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General introduction

Of all the applications of industrial ultrasonic testing, flaw detection is the oldest and the most
common applications of industrial ultrasonic testing. Since the 1940s, the laws of physics that govern
the propagation of sound waves through solid materials have been used to detect hidden flaws, voids,
porosity, and other internal discontinuities in metals, composites, plastics, and ceramics. High
frequency sound waves reflect from flaws in predictable ways, producing distinctive echo patterns
that can be displayed and recorded by portable instruments. Ultrasonic testing is completely
nondestructive and safe, and it is a well-established test method in many basic manufacturing process

and service industries, especially in applications involving welds and structural metals.

The purpose of this work is to review fundamentals ultrasonic pulse echo method and the use of
the Ultrasonic pulse echo immersion technique to measure the ultrasonic velocity to calculate the
elastic constants of some Homogenous Isotropic materials. In the first part we present an introduction
and fundamentals of UT. The aim is to highlight the principles underlying UT, based on ultrasonic
waves propagation. And we presented simplified overview of the UT system, also the behavior of
ultrasonic waves in the matter and the elastic properties of the matter. Where last chapter was devoted
to the presentation of the results of our experimental with a parallel discussion and a comparison of

these with the available experimental and theoretical results.

Finally, we conclude with a general conclusion that includes all the main results of this work.
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Part I: Introduction to physics of ultrasonic

testing
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Part I: Introduction and physics of ultrasonic testing

1. Theatrical concepts

1.1.Introduction

Ultrasonic testing (UT) is a non-destructive method in which high frequency sound waves are
introduced into the material being tested and the sound emerging out of the test specimen is detected
and analyzed. Most ultrasonic inspection is done at frequencies between 0.5 and 25 MHz well above
the range of human hearing, which is about 20 Hz to 20 kHz. Ultrasonic waves are mechanical
vibrations of the particles of the medium in which they travel [1].Ultrasonic inspection can be used

for flaw detection/evaluation, dimensional measurements, material characterization, and more [2].

The term "Non-destructive testing (NDT)" is used to describe the material testing methods which,
without damaging or influencing the usefulness of a material or component, give information about
its properties. NDT is concerned with revealing the flaws in an item under inspection. NDT cannot
however predict where flaws will develop due to the design itself [3]. NDT testing has become an
essential part of every industrial tool box. Building industrial plants or welded structures without NDT
today would be like building without measuring or cleaning or welding. Maintaining aircraft,
refineries or rotating equipment without NDT would be like maintaining without lubrication or
checking for tightness or for corrosion [1].

The objective embedded in this part is to show the behavior of ultrasonic waves in solids, and the

relation between it and elasticity constants in solids.

1.2.Definitions

1.2.1.Ultrasonic Waves:

Sound waves are propagation of vibrations of particles of gases, solids or liquids. The audible
sound range of frequencies is usually taken from 20 Hz to 20 KHz. Sound waves with frequencies
higher than 20 KHz are known as ultrasonic waves. In general ultrasonic waves of frequency range
0.5 MHz to 20 MHz are used for the testing of materials. The most common range for testing metals
is from 2 MHz to 5 MHz [4].

1.2.2.Characteristics of Ultrasonic waves:

The characteristics of a sound wave can be described by the following parameters:
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Part I: Introduction and physics of ultrasonic testing

Period: the time taken for a particle in the medium through which the wave is traveling to make

one complete oscillation about its rest position. (One oscillation is also referred to as a cycle)

time

(a)

Particle displacement
i~
!

4

Period r-% -

Figure 1.1: A plot of a mechanical propagating wave motion.

Frequency: The frequency of a wave is the same as that of the vibration or oscillation of the atoms
of medium in which the wave is travelling. It is usually denoted by the letter f and until recently was
expressed as the number of cycles per second. The International term for a cycle per second is named
after the physicist H. Hertz and is abbreviated as Hz. When 1Hz = 1 cycle per second.

