€

an equ .
hen another ray, radiated

(Fig.2b). Third echo results w
ave undergoes mode conversion into

reflection and

the

as longitudinal w
at the first point of

wave
to be

transverse
mode convert
y the transducer (Fig.2c¢).

ed to the longitudinal wave
o This also covers =a
The importance of

that

received b
path and denoted by T3.

Se

trisngular

these echoes 1
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T
FIRST ECHO PATH (T1)

@ ()

THIRD ECHO PATH (T3) OTHER ECHO PATHS
e (@

Fig.2. (a} Back wall echo reflection in rod
(b) Triangular reflection in rod with out mode conversjon
(c) Triangular reflection in rod with mode conversign
(d) Other possible triangular reflections
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two and only two triangular paths are such that rays

traveling alnng these path are received by the transduc-

er. All other rays, reflected and mode converted st

either miss the transducer’s contact

2nd back

various points,

line or come at a much later time after the

wall echo. It is this uniqueness which has been utilised

for the measurement of ultrasonic veloecity in rods.

One may recall that there is no phase change when

reflected wave is transverse and the incident wave

the
However, there jsg

is longitudinal (Eq. A.2 of Ref. 5).

& phase change of wm when the reflected wave is
longitudinal op

longitu-

the incident wave 1s eilther

dinal and
A.1 and A.3 of Ref. 5) and when the

transverse (Eg.
incident transverse

reflected wave is transverse for
The phase difference between the trans-

wave (Eq. A.4).

mitted and received signals for various paths of T3 can

be ecalenlated as follows while keepingd an eve on Fig.2d,

Path 1
TA(L) 0 - AB(T) —-f-- BT(L) Total phase change =«
Path 2
hange n
----- DT(T) Total phase c
TA(L) ----- AD(L)
Path 3
¢ hase change Z2Zr
----- BT(L) Total p
TC(T) -~-=--- CB(L)
pposite
y be seen that path 2 and 3 are in ©
It ma
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phases and should cancel each others contribati
on.,

Besides, the longitudinal wave transducer with 1liquid
i

couplant can neither generate (path TC) nor receiv
e

(path DT) transverse wave.

Another path TA-AD-DT-TC-CB-BT is also & possibil-

ity Ffrom the Fig.2d but this will be exactly double of

the TA-AB-BT path and hence this is also ruled out.

therefore be concluded that the echo T3

It may
arises due to one and only one path TA-AB-BT.

een that there will be a phase

It may =&lso be s
2r at the received signal for T2 while it

difference of

be nm for T3. Thus
ne seen in Fig.l. The heights

t2 and T3 will be in opposite

will
of these

phases, as can
the angle dependent reflectivity,

three echoes depend on

path length and the attenuation.

3. 2.2. Ultrasomnic Velocity Evaluation

ave VOIOC’itY (VI) : The signals ob-

(1) Longitudinnl
1 as well as the trian-

he straight path T

tained from t
e used for the evaluation of the

gular path T2, can b
longitudina! wave. The only

of

velocity
nal to noise rat

ultrasonic
io may be low for

difference is that sig

some materials for csignal T2.

« = round trip time for back wall echo. path T1.
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t: = time of flight for signal for the path T2
t, - time of flight for the signal for the path T3
8. = angle of incidence for & longitudinal wave

8, - sngle of reflection for shear wave

Fig. 2b. it can be seen that in equilateral

From
triangle with side ‘s’ we have
s d cos 30
. ... (1)

2 2
or total sound path
irrespective of material.

3 s = 3d cos 30

The longitudinal wave velocity

> (using path T1) .(2)

(using path T2) L(3)

‘ From Fig.2¢. and
(ii) Transverse Wuve veloecity (Vt)
using trigonometry it follows that

4 9. + 2 Gt = 180
i
... (4)
g0 -2 6i

or B
ted angles (8;. 8y for the path T3

If jincident and reflec | b !

are known, the transverse wave velocity can e eter

mined using the Snell’s law, that 15,

vV, = 'l S{f?t (using path T3) - (5D
! sin Bi
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Eliminati
ing #, from th
t e sbove eguations i
: ns it can be
shown

that
1 [ 2 _
sin B, = S - V! \ Vi
4 % - 7 8 oA
Vl '\ Vl (8)

Negative sign from + of the above equation i
is
discarded since it will result in such a value ¢ o
o]
: . i
satisfy equation (4). The travel time t
3

which will not
by considering the

for the signal T3 can be given

Fig.2c.
2d cos 6. d cos@
t = ‘_________________1 " —_——“‘__t
3 vo s {7)
Y Vt

]

Using egquation (4) and (5)

d 005(90-291) sin Bi

24 cos B
t - __,__’——-—1 +
3 v in(90-26.)
Vl 1 51N i

or

t sin26.; cosei
Vl __2. . cos 8, ““'—'1

od 1 2 cos28;

n in the cubic form as

can be rewritte

The above equatlon
.(B)

+ k=0

00539- - 2K 00529.
1 i
tthere K = vl tB / 2d
olving the root of the cubic

B can be determined by s
d from the equation (4).

i
equation (8). St can be determine
and transverse wave veloecity of

Thus longitudinal
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the material
can be evalusted b 3
y using the e .
quation

(2),(3 i 0 e

is ;
not straight forward, a computer program in BASI
C

language is used i
and given in Table 1 £
or determinati
ion

the values of 8. whi i
5 hich is then used to calculate 8
-

of
V4
) and Vt‘

3.3 EXPERIMENTAL PROCEDURE

The block diagram and photograph of the experi
imen-

tal setup for contact testing is shown in Fig. 3 d
- an 4.

direct contact technique and the immersi
rsion

Both, the

been used. In contact technique th
e

technique have
sample, a flawless cylindrical rod is kept on a V-sh
-shaped

stand. The broad band transducer with frequency ra
nge in

o few MHz was put on the ecylindrical surface of the d
ro

e with fixed pressure on the transducer. Ultrasoni
. ic

sampl
to

detector (Sonatest, Master Scan - 300) is used

flawn
receive the echoes. First

excite the transducer and to

were successively sampled and the del
ay

three echoes

ch echo wWas measured by the digital storage

time for ea
oscilloscope (Tektronix - 2440). The echoes c¢an be
and transferred to an
ave form. Measurements were