Wavelength: During the time period of vibration, a wave travels a certain distance in the medium.
This distance is defined as the wavelength of the wave and is denoted by the Greek letter A. Atoms in
a medium, separated by distance will be in the same state of motion (i.e. in the same phase) when a
wave passes through the medium.

Velocity: The speed with which energy is transported between two points in a medium by the
motion of waves is known as the velocity of the waves. It is usually denoted by the letter c.

Acoustic Impedance Each medium through which sound waves travel is characterized by an
acoustic impedance denoted by 'Z' which is the resistance offered by the medium to the passage of
sound through it. Since the values of Z are different for different materials the velocity of sound waves
is different in different materials.

Velocity also depends upon the elastic properties of the medium and is given by ¢ = \/%
where q is the modulus of elasticity and p is the density[5], [6].

Z =pc (1.1)
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Part I: Introduction and physics of ultrasonic testing

Acoustic pressure: is the term most often used to denote the amplitude of alternating stresses
on a material by a propagating ultrasonic wave. Acoustic pressure P is related to the acoustic

impedance Z and the displacement of particle U as:

P=2U 1.2)

Where

P = acoustic pressure.

Z = acoustic impedance.

U = Displacement of the particles.

Intensity: The transmission of mechanical energy by ultrasonic waves through a unit cross-
section area, which is perpendicular to the direction of propagation of the waves, is called the
intensity of the ultrasonic waves. Intensity of the ultrasonic waves is commonly denoted by
the letter I. Intensity | of ultrasonic waves is related to the acoustic pressure P, acoustic
impedance Z as [3].

p? (1.3)

I=—
2Z

Where
| = intensity.

Bandwidth: The operating frequency range of a transducer assembly is its bandwidth. Tt is defined
as the difference between the upper (fu,) and lower (fi) frequencies. Bandwidth is an important
characteristic of ultrasonic transducer. It is usually measured from the amplitude versus frequency
using a spectrum analysis software. The apparent bandwidth and details of the spectral response of a
transducer assembly are dramatically influenced by the electrical characteristics of the pulser/receiver,
cable type and length, electrical matching, target shape, and the attenuation characteristics of the test

material. [7]
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Part I: Introduction and physics of ultrasonic testing

FEAK

BANDWIDTH

Amplitude

Frequency (MHz)
Figure 1.2: Typical frequency response spectrum of pulse-echo transducer

1.2.3.Ultrasonic waves propagation Types
The most common methods of ultrasonic examination utilize either longitudinal waves or shear

waves. Other forms of sound propagation exist, including surface waves and Lamb waves.

* A longitudinal wave is a compressional wave in which the particle motion is in the same

direction as the propagation of the wave.
* A shear wave is a wave motion in which the particle motion is perpendicular to the direction of

the propagation.

6|Page



Part I: Introduction and physics of ultrasonic testing

Direction of
Particle Motion

Direction of
B IIHII | Wave Propagation
|

| . | Longitudinal Wave

-— A -

| : |
Direction of
Particle Motion

[ | I[l]|||““"l]|||]|ml'|[]]]|fm':| B e

Shear Wave

P

Figurel.3: Illustration of the particle motion versus the direction of wave propagation for longitudinal waves and shear waves.

» Surface (Rayleigh) waves have an elliptical particle motion and travel across the surface of a
material. Their velocity is approximately 90% of the shear wave velocity of the material and their

depth of penetration is approximately equal to one wavelength.

Love waves: It is a dispersive wave of transversal polarization which propagates in a medium
consisting of a layer and a substrate, under conditions of symmetry and speeds of two materials (layer
and substrate) [6], [8].

Stoneley waves: This is a wave that propagates parallel to the interface of two semi-infinite materials

in contact [6].

The Love and Stoneley waves will only exist if the transverse velocity in the layer (or semi-infinite
material) is less than that in the substrate. In this case, the two modes cannot take place and the only

surface mode that appears is that of Rayleigh.