IBM-PC via GPIB interface

stored

have & printout of the w

n all the three echoes were quite steady

to
taken only whe

pressure between rod and transducer was equal or

i.e.
slightly more than a certain pressure. In immersion
the rod sample is pu

ted for the maximum back wall

t into the water tank and

technique,
echo

transducer is adjus
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ram for determining the velocity of

Table 1 Computer Prog
longitudinal and transverse .
angle for longitudinal wave, ?Z;i:;te§“°1ge?t
for transverse wave (V. V.. 8, g ) R

H [ iRt t’

10 REM TO DETERMINE LONGITUDINAL AND TRANSVERS WAVE
20 REM VELOCITY IN ROD HATERIAL. U ° DIA OF THE
£ REH TRANSDUCER, T1, T2, T3 ARE TIHZ OF FLIGHT
40 REH FOR CORRESPONDIRG ECHO PATH THETAIL, THETAT
50 REM ARE ANGLE OF THCTDENCE AND REFLECTION,

60 REH vLi, VL2, VT ARE VELOCITIES BY TIME T1,T2,T3
70 INPUT p,T1,T2,T3

80 VL1 = 2xD/T1

90 RAD = 3.1415/
100 VLZ = (3*D*COS(30‘RAD))/T2
110 LET & = VLZ * 3 / (2%D)
120 FOR X = .1 0 .9 STEP .001
130 Y = X 38/(2%¥X"°2 - 1)

140 IF Y > A+ 01 GO TO 210

150 IF Y < A - 01 GO TO 210

160 THETAL = (ATR (1 - X“Z)/X“Z)“.S))/RAD

170 THETAT = 90 - 2 » THETAI

180 VT = (VL2%SIN (THETAT*RAD)) /SIN(THETAI * RAD)
180 LPRINT VLL.VLZ,VT,THETAI,THETAT

200 GO TO 210

210 NEXT X

220 END

[
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Transducer

; Ultrasanic Digital
W Flaw ’ Storage
( ROQ Detector Oscilloscope
l 6"&\7 l Sonatest Tektronix
UFD 300 24490

Rod stand

Fig. 3. Block diagram of the experimental
set up

Fig4. Photograph of the experimental setup
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height .

r

. e

dimensions
of the rod taken are i
in the range of 12
nmn to
given in the Table 2. Study was made

B0 mm in diameter
$

b .
Yy using the three transducers of nominal frequenci
cies

SMHz (immersion type) and 7 SMH2

MHz (contact type),
(immersion type). Both the contact method and the imm
er-~

i
ion method are used to see the relative performance £
a

and also to establish the uniqueness of

the technique
first 'three echoes.

the paths followed by the

3.4 RESULTS AND DISCUSSION

The evaluated ultrasonic velocities for longitudi-
nal and transverse waves in rod material has been given
3 and 4. It is observed that the values ob-

in Tsable
served by the echoes T2 and T3 are of the same order of

jven in literature for the same

magnitude as the values g
The values of longitudinal wave veloci-

material [5,21].
echo

as evaluated by the back wall echo Tl and by

ties

T2 are in excellent agreement.
more suitable and

The immersion technique is found

and relatively easy

reproducibility

better
the echo height.

pProvided
f transducer to maximise

manipulation ©
be wused to

ultrasonic velocity values can
the various

The
aterial by determining

charscterise the rod m
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Table 2. Number of

rods vused with their

diameter and
length for measurement of ultrasound velocity.

120

8r. [Rod marked Metal Diameter Length
No. (mm) (mm)
1 1V Al alloy 50.78 152 .60
2 2V Steel 50.01 59.95
3 3VsS Al alloy 19.98 70.80
4 3VB Al Alloy 37.64 70.80
S 4VS Al Alloy 24 .97 70.80
6 4VB Al Alloy 49.00 70.80
7 5V1 Al Alloy 12.08 164 .00
8 |5V2 Al Alloy 20.086 164.00
e 5V3 Al Alloy 30.08 164 .00
10 5vV4 Al Alloy 45.00 164.00
80.02 164.00
11 5V5 Al Alloy
1 12.70 164.00
12 8V1 M. Stee
1 20.02 184.00
13 BY2 H. Stee e
1 28.99 '
14 6V3 M. Stee
H. Steel 45.00 164.00
15 6V4 ’
80.00 164.00
M. Steel
16 6V5
e B
| SRR



Table 3. Longitudinel and transverse wave velocities
evaluated in different rods with time of fPlight
for different triangular echoes by iamersion

method.
sod Time Velocity Angles
No, (us) (mm/us) *)
£y ty ty vy vy v, 05 0,
By t, By £y
v 16.28 20.88 28.40 5.238 6.318 3.111 36.517.0
2v. | 16.08 21.79 28.13 s 590 5.962 3.255[ 35.7 18.6
ays | s.32 8.06 11.08 5 322 6.439 3.128) 36.6 16.8
v | 11.87 15.15 20.89 6 343 6.456 9.136) 3.6 16.8
avs | 7.s4 10.00 14.08 5.368 6.487 39.109| 38.7 16.8
avg | 15.43 19.82 27.14 s 353 6.424 3.121| 36.6 16.8
svi | 3.7 4.94  6.72 6 232 6.343 3.128] 36.517.0
svo | g.45 8.25 11.21 5 211 6.317 3.110(  36.5 17.0
svs | g.e4 12.32 18.9 5241 6.343 3.123[  36.9 17.0
sva | 14 44 18.44 25-1F 6 233 6.340 3.121 36.5 17.0
svs | 19 .24 24.67 33-92 s 239 6.321 38.112 36.5 17.0
BV1 4.35 5.53 7.13 5.773 5,966 3.257 35.7 18.86
ev2 | 6.78 8.87 11.23 s 905 5.999 3.2% 35.8 18.4
6vs 10.16 13.10 16.17 5.904 5.947 3.288 35.8 18.7
g77 3.263| 35.7 18.6
6va | 15.28 19.56 25.28 5.880 5-
g5 3.226| 35.8 18.4
evs | 20.36 26.05 33:%% ﬂﬂﬂf;gﬁi_:i;“’_____,J
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Rod
| No.

v

2v

3vs
3VB
4vs
V1
Sv2
5Vv3
V4

{5Vs

Bvy
.sz
Ev3
Bvq
Bvs

Longitudinal and transverse wave velocities

Table 4.
evaluated in different ro 3 i :
Time Velocity Angles
(us) (mn/us) ()
"1 2 “3 . "N Yoo 1 8 8
By t1 By t2

16.320 20.976 28.528 | 6.223 6.290  3.097 36.5 17.0
17.024 22.088 28.360 | 5.875 5.882 3.252 [ 35.6 18.8
6.392 8.224 11.328 | 8.252 6.312 3.067 36.6 16.8
11.938 15.400 21.240 | 6.307 6.350 3.044 38.7 16.8
7.938 10.240 14.120 | 6.293 6.335  3.037 36.7 18,8
3.984 §.120 7.000 |6.085 6.119  3.013 36.5 17.0
6.520 8.400 11.280 |6.153 6.204  3.136 36.4 17.2
9 760 12.520 16.920 |6.183 6.242 3.114 36.4 17.2
14 528 18.400 25.520 |6.184 6.354  3.046 36.6 16.86
19.380 24.160 33.680 |8.200 6.454  3.053 36.7 18.5
4 416 5.760 7.280 |5.752 5.728 3.246 35.4 19.1
6.896 8.944 11.184 |3.806 5.816 3.377 | 35.2 18.5
10 288 13.344 17.168 [5.830  5.839 3.188 | 35.7 18.8
15.380 19.820 25.760 5.859 5.869 3.204 35.7 18.86
20.440 26.520 33.560 [5.871 5.878 3.331 | 35.4 19.2
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elastic constants using the equations (1) to (8) given

in Chapter 1.

3.5 CONCLUSION

method employing the single longitudinal wave

has been used to

A
measure both

normal beam transducer
materrals

and transverse wave velocity in

longitudinal
The results can be used to determine

of rod shape.
a material by

characteristics of

various mechunical

evaluating the elastic constants.
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CHAPTER -~ 4

ULTRASONIC ATTENUATION MEASUREMENT
IN ROD MATERIAL

4.1 INTRODUCTION

Ultrasonic attenuation Is a difficult quantity ¢t

Measure accurately, particularly in solid material, such

structural metals, at the test frequencies

85  common
Usually applied in nondestructive testing i.e., 1 to 10
MHz. The overall result usually observed includes other
losses such as beam spread, field effects, couplant

These

transdncer bonding or sample geometry.

Mismatch,
difficult to isolate perfectly. Use of

Factors are
Special technique and egquipment can reduce the contribu-

tion due to these factors.
values are helpful in

Ultrasonic attenuation
] t'ho iﬁld
estimating the grain size, tensile streng y
] mage, 1impact
Strength crystalline damage, fatigue damsag

t @) h v »
-

f g

ter.
tion but it attenuates mnuch fas
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Flaw ] .
s and to avoid attenuation low frequencies can b
e

us :
ed. But optimum frequency has to be selected keeping
n

in view the attenuation and resolution. According t
@]

Malecki [6-891, if dependence of the attenuation coeffi-

cient on the frequency can be expressed by formula

a:p-!-qm

then for a given flaw distance a the optimal frequency
is
1
£
opt LT

where p,q and m &are constants. Alsc attenuation in
e known for defect sizing using DGS

the material must b
valent flat bottom

or better egtimation of equi

diagrams f
measurement

hole (FBH) diameter.
11 result in better estimation of these

Higner sccuracy in the

of attenuation wi

Parameters.
c energy of & sound beam propa-

The loss of gcousti

gating through the naterial arises from

(a) Deviation of energy from the parallel beam by
refraction, diffraction

regular reflection,

(b) Scattering and

(o) Absorption.
f absorption and scattering

combined effect ©
which

Absorption l1osses for

The

is known &5 attenuatlon.
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friction
ar i
e charscteristics of material ti
the wave t -
. | ich
vel and their evaluation can yield
1e i
informa-

tion about 3
physical properties of the medi
iuvm like wvi
is-

cosity and
nd thermal conducticn. The absorpti
i1cn can be d
ue

. .
o either hysteresis or relaxation 8]}

q. i
1.1 Hysteresis Type of Absorption

di . .
ianbatic stress is applied to a medium t
’ he

When a
early with the applied

resultant strain does not vary lin

strain curve then takes the form of
of a

stress. The stress

loop. The area of the loop gives the am
ount

hysteresls
f cycle for unit volume of the

of energy absorbed per hal
per cycle 1is independent of frequ
ency

material. Loss

e result that absorption increases with freque
ney

with th
in a linear manner.

Relaxation Type of Absorption

4.1.2
The relaxation typPe of absorption is observed at
megahertz freQUencies. During the positive half of
g the negative

abaorbed and durin
A rinite period of

o take place.

s cycle energy is
y is released. time

hange of energy t

ged from 8
eak at frequen-

stres
oycle energ
red for this exc
r wave i8S incren

rises toO P
y and then

halfl

is roqui
low value,

freguency ©
t First incoretd
ation frequent
that there 1B

¥hen
58S,

absorption a
called the relax diminishes
uency 390 high

anges.

cy
to zero at freq jngufficient

time for any energy gxoh
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4 . -
1.3 Attenuation Due to Scattering

Ultrasonic energy is reflected or scattereq from

th - . . Ce -
& elastic discontinuities at grain boundaries Th
. e

am
ount of scattered energy depends on relatijive magnitude

o )
f wavelength and average grain diameter. Attenuation is

k . n . .
08N to increase with increasing grain diameter

(D _).
For g rati £ A/D_ > 30, th i j g)
10 o / g 1 e attenuation is essentially
Con : :
stant and for a ratio of K/Dg < 6 it increases rapid-
ly. At higher frequencies attenuation appears to vary
88 4th power of freguency. This is because the Scatter-

INg increases (approximately Dg ) for an average grain

Slze D, > A/10,
f-
4.1.4 Attenuation Coefficient

Where attenuation is uniform through out the
ltrasonie field, it can be characterized as attenuation

CoefPicient, «. Considering a thin layer of medium of
thickness ‘dx’ normal to the direction of propagation,

8%t a distance x from an origin. For uniform attenuation

the fractional 1loss of amplitude a, per vnit psth

length, from the layer should be constant. Thus

dp/p = - a.dx

= and for x = d,
Integrating and for x = 0, pressure = Pg

Pressure = b.