» Plate (Lamb) waves have a complex vibration occurring in materials where thickness is less

than the wavelength of ultrasound introduced into it.
1.3.Ultrasonic testing system

A typical ultrasonic testing inspection system consists of several functional units, such as the

pulser/receiver, transducer, and display devices.
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Part I: Introduction and physics of ultrasonic testing

1.3.1.The pulser/receiver:

(.1 usec

b
T V V —
200 volts
4
]

1.0 millisecond

Figure 1.4: Typical output characteristics of an
ultrasonic pulser

The pulser/receiver is the driver of the ultrasonic testing system. A spike type of pulser typically
puts out very short (approximately 0.1 ps in duration) repetitive electrical pulses (approximately 1 ms

apart) having amplitudes on the order of several hundred volts [9].

Typical pulser circuits will apply from 100 volts to 800 volts to a transducer. For this pulser
repetition rates range between 100 and 5000 pulses per second or at a rate that can be controlled by

an external source [2].

In the receiver section the voltage signals produced by the transducer, which represent the received
ultrasonic pulses, are amplified. The amplified radio frequency signal is available as an output for

display or capture for signal processing. Control functions associated with the receiver circuit include

[2], [9].

« Signal rectification (The RF signal can be viewed as positive half wave, negative half wave or

full wave.)
 Filtering to shape and smooth return signals
o Gain, or signal amplification

e Reject control

1.3.2.Transducer:

A transducer is any device that converts one form of energy to another. An ultrasonic transducer
converts electrical energy to mechanical energy, in the form of sound, and vice versa. The main

components are the active element, backing, and wear plate.[7]
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Part I: Introduction and physics of ultrasonic testing

1.3.2.1.The active element

The transducer is a very important part of the ultrasonic system, the active element of ultrasonic
transducer is a very thin (approximately 100 um thick) piezoelectric crystal is plated on both faces
and is attached, through a small electrical network contained in the transducer housing. Since the

crystal is fragile, a ceramic wear plate protects the front face of the crystal as shown [1].

IMPEDANCE
YN

HIGH Low
\ N\

9
2

)

~IN PHASE

BACKING

N

—)\'2—‘ "—/u‘l
ACTIVE MATCHING
ELEMENT LAYER

Figure 1.5: The active element and the wear plate, and when they are in phase.

The piezoelectric element is cut to 1/2 the desired wavelength. To get as much energy out of the
transducer as possible, an impedance matching is placed between the active element and the face
of the transducer. Optimal impedance matching is achieved by sizing the matching layer so that
its thickness is 1/4 of the desired wavelength. This keeps waves that were reflected within the
matching layer in phase when they exit the layer [2].

e Piezoelectric effect

Piezoelectricity first discovered by the Curie brothers in 1880 [3]. Its principle is central to the
production of ultrasound beams and states that some materials produce a voltage when deformed by

an applied pressure and produce a pressure when deformed by an applied voltage.

Thus, when a voltage is applied to the faces of a crystal, it expands or contracts depending upon
the polarity of the voltage applied. The crystal then resonates, converting electricity to ultrasound.
The frequency of sound produced is dependent on the thickness of the crystal. Conversely, when the
crystal receives an echo, the sound deforms the crystal and a voltage is produced on its faces — this
voltage is then analyzed by the system][3].
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Part I: Introduction and physics of ultrasonic testing

Figure 1.6: Piezoelectric effect: Reversing polarity of voltage Crystal undergoes expansion & contraction

If expansion and contraction occurs more than 20000 times per second, then ultrasound is being
produced, which will continue until the applied voltage is discontinued (Continuous wave). If voltage
is applied for an extremely short time, then the crystal resonates (rings) at its own frequency and the
ringing gradually decays —a pulse is produced. The larger the voltage applied the greater the amplitude

of the emitted sound (louder ringing).

The most commonly used materials are polarized ceramics which can be cut in a variety of
manners to produce different wave modes. Others commonly used materials are quartz, lithium
sulphate, barium titanate and lead metaniobate [3], [10]. New materials such as piezo-polymers and
composites are also being employed for applications where they provide benefit to transducer and

system performance.