1289



p = P exp(~-ad)
<)

The
natural log of the eguation give
5

ad = 1n (py/P)

he total atten i
uation over th j
e distanec
e d
’ a

which is t
expressed 1in nepers (Np)
:

dim ] n
ensionless umber which is
coefficient is given in Np/cm

reviated dB/m. Alternste

The =attenuation
Anothe
r

un i i i
nit is decibel per meter or abb
d their conversions are

form some time used an

and

ad = 20 log (py/P) dB

)

1 Np/cm = 8.6886 dB/cm

ods are helng used for measurement
s of

Various meth

ttenuation (10~
orkers to relax various approxi
ima-

13] and techniques heve b
aen

ultrasonic &

y several W
introduced

refined b
rection was

tions [14-1B].

which deeply

Diffraction cor

the attenuation measurement
S,

affects
quenCieS’ as diffraCtion losS
es

tenuation. Host method
s

at 10¥ fre
jth true 2t

particularly
d jnitially on measuring th
e

parable Lo

become coOfm
+jon depen
coefficient is

Reflection

measuring attenud
filuenced by surface rough

r

of reflection:

coefficient
dependent

8nd is in
ominate mechani
¢ can d nical test

frequency
hnigueé for evaluation of

[17], a8 fa
of the

ness ctor i
Some
rred to in Chapter 1

results.
sttennation

ultrasonic

The attenustiof



tudinal
an
d transverse wave in rod shaped
e materi
al

tivel W :
a
y few studies have been made earlier i
n measuri
ng

attenuation in rods |
18-21}. Present wo
rk reports
a new

n rods utilising two sections of different di
iFTame~

tion 1
t I
ers. The rod has & line contact with a broad b
and
transducer used 1in pulse echo mode. It is assured
e that
due to line contact, emission of ultrasound into th
. e rod
is equal 1n different directions. Fa
e S st fourier tr
ansform
has been used Ffor frequency spectru
mn

(FFT) algorithm
the €

choes received. First three echoe
S,

analysis of
those used for velocity 1in the preceding chapter S

» re
r evaluation of attenuation in such

taken into account fo
£ diffrac

tjon correction and reflection

a way that use O
eliminated. Technique is also

nt parameters is
e attenuation value
noy bandwidth of the broad

coefficie
to evaluat s at varying fre-
n the gdB freque
sults obtained by this technique

useful

quencies withi

band transducer. The re
rods of different materials and vary-

are presented for

ing diameters.

4.2 THEORETICBL CUNSIDERATLON

m longitudinal wave transducer 1is

f a oylindrical

r and surface of

when 8 pormal besa
rod, it

placed on the curved gurface ©
en transduce

makes & l1ine contact betwe
y small width of the contact line,

larde and B number of

rod. Due to ver

the
apgle 1s also V

the divergence ery

131



echoes is observed. First three.echoes for a flawl
ess

and isotropic metal rod sample are taken for th
e

determination of ultrasonic attenuation values similap
to velocity evaluation. The first echo is from back wal}
Second echo

that is from diametrically opposite side.

results when a ray from the transducer makes an angle of
30° with the diameter and covers a triangular distance
(Fig.2c, Chapter 3). This equilateral triangular path ig

traversed by longitudinal waves. The third echo observed
is fProm the longitudinal wave, L, mode converted into
wave, T, and then mode converted back to

wave which is then received by the trang-

Transverse
longitudinal

ducer.
second and third echo bg

the path of first,
4 T3 as in the preceding chapter.

h of echoes Tl, T2 and T3

Let

denoted as T1, T2 an

It may be noted that the pat
d of diameter d, the path for echa

are unique. For & ro

T2 can be given &%
T2 = 3d cosf; R
iven as (Figo 20: Chapter 3)

o T3 cab be £

and path for ech
.(3)

g the angle of inéidence

reflection et

Gi for a long

for shear wave is
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Vs _ sinet
o (4)

sin9i

4Si + 26t = 180
0 (5)
Eliminating 8, fro
t m equation (4) and (3) i
(5) it can be showun

that
cin B, = — [-u + B8y
1 4 - (8)
where U = Vt/ V1 (7)
amplitude of the

t work pressure

In the presen
n vtilised for the ultrasonic

first three echoes have bee

It is therefore important to

measurement-
essure amplitude of

addition to the

attenuation
dependenc® of the pr

jous factors in
r {ndividual echoes. The prob-

consider the

on var

these echoes

dependence on the path fo
lem is discussed 1P 1ight of reflectivity, beanm spread,
phase change and attenuation.
4.2.1 Reflectivity
reflectivi-

amplitude as

Considering th
path T2

ty, the echo bY path T
echo ath T2. Refe
.ng the example of steel/air,

compared to
ve AB will be

(Fig,2p, Chapter 3 g
ina
the pressure in reflected 1ongity L e
» 8 1 .

56.34x £ i jdent 10ng:tud1na1 wave )
.34% of inc

22 1e of incidence peingd 3 )
,23], the ané e The pressure 4ill be further

7)
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re uc 0 'l’
e tO 88;34/{: n reflectloﬂ at B he

r .V 9 |l|e
J e W .

tra SITI' i a

taken into consideration,

For paths T3 (Fig.2c, Chapter 3) the angle B il1
.owi
be 35,7° wi l v
and angle B, will be 18 g° For steel having
L 1

5800 =
m/s and Vt = 3230 m/s. The pressure in reflected

transverse wave AB will bhe
85.99% of incide
nt longity-

dinal wave. However, this will be increased by 11g 58
082

on reflection at B. The pressure received at the t
rans-

ducer will thus be B7% of the transmitted Pressure which
ic

the pressure 46.7% for the path T2

Similarly for alumini 11 =
y ium alloy for V1 = 6420 m/s gnd v,

.8° and Gt will be

is higher than

3114 m/s the sngle Si will be 38

The pressure received at the transducer fop ech
0

16.8°.
path T2 will be 60.93 % and for T3

be done for the different

it will be 78.35

Similar calculations can

aluminium alloy and other metals.

A point worth mentioning here is that in Ref.7 the

curve of Rti in diagram 1 does not directly correspond
the eguation (A.2) of this reference. The exact
have been calculated using the equation

Fig. 1.

to
A.1 to

values
ram is given here in

A 4 and corrected diasg

4 2.2 Phase Change
n the previous chapter on velocity the

Discussed 1
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ru i
led out. Since we are currentl
n Yy

T3,

other paths are

we need to consid
er only one of the t i
WO darection
s.

4.2.3 Bean Spread

The effect of the beam divergence on the rel
elative

of the echoes is not being considered signif
nifi-

heights
sent work it is the comparison of

cent since in the pre
s which arise out of the paths covering al
most

two echoe
The distance corresponds to much m
ore

egqual distances.
mes the near field in the far field regi
on

than three ti
change in amplitu
the echo T3 is
e echo T2 is 2.80 times the rod

de is not significant. The dis

where
2.56 times the raod

tance covered DY

and that by th
aluminium alloy.
g are 64 .07 mm and

é
y WT/4N where W is

diameter
For a rod of 25 mm

diasmeter for &0
64‘95 mm.

distance

. field, given b
will be 0.5 mm for W

diameter, these

The nea
= 2 mm

respectively.
contact line,

the width of
HH=z.

and V, = 6000 m/s &t 3
ant reason fFor not taking into

import
the echoes

e diffractio

considergtion tB
single ray

considered 8re€ due to 8
'ences the

Another
n effects is that

and not the beam. It

diverdence and not
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4.2.4 Attenuation Versus Refleétivity

In measuring the attenuation the effect of reflec-

tivity and that of beam divergence have to be reduced
Since the attenuation of transverse wave is more than

that of the longitudinal wave, the attenuation will

reduce echo height due to path T3 more than path 73,
This will try to reduce the contribution due to

TZ. The relative

reflec-

which may make T3 higher than

tivity
heights of T3 and T2 will therefore depend upon the
combined effect of reflectivity and attenuation. For 4

rod of higher diameter, the path traveled by the trans-

will become higher as compared to that in

verse wave
conse-~

The attenuation effect will

lower diameter rod.
larger diameter

the reflectivity in

gquently dominate
to reflectivity wii]

the contribution due
or all diameters of the rod of a given

that echo

rods, for

remain the same f

It may,
will be higher than that For T2 for small

er diameter rods the echo height

material therefore, be concluded
height for T3

For larg

diameter rods. |
than that for T3, This has been

T2 will be higher
ent 8lso for & stainless steel rod
m

for
by an experi

14 mm diameter (Fig. 2)

shown

of 38 mm and |
e amplitude of the

concluded that th
the

It may now be |
the three echoes depend mainly on
of e ‘
ting the
i nd for evalua
nuation &
ation one ha

true

echo height
s to consider the

reflectivity and 8tte
: enu
value of ultrasonic &%
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4.2.5 Determination of Attenuation

The material, in which attenuation is to be evaly-~-

ated, is taken 1in the form of a single rod of two

different end diameters or two rod samples of different

diameter and of the same material. The single rod can be

to have two different diameters for neasuring

machined

pressures from echoes corresponding to paths T1, T2 and

T3. The diameter of the rod is selected such that the
amplitudes

three echoes are resolved clearly and their

are well above the noise level.

Let,
d, = diameter of rod at one end
d, = diameter of rod at another end
= pressures of echoes by TL, T2 and T3, respec-
tively from rod end of diameter d1
of echoes by T1, T2 and T3, respec-

= pressure
y from rod end of diameter d,

tivel
longitudi-

coefficient for incident

R, = Reflection
1 . ray at normal incidence for rod metal-ajr
na
.+ metal-liquid interface.
0 N .
flection coefficient for incident longitudij-
- ec
RZ = Re . an angle 30° and reflected longity-
ray . .
dins] coefficient for incident longitudi-
n
RS - Reflectl? e 9. and reflected transverse
t an 8
nal ray @
ray at angle Ot



R = Reflection coefficient for incident transverse

ray at an angle et and reflected longitudinal

ray at angle Bi

of longitudinal and transverse

a4 7 Attenuation

Have, respoctivcly

Various pressure equations c8&n be written as follows.

911 = Al exp(—Zal dl) Rl .(8)
where A1 js the acoustic pressure of ray immedi-
d of diameter d,. The

ntrance in ro

ately after its ©
can b€ taken &S

reflection coefficient 1 for normal
incidence at metal/air interface.

2
Pip = Ay exp(~-4ay 3d, c0s30) Ry L (9)
1 d sin20. )R;R (10)
B ™ Al exp(-ay 2d, cosby a, dy { YRgRy
d Of diameter d .
Similar equations® can be qritten for ro !
c..(11)
p,, = A, exp(~29) d,)-Fy
3 o (12)
oy A, exp(~A1 3d, 00830).R2
cos® a, 4z 1
> - A, exp(~9j 2d, i
23 2
oted that rorlection coefficients do
[t may be D :
initisl pres
ok th changé in diameter The
0 change ©7? R
may b di(foront due toO
sures, of course, "
dth but is | ynd O cancel ©
contact 1ine Wid*
(11) and 12)+

equations (8), (97



(p / k
11 7P129
———— = expl-a; (d; - d;)(3cos30 - 2)]

(Pay /Paal
cr,
1
a; = - g EENEEAGTE
0.598¢d, - d,) °® -+ (14)
2 -~ %1 P21/Paz
ik
sing equations (9), (10), (12) and (13)
P12 M (-2.59
- _1_ exp [-2.588 a,(d,-d;)]
o A, 11912 . (15)
P13 e
o 2 . exp [-Zal(d1~d2)cosei - a,(d,-d,)sin26, ]
C (18D

Dividing equations (13) and (16)

P12 /P23
p-*-—-/ s exp[(dl-dz)(—2.598al +2a1 OOSBi + atsinzei)]
13 /P
23
or
1 = py/P
T e log, P12722 , 4 (2.598 - Ze0s8;)
sin26; _di-dz 913/923 :
L. (17)
and

e attenustians a,

14) and (17) giv
and d2 and

Equations (
. diameters d1

gle 9

ms of knowDh an
hts (911/912,'

of echo heiB

@, in ter
(Pen/Pyals
measured ratlo ol
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4:3 EXPERIHENTAL PROCEDURE