When piezoelectric ceramics were introduced, they soon became the dominant material for
transducers due to their good piezoelectric properties and their ease of manufacture into a variety of

shapes and sizes. They also operate at low voltage and are usable up to about 300°C.
1.3.2.2.The backing

The backing is high density material that is used to control the vibration of the transducer by

absorbing the energy radiating from the back face of the active element.
1.3.2.3.Transducers Frequency

Some transducers are specially fabricated to be more efficient transmitters and others to be more
efficient receivers. A transducer that performs well in one application will not always produce the

desired results in a different application.

The frequency noted on a transducer is the central or center frequency and depends primarily on
the backing material. Highly damped transducers will respond to frequencies above and below the
central frequency. It will also define the capabilities of a transducer. Lower frequencies (0.5MHz-
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Part I: Introduction and physics of ultrasonic testing

2.25MHz) provide greater energy and penetration in a material, while high frequency crystals
(15.0MHz-25.0MHz) provide reduced penetration but greater sensitivity to small discontinuities [2].

1.3.2.4.Transducers types

I Contact transducers

There are actually two types of contact transducers. They are distinguished by the types of motion
generated in the crystal when it is excited by a voltage pulse and the corresponding types of motion
subsequently present in the beam of ultrasound launched from the transducer into the part.

1. Normal Beam Contact Type transducer

As the name indicates these probes transmit ultrasonic waves, usually longitudinal, in to the test

specimen in a direction perpendicular to the surface of the test specimen.

2. Angle Beam Contact Type transducer

In angle probes, refraction and conversion of wave modes are used to transmit ultrasound in to the
test specimen at various angles to the surface. An angle transducer transmits longitudinal waves
through a Perspex delay block at a definite angle of incidence to the surface of the specimen. The
angle of incidence chosen is greater than the first critical angle so that only transverse waves enter the
specimen. The longitudinal portion is reflected back in to the probe and is attenuated by the damping
block and thus spurious indications that may arise due to the presence of the longitudinal waves are
avoided. The refracted angle for steel specimens and the beam exit point, generally known as the

transducer index, are marked on the metal case of the transducer [4].

T,
N X L \g

|
’ prat RvaN (2N
| | s .
| = | S R
| | !
]
| 5 |
| LONDITUDINAL ISHEAR

— “A__\“ //J‘—_A_A__“_ " SURFACE
AW L
e SRR R N AT NI 1 S

0 5 10 15 20 25/°30 35 40 45 50 55/ B0 65 70 V5 80
INCIDENT ANGLE
15t CRITICAL 2nd CRITICAL
ANGLE ANGLE

Figure 1.7: The relationship between the incident angle and the relative amplitudes of the refracted or mode converted
longitudinal, shear, and surface waves
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Part I: Introduction and physics of ultrasonic testing

A surface wave transducer is an angle beam probe insofar as it uses a wedge to position the crystal
at an angle to the surface of the specimen. The wedge angle is chosen so that the shear - wave -

refraction angle is 90° and the wave resulting from mode conversion travels along the surface.

When an angle beam transducer designed for steel is used for another material, the change in angle

of refraction should be taken in to account.

1. Immersion Transducers

Immersion transducers are very similar to contact transducers. However, they are placed at a
distance from the tested object and there is a water column between them as a couplet. The main
difference is that the ceramic wear plate is replaced by the quarter-wavelength matching layer on its
surface. The quarter-wavelength layer is specially designed to allow an efficient transfer of the
acoustic energy into the water. Immersion transducers can also have an acoustic lens to focus the

acoustic field in one point. The piezoelectric element can also be concave to eliminate the lens [4].
1.3.2.5.Radiation field

The sound that emanates from a piezoelectric transducer does not originate from a point, but
instead originates from most of the surface of the piezoelectric element. Round transducers are often
referred to as piston source transducers because the sound field resembles a cylindrical mass in front
of the transducer. The sound field from a typical piezoelectric transducer is shown below.

The region in which ultrasonic waves are propagated from an ultrasonic transducer is known as
the ultrasonic beam. Two distinct regions of the beam exist and are classified as the near field region
and far field region.