The

block diagram of the éXperimenta)

Setup g
€iven in Fig.3. Various rod Samples were taken gng thei,
Ult:asonic velocity measured as in the previous Chaptep
and  the a8ttenuation values were easured as pep this

Chapter- The measurement method requires

& flawless
1Sotropie cylindrical rod sample having tHo different

®ad  diameters The two rods of different dismeters

and

S2ne material can also be used. A broad bangd transducer

Nag t nto the curved surface of the sample With g
pu o

fixed ssure with the help of & mechanical arrange-
e pre

Ment. The rod sample is put on a V-shaped stand ang

the

tr d is coupled to rod as in direct contact tech-
Ansducer i

'IQUe T es i d is to make the ech
. ] sure reguire

j titive results, The cou-
i to give repe
Signal steady and

has been kept minimum possible guch that
Plant thickness !
ht obtained is constant after s certain
the echo heig

. as done because the line width of con-
Pressure., This w

d up to 1.5 nmn. Ultrasonic flsaw dete:t
tact is minimise .f
i éxcite ths ¢t
H ter scan-300) is used to
( Onatest, as .
eive the echoes. First three echoe
UCer and to rec

d in UFD were -separsately sampled,
ro
€ach end of the

(Tektronix 2440) and later
Oscilloscope e

. al stored is
interface. FFT of the sign
IBH-pCc via GPIB in

agnitude spectrun
lyse the data by mnag
na
Performed to =

tronix,
- U from Tek

dard software SPD~GUR

Using the stan
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[
Transduces Ultrasonic Digital GPIB
———I——*— Flaw —+—| Storage
gz . N Detector Oscilloscope
—‘—ﬂ_-_’_—-- 1
( and Sonatest Tektronix
St J UFD 308 2440
: P
Hod stan
(a)
”ELN:SDUCER
: |
dy ROD | I"l
e
(b)
. e experimental
} dia ra
Fl93 B'OCk dgs le of the rod
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The echoes observed after third echo were
not

in our experiment. Measurements were tak
aken

considered
only when all the three echoes were quite steady 1
le‘
pressure between rod and transducer was equal or
mnore

than a certain pressure keeping minimum couplant lay
er.

Measurements can also be made using the immersion tech

In this technigue transducer has to be kept at a

nique.
1 or more than the near field

distance approximately equa
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obta i i
1ned, at varying frequencies in megahertz range
, arse
of i
the same order of masgnitude as the values given i
in

literature for the similar material. The values f
or

higher than the
The

shear wave attenuation are slightly

longitudinal wave attenuation values, as expected

for attenuation measured for the rods (Fig. 4 b

values
to e) containing the different steps of varying diameter

This shows the validity of

shows comparative results.

the technigue.

4.5 CONCLUSION
ploying single longitudinal wave normal

A method em
o measure both longitudi-

nsducer hes been used t
ave attenuation in
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CHAPTER - 5

FPFECT ON ULTRASOUND PROPAGATION IN METAL
RODS DUE TO CONTACT WITH LIQUID

5.1 INTRODUCTION

The ultrasonic wave propagation in rods is =&

complex phenomenon. While the excitation along the rod

axis at megahertz frequency range gives rise to predomi-

nantly longitudinal waves, the off-centre sexcitation

gives rige to flexural and torsional wave modes [1]. If
the rod diameter is small, the reflections and the mode

conversion due to side walls complicate the wave propa-

gation further. In any case, the first signal to arrive

through the rod will always correspond to a longitudinal

Wave, traveling parallel to the axis along its length.

AfPter the first signal, a few gignals will correspond to

the 1longitudinal wave plus the shear wave traveled

normal to the axis for distances equal to integer multi-

ple of rod diameter [2]. Since the vibrations in these

shesr waves are not perpendicular to the curved surface,

the signal due to them is not affected by the presence

of a damping medium on the sarface.

Though the ultrasonic wave propagation in rods hes

been extensively studied [1-8], the studies are either
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with i : L
a view to looking at first few signals (echoes)
or

to .
use the rods as wave guides and long delay line
s such

a
s the cladded rods [(8-12]. However, little work
seems

to
have been done to study the signal coming at
much

later 1in time. These signals appear to get affected b
y

the damping medium on the surface. The present ¢
study

(131 1looks experimentally at these signals with =a :
view

to characterise the rod material and putting the £
m or

some applications such as study of solid-ligquid int
nter-

Pace, liquid level monitoring in hostile envirom
ment

{141, etc.

5.2 EXPBRIMENTAL PROCEBDURE

The block diagram and photograph of the experimen-
tal setup is given in Fig. t{(a,b,c). It consists of a
wuater tank, probe holder stand, dead weights, a number
of different diameter (9.0 no to 38 mm) rods, ultrasonic

nd probes of nominal frequency 0.5 MH=z

flaw detector &

1.0 MHz and 2.25 MHz wit

pectively. The prob
be face 1is kept at one end of

h crystal diameter 25 mm, 12.5

am and 25 mm, FeS e holder has a novel

arrangement SO that the pro
throughout the experi-~

pressure

rod with uniform
etoctor 18 used in its pulse

the

ment. The ultrasonic flaw d
echo mode, wWith its range conirol set at 5 metera. The

tank 1S first filled with

water and then subsequently

t various steps.

drajned whilse taking neasurements B
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Fixed weight on

transducer
--

Transducer . ) Ultrasonic
clamp Flaw
stand \ Detector

Test
rod

____—-—____—’-'_—

Rubber sheet

VWater Tank

Fig. 1(@ Block diagram of the experimental setup
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Fig.1(b) Photograph of the ex '
e
(Alr filled tank) D"

of the experimental setup

Fig.1(¢) Photograph
(Water filled tank)
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5.3 HEASUREMERTS

Measurements were taken using the pulse echo mode
on six different diameter rods. Various rods used were
of diameters 89 mm (material SS8), 18 mm (material NS), 29
mm (material HS), 38 mm (material MS), 10 mm (material
brass) and 12.5 mm (material brass). Table 1 shouws the
number of rods used with their diameter, 1length and

experimentally measured ultrasound velocity and wsave

length for longitudinal waves,.