Near Field (Fresnel Zone): The part of the sound field between the transmitting surface of the
transducer assembly and the point on the acoustic axis where the past pulse/echo maximum occurs is
called the near field. The point at which the last pulse/echo maximum occurs is sometimes designated

as the Yo+ point. We will define this distance as N.

2
The relation for N is given by formula [4]: N = Z_a where d is the diameter of discus transducer
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Part I: Introduction and physics of ultrasonic testing

MAXIMUM

Figure 1.8: Ultrasonic beam, length of near field

Far Field (Fraunhofer Zone): The far field is the region beyond the near field where beam
spreading occurs and the pulse/echo signal amplitude from small on-axis reflectors diminishes as 1 /
L2where L is the distance from the radiating surface of the transducer.

1.3.3.Digitizer

The voltage versus time trace on the oscilloscope screen is an analog signal that needs to be

captured in digital form to allow further processing and manipulation via computer.

If a digital oscilloscope is being used, then provided the sampling frequency of the scope is
adequate for the very short duration pulses characteristic of ultrasonic signals, this digital conversion
process is taken care of automatically. In a real time sampling mode, a very fast (approximately 100
MHz or greater sampling rate) analog to digital converter is used to capture an ultrasonic wave form

signal during one repetition cycle, as illustrated in figure 1.9.[9]

e

Figure 1.9: A sampled function
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Part I: Introduction and physics of ultrasonic testing

simple pulse shape being sampled at a frequency f =1/At, where At is the time spacing between

samples.

Because the total time required to capture the signal in a real time mode is very small, most
digitizers operating in this mode can also do averaging of the signals received over many repetition

cycles to reduce electronic noise.

In an equivalent time sampling mode, on the other hand, advantage is taken of the fact that the
ultrasonic signal received is actually a repetitive signal. This allows us to capture only a portion of the

signal during each repetition. as shown in figure 1.10.[9]

second
first sample
sample v

\ |

|-4— I > |4— Al

repetition interval

Figure 1.10: Equivalent time sampling

If the first point on the wave form is captured at time t=0 during one repetition cycle and
subsequent single points captured at times T +nAt during the next n cycles, where T is the pulser
repetition period and At is a small time shift, then the entire wave form can be built up, one sample at
a time, using an analog-to-digital converter operating at a frequency of only 1/T samples/s. The
equivalent sampling rate of such a process is still, however, 1/At since At is the time separation

between successively sampled point on the wave form.

Once a wave form signal is digitized, transfer to a computer allows further processing and analysis
of the signal. A common processing step used in many systems is to compute the frequency

components of the signal using Fourier analysis.
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2. Ultrasonic waves in matter

2.1.Equations of motion

2.1.1.Ultrasonic Wave equations in homogeneous fluid:

Consider a volume V of an ideal compressible fluid in motion. By applying the second low of
newton we find [9]:

[ Fosoaveo- [ pesomGases = [ ptxdaGoare @9
VK/here: ’ Y

P(x,t): the pressure at any point x and any time t
F: forces acting in V and on surface S

p: density of fluid medium.

Xs: an arbitrary point on the surface S of V whose outward normal is the unit
vector n.

a: acceleration of fluid.

If we apply Ostrogradskiy’s theorem to the previous equation we find:

f [—VP(x,t) + F(x,t) — pa(x,t)]dV(x) = 0 (2.6)
74

—VP(x,t) + F(x,t) = pa(x,t)

The acceleration a = % where U is the displacement vector. Under these conditions equation.
becomes
—VP(x,t) + F(xt) = pﬂ (2.7)
ot?
For an ideal compressible fluid we have [9]
P=—qV-U (2.8)

Where q is assemble of elastic modulus

i.e. the pressure is proportional to the divergence of the displacement vector, also
known as the dilatation of the fluid.

By apply the equation 2.8 which called constitutive equation we find
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2

poy - LU . (2.9)
sz at?

Where f = —VF is a scalar body force term and the quantity ¢ = \/g is the velocity of sound

in fluid.

2.1.2.Ultrasonic wave function

When a mechanical wave traverses a medium, the displacement of a particle of the medium

from its equilibrium position at any time t in case of harmonic regime unidirectional is given by [3]

U = Acos(wt — kx) (2.10)

Where

S
U = Displacement of the particle at any time t, /\ /\
time

A = Amplitude of vibration of the particle, \/

2 1
Period T f

Particle displacement
({a) —>

4

The overall phase ¢ of the wave is defined by
Figure 2.11: Graphical representation of

® = wt — kx equation

The wave number k determine the variation of ¢ with distance x at given time t, and the
frequency w determine the vibration of ¢ with the time t at given point x.

A sinusoidal plan wave can be expressed in complex notation as [8]
U = Ael(wt—kx) (2.11)

In the time period T, a mechanical wave of velocity c travels a distance in a medium, therefore
we have:

1o o (2.12)

But the time period T is related to the frequency f by:

(2.13)

==
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Combining equations 1.12 and 1.13 we have the fundamental equation of all wave motion i.e.

2.1.3.Wave equations in homogeneous solids

In the solid two modes of waves are generated, one longitudinal and the other shear. According to
the Helmholtz theorem [6]. The total movement U of the particle is considered As the sum of two

displacements one U, longitudinal and the other transverse Us,
As:

i = Uz) " Us) (2.15)

The U, displacement is parallel to the direction of excitation (traction or compression). It is

therefore a " irrotational ' in view of the uniqueness of the dimension, and thereafter V x U; = 0, which

equalsU; = grad(®), where @ is a scalar potential.

On the other hand, the Us shift is directed in one of the two transverse directions and represents

Therefore a ' rotational ' of a potential vector ¥, i.e. U = rot(¥). Its divergence is zero div(U;) = 0

To this end, the general solution of the equation can be written [6]:

U = grad(®) + T_ot)(a) (2.16)

The scalar @ describes the propagation of the longitudinal mode with V speed.
The vector ¥ describes the propagation of the transverse wave with Vs speed.
2.2.Reflection and transmission of sound waves

2.2.1.Reflection and Transmission at Normal Incidence:

When ultrasonic waves are incidence at right angles to the boundary the amount of ultrasonic
energy that is reflected or transmitted depends on the difference between the acoustic impedances of
the two media. The amount of reflected intensity known as the reflection coefficient, it can be

calculated with the equation [1]

)
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Where I; and | are the reflected and incident intensities Z, and Z; are the acoustic impedances
of the mediums 2 and 1.

The amount of energy that is transmitted across the boundary is given by the relation [3]

I, 47,7,

IR 219)

Since the amount of reflected energy plus the transmitted energy must equal the total amount of
incident energy: 1=T+R

2.2.2.Reflection and Transmission at Oblique Incidence

Normal to the
L /> interface
S

ofy

o L
. i MEDIUM
4 !
Interface
Pt MEDIUM,
Z
f:

Figure 2.12: Phenomena of reflection and refraction for an incident wave.

a;: Angle of incidence of longitudinal wave.
a;: Angle of reflection of transverse wave.
Bi: Angle of refraction of transverse wave.
B¢: Angle of refraction of longitudinal wave.

When an ultrasonic wave is incident on the boundary of two materials at an angle other than
normal, the phenomenon of mode conversion (changing in the nature of the wave motion i.e.
longitudinal to transverse and vice versa.) and refraction ( a change in the direction of wave

propagation) occur must be considered. [1]

There is no reflected transverse component or refracted transverse component if either medium 1

or medium 2 is not solid.
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2.2.2.1.Snell's Law.

The general law that, for a certain incident ultrasonic wave on a boundary, determines the
directions of the reflected and refracted waves is known as Snell's Law. According to this law the ratio
of the sine of the angle of incidence to the sine of the angle of reflection or refraction equals the ratio
of the corresponding velocities of the incident, and reflected or refracted waves. Mathematically

Snell's Law is expressed as [4]

sin(e) ¢ (2.19)

sin(B) ¢,
where

a: the angle of incidence.
B:the angle of reflection or refraction.
c;:velocity of incident wave.
c,:velocity of refracted waves.
Both « and B are measured from a line normal to the boundary.