The wultrasonic transducer is so coupled to the
rods that the beam axis of the transmitted ultrasound is
along the axes of the rods. Time waveforms for SS-9 and
that of MKS-18 rods at 0 and 200 mm water levels are
shown in Fig.2(a-d) as examples. This shows the kind of
envelop pattern obtained by using 0.5 HHz transducer st
UFD screen. Instead of measuring the heights of the
reflected signal, as is conventionally done 1in pulse
echo experiments, the area of the envelope of all the
echoes arrived at the transducer has been determined.

The envelope may be taken as s right sngle triangle to

the best spproximation.

For the calculation of the area of the envelope,
the number of divisions on the time scale is measured up
point where the echoes are just above the noise

to =&

level. All the observations on time scale are recorded

at a Fixed gain for various levels of water. The height

155



2(a) For SS-81od at 0 water leve!

2(b) For S5-8 rod at 200 mm water level

Fig.
ig. 2. Photograph of the time waveform

157



=

2(c) For MS-18 rod at O water ievel

2(d) For MS-18 rod at 200 mm water level
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of first echo can not be measured at this gain as it
overshoots the vertical scale. To make a measurement of
this, the amplifier gain is reduced tjill the height (k)
of the first echo is 80% FSH. The reduction in gain in
dB is noted as X for air and Y for water. If P and @Q

are the divisions on time scale for echoes in air and

uater, respectively, then

Area of envelope in air = 0.5 P (h . 1OX/20) co (1)
Y/
Aresa of envelope in water = 0.5 Q@ (h . 10 20) .. {(2)
Relative change in envelope ares from equations (1) and
(2)
]l 12 JayeL,. 1odt=Xa/20 L (3)
and in dB
~¥X)/20
R = 20 logr¢asp) . 10¢¥ %2720,
.(4)

(Y-X) + 20 log(Q/P)

5.4 RESULTS AND DISCUSSION

The variation of relative change in envelope ares

(R) with water level for 8S-8, ¥S-28, MS-38 is shown in
and for S5-8, Brass-10, Brass-12.5 rods in

Fig. 3(=a)
Fig. 3(b) at the same frequency of 0.5 MHz., Figures 4
and 5 show the plots. for brass and 8S rods at frequen-

cies 1.0 MHz and 2.25 MHz, respectively. It can be seen

that the value of R is affected more for lesser diameter

of rod for the same material.
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Comparing the results of S$5-8 with M5-23 and MS5-38

at O i i
.5 MHz (Fig. 3a), it may be seen that the change in

R .
is more pronounced in S5S in which wultrasonic b
eam

more rather than in M5, This may also be seen

(Fig.Sb). The

scatters

if we compare S8 rods with brass rods

b 5
rass scatters ultrasonic waves even MOre and hence th
e

is more pronounced. However, at highe
r

change in R

frequencies, 2.25 HHz (Fig. 5), the change in R in SS

and brass is not appreciably different. This may be due

that the increase in scattering with fre-

to the fact

quency in S5$ is much more than in brass. This is possi

ble if the grain size in SS is smeller than that in

brass. The variation in R at 1 MHz further corroborates

this view.

gtion of R in dB with fre-

Fig. © gives the vari

quency at different water levels for various rods. From
it may be seéen that for all the rods
’

these figures,
except MS-18, the change in R is maximom for 0.5 HHz and
then reduces with increase 1in frequency. This is due to

fact that st lower frequencies beam diverdence is

the
higher which causes the nltrasound to strike the side
walls of the rod much earlier and also at smaller angles

The case of HS-18 rod is different be-

of incidence.
greater length (Table 1).

cause of its exceptionally

raveling larger distan
d and 1 HHz gltrasound

ces, the divergence effect

After t
of 0.5 HMHz ultrasoun

might have

The scattering effect will

become ©of the same order.
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6(a) For $5-9

Fig.6.Change of relative envelope area (R) with
frequency for different type of rods
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RELATIVE ENVELOPE AREA (dB)
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" HELATIVE ENVELGPE AREA (0B)
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then take over which will be more for higher frequen-

cies,

At larger diameters of rod such as for MS-38, the

behaviour becomes more complex. The beam divergdence

effect will ocecur at s farther distance from transducer

but the scattering effect may not occur as farther as

divergence effect.

5.5 CONCLUSION

Experiments were performed to study the effect of
damping due to water on the signals received much later
in time when the ultrasound is directed along the axig
of a rod. It is observed that the effect of damping in

creases

(1) sharply towards the far end of the rod,

(ii) for smmller diameter probe

(iii) for smaller diameter rods for a
particular material

(iv) with lowering of frequency

(V) for the rod material having more scattering.

The study has several potential spplications such

as non-destructive testing of bonding at the interface

of an embedded cylinder, geophysical studies, character-

isation of ligquid during process control, liquid level

detector, etc. In liguid level detector, for example,

167



one could use a SS rod of diameter 8 mm or less. This

should give a resolution better than 0.1 mm. In liquid

level controller, it would be better to keep this rod

just dipped in liquid. This should give =a resolution

better than 1 mm.
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CHAPTER - 6
CONCLUSION




CHAPTER - B

CONCLUSION

The charscterisation in its simplest form may be
said ss the evaluation of various parameters or features
including the defects, study of properties

of a material
or use and suffice for the reproduction of a material,
The growing requirement in engineering plants to demon-
strate the safety and reliability of the metallic
components has encournged wider use of the nondestruc-
tive evalunation and characterisation of materials.
Amongst the various NDT technigues, ultrasonic nonde-
structive testing and evaluation technigue hsas been
Found most capable of revealing more and significant
information. Unlike other products having plane sur-
fPaces, the evaluation of defects in rolled, cylindrical
or c¢ircular rod products is & bit difficult even by
ultrasonic technigques. Present work deals in with the
characterisation of mwmaterials in the form of rods by

ultrasonics. The work may contribute significantly

towards the sclution for several problems fasced in the
[
characterisation of rod shaped materials.
Rods or rod shaped components are widely used in

engineering plants, building structures and may be

subjected to heavy stress and fatigue during their
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subsequent wuse in individual system. There may occur

manufacturing defects even in the semifinished products
of round bar or rod shaped material. The knowledge of
the defects, either created during ‘the manufscturing or
by subsequent wuse, 1in components is very useful in

quality assurances and to prevent hazardous effect.