Snell's Law holds true for shear waves as well as longitudinal waves and can be written down
as follows:

sin@®;, _ sin®;, _ sin Ogq _ sin B, (2.20)

Cr1 Cr2 Cs1 Cs2

Where C; and Cs stands for longitudinal and shear velocity respectively in the materials.

2.2.2.2.First and second critical angle

When a longitudinal wave moves from a slower to a faster material, there is an incident angle that
makes the angle of refraction for the wave 90°. This is known as the first critical angle. The first
critical angle can be found from Snell's law by putting in an angle of 90° for the angle of the refracted
ray. [10]

If the angle of incidence a is further increased the angle of refraction for the transverse wave also
approaches 90°. The value of a. for which the angle of refraction of the transverse wave is exactly
90° is called the second critical angle. At the second critical angle the refracted transverse wave
emerges from the medium and travels parallel to the boundary. The transverse wave has thus become

a surface or Raleigh wave. [3]
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2.3.The elastic properties of matter

2.3.1.Hooke’s law

All materials are made of atoms (molecules) which are connected to each other by inter atomic
forces. These atomic forces are elastic i.e. the atoms can be considered to be connected to each other

as if by means of springs.

ELASTIC

INTERATOMIC FORCES
\ - ATOMS

Figure 2.13: Model of elastic body

So if an atom of the material is displaced from its original position by any applied stress, it
would start to vibrate. Because of inter atomic coupling, vibration of this atom will also cause the
adjacent atoms to vibrate. When the adjacent atoms have started to vibrate, the vibratory movement
is transmitted to their neighboring atoms and so forth. If all the atoms were inter connected rigidly,
they would all start their movement simultaneously and remain constantly in the same state of motion
I.e. in the same phase but since the atoms of a material are connected to each other by elastic forces
instead, the vibration requires a certain time to be transmitted and the atoms reached later lag in phase

behind those first excited. Hooke’s law states that there is proportionality between force and extension

[1]:
F = kx (2.21)
Where

F: The excitation force
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x : The displacement caused by force F. . :
NN . S
k: The spring constant. L ' o x
2.3.2.Young’s modulus Figure 2.14: A spring of relaxed length L anchored at

the left and pulled towards the right by an external force F

Consider a stretched wire (figure 2.15). Suppose we have the wire that has a length L and

radius r, and suppose a load F is applied to the taut wire to produce an elongation of [11]

AL (2.22)

Where ¢ is the strain
Note: The stress by definition is the force exerted on the surface unit of the solid [12].

G:ﬂ (2.23)

Where ¢ is the stress

F, : Force perpendicular for the surface A.

Since AL and L have the same dimensions, strain is
dimensionless quantity, normally quoted either as decimal IS
fraction or as a percentage. Typical values for strain in a
metallic rod might be of the order of magnitude of 10 or
0.01%. [11]

From Hooke’s law, stress is proportional to strain, "
g_ AL_L (224 ALgennnn|fannmr
. .
Where Y is the elastic constant of proportionality for a
distortion in length and is called Young's modulus. Solving
for Y, we get [13] EEEEEEEE

Figure 2.15: Steel wire subjected to
stretching weight

_g (2.25)
&
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The young’s modulus of a material allows us to find what stress is required to produce a given
strain. Since ¢ is dimensionless, Y must have the same unit as P. Typical values of Young’s modulus

for a metal are of the order of 101°to 10%. Table below gives approximate values of young modules
for some common materials. [11]

Table 1.1: Values of young's modulus for some common materials

Material Y/101° N/m?
Diamond 83
Steel 20
Aluminum 7.0
Copper 11
Quartz 7.1
Graphite 1.0
Nylon 0.36

2.3.3.Bulk Modulus

Suppose that a specimen such as a sphere is placed in a liquid upon which the pressure can be

increased by a force applied to the piston. The change in volume of the Sphere is a function of the
stress applied [13].

The stress become o, = F/A = pressure applied
Strain become ¢,,; = AV /V
From hook’s low g,,,; = B X €,0;

Where B is the constant of proportionality and is called the bulk modulus. Then,

"~ strain ﬁ

t |4
p  Stress (2.26)

Deformation of volume can occur in gases, liquids, and solids. Bulk modulus of liquids and

solids are high and of the same order of magnitude. Gases are easiest to compress and hence have the
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lowest bulk modulus. We often speak of the compressibility of a material which is the reciprocal
(1/B) of its bulk modulus.

Table 1.2: Typical values of Bulk’s modulus for some common materials.

Material B/10° N/m?
Aluminum 7.5
Copper 13.0
Steel 16.5
Nylon 0.59
bone 1.0
iron 12.0
mercury 25
water 0.22

2.3.4.Elasticity modulus

We showed in the previous part the elasticity constants that is a relation between stress and strain o =
qe (equation 2.25) where o is tensile stress, ¢ is tensile stain and g is assembles of elasticity constants.

It also represented by tensor.

XX

YY

Y4
YZ=2Y
ZX=XZ
XY=YX

DA BRI WIN|F
8

Figure 3.29: Components of stress tensor
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So last equation (2.25) can

be written as

C21 Ca2 Ca3 Cpy Cy5 Cp6l|é2
C31 C32 C33 C34 (35 C36||€3
Cq1 Cap Cu3 Cyq Cus Cyellés

1 €11 C12 C13 Cia C15 Cigqré1
i '
Jl lC51 Cs2 (53 (5 Cs5 Csefl€5

For Isotropy materials

[01] [€11 €12 Ci3 0 0 0 11417
[02] €21 €22 €23 O 0 0 [|€2]
o3| lcs1 c32 ¢33 0 o 0 ||&s]
lo,|"lo 0 0 ¢4 o0 O I|e4|
[GSJ lo 0o o0 o cu 0]lle
ol Lo 0 0 o 0 culle

For isotropic solids the tensor q is independent of the propagation direction, so the relation

between it and acoustic wave velocities V; and V; given by [6]

A e e s (2.27)
P 2p

y = |22 (2.28)
p

o The Young modulus and shear modulus can be calculated from the longitudinal and transversal
velocities by applying the following two relationships

L _ pci(3ct — 4c)

Young modulus ) (2.29)
Cl - CS
Shear modulus G = pc? (2.30)
Poisson ratio cf —2c? (2.31)
G

2.3.5.Elasticity limits:

The elasticity limit of a material depends on several factors, the main ones being [14]:

e Interatomic forces.
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e The crystalline structure.
e The atoms strangers block dislocations.
e Dislocations are blocked by grain boundaries.
e The elastic limit also depends on the temperature.
The relationship between stress and strain is known as the loading curve since it depicts the

behavior of the material under the load of an applied force [11].

v A
g 2
7!
B E
Og|------
A/
OAl" l
' s >
O g &gC strain

Figure 2.16: The loading curve of stress against strain for a typical material

The region from O to A is the region in which is proportional to the stress, this is range of
validity of Hooke’s law. Between A and B the material continues to behave as an elastic material, in
that its strain no longer related linearly. The elastic region from O and B where stress and strain are
uniquely related, the behavior is reproducible and, if the stress is reduced, the material moves back
along the curve to its previous state. The point B, which marks the end of the elastic region, is called

the elastic limit or yield point.
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If the stress is increased beyond point B, the material enter the plastic region or ductile region.
This region is characterized by the material exhibiting plasticity and having large increases in strain
resulting from relatively small increases in stress. In plastic region the material becomes permanently
deformed. For instance, if the material reaches the C point and then the stress is reduced the material
does not retrace the loading curve but will remain strained, maintaining the value of strain at c' even

in the absence of stress.

If the load in curve is extended beyond point D then the state becomes time-dependent and the
strain will continue to increase without further increase in stress. This phenomenon is known as creep.
at this stage the strain will continue to increase