A new technique for the detection, location and
sizing of the defects in rods has been developed. A
small and inexpensive add~on arrangement has been made
to the existing C-scan system. The technigue uses longi-

tudinal beam in the pulse echo mode that scans circum-

ferentially through the diameter of the rod. The tech-

nique 1is found useful and has advantage over the other

NDT methods of rod inspection. The dependence of effec-

tive beam width into the rod on frequency, transducer

diameter, rod dismeter, material velocity and water path

between the transducer and rod surface has been computed

theoretically.

Nondestructive inspection by the new technique hsas
been performed on a number of rods in a dismeter ranging

from B mm to 50 mm with the transducers of nominal

7.5 MHz and 20 MHz. Various artifi-

frequencies 5 HHz,

cinl defects in varying shape and sizes wers made in

these rods and evaluated. It is found that 7.5 HMHz

is most suitable for inspection of various

transducer
rods 1in the present range of rod diameters. Based on

the logic developed and experiments carried out, it has
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been found that the gating of the back wall signal gives

most useful information sboutl the defect and size of the

internal defect.

The present technique 1is capable of detecting
all of the defects clearly as can be seen 1in the scan-
ning image. The setting up procedure requires the posi-
tioning of the transducer correctly so that the wultra-
sonic beam is in @& plane perpendicular to the rod axis.
This can be perfected after a few experiments on various
rods. Width of the defect along the axis or on circum-
ference could Dbe observed accurately. This may bs
sttributed to the very small effective beam width
emitted in the rod du® to the curved surface. The depth
of the defect, though not being measured by circumferen-
tial scanning, can be measured by end scanning in the
pigger diameter and smaller length rods samples. An
inherent limitation of the ultrasonic technigue is that
if the size of the defect is smaller than the beam
diameter, then the asctual size measured is found spprox-
imately equal to the beam width. This limitation exists
in the present technique also and therefore the sizing

of the defects is to be done only for defects having

size larger than the beam width although the detection

can be carried out reliably.

The characterisation of materials by ultrasonic

velocity 18 8 well established technique. The velocity
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values, Ffor example, can be utilised to detsrmine var-
ious mechanical characteristics of the rod materials by
determining elastic constants like shear modulus (G),
longitudinal modulus (L), Young ' s modulus (E) and

Poisson s ratio (g using given relations in the text.

For the measurement of the ultrasonic velocity of
the longitudinal and transverse Waves in isotropic
flawless rod material, a Dnew technique has been present-
ed. The technique employs a single longitudinal wave
normal beam transducer either in direct contact or in
immersion technigue. The first three echoes observed are
unique and verified experimentally. Time of flight for
the first three echoes, namely, back wall echo (T1),
triangular scho without mode conversion (T2) and trian-
gular echo after mode conversion (T3) have been measured
experimentally. piameter of the rod and time of flight
are used to determine the ultrasonic velocity in the
expression. A computer progran in BASIC language is used
for determining the various parameters like incident
angle, reflected angle for longitudinal and transverse
waves and for determination of the ultrasonic

veloci-

ties.

The validity of the technique has been verified
experimentally by determining the longitudinal wave
velocity with back wall echo T1 as well as the

triangular echo T2 which have been found similar and

comparsble to the values available in literature. The
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values obtained by the different diameters of the same
material also proves that the technigue is independent
of rod diameter. The evaluation of shear wave velocity
is however difficult in higher diameter rods due to the

higher attenuation of shear waves.

Another important parameter that can be used ¢to
characterise the materials is the ultrasonic attenua
tion. The sttenuation values are helpful in predicting
the grain size, hardness, vield strength et. of the
material and also in determining the limit of the fre-
quency over which material may be inspected for possible
defects. 1t is a difficult gquantity to determine accu-
rately at test frequencies ranging 1 to 10 MHz. The
overall result includes other losses such as beam
spread, field offect, couplant mismatch, transducer
bonding or sample geometry. These factors are difficult

to isolate perfectly.

A new technique for the measurement of ultrasonic

attenuation of longitudinal and transverse waves in rod
materials has been developed. Results have been present-
ed for rods of different diameters for ultrasonic longi-
tudinal and transverse waves at varying frequencies. The
technique employs only a single longitudinal wave normsal
beam transducer and can measure both lJongitudinal and

transverse wWave attenuation in the flawless isotropic

rod materials. The sample is taken either in the form of
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a single cylindrical rod with steps oY CREEOEEs - B

diameter or as two rods of different diameters and same

material. Amplitude of first three echovs corresponding
to the path T1, T2 and T3 for both of the two diameters
are used for the determination of the attenuation of
ultrasonic longitudinal and transverse waves. Frequency
domain waveform provides the attenuation values at
varying frequencies within the 6 dB frequency beam width
of the used broad band transducer. The method has been
validated experimentally by determining the attenuation
values for the same material but for different diameters
which give comparable or similar values. Significantly
this method requires neither the beam diffraction cor-
rection nor the reflection or transmission coefficient
correctinon. The method can be applied to determine the
ultrasonic attenuation values with highest accuracy by
making the sample in rod shape which is much more

con-

venient and economic than making a parallel plsate.

Effect of the ultrasound propagation in metal rods

due to the contact with liquid for rods of different

material and varying diameter has heen studied. The

study has several potential aspplications such as non-

destructive testing of bonding at the interface of an

embedded cylinder, geophysical studies, characterisation
of ltiquid during process control, liguid level detector,
etc. It will help in selecting the rod of particular

material and diameter suitable for above applications
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Experiments were performed to study the effect of
damping due to water on the signals received much later
in time when the vltrasound is directed along the axis
of & rod. It is observed that the effect of damping 1is
different for different metal compositions and increases
sharply towards the far end of the rod. It also in-
creases with probes of smaller diameters, with rods of
smaller dismeter, with lowering of freguency and for the

rod material having more scattering.

In brief, new technigues have been developed and
applied successfully for the detection and location of
defects in rods by ultrasonics C-scan system, for
ultrasonic longitudinal and transverse wave velocity
measurements and for ultrasonic attennation measurements
in rods. The effect on ultrasound propagation in rods in
contact with liquid has also been studied. It is expect-
ed that the new work done will result in significant
advances in scientific research in the area of ultrason-

jes and in material characterisation.
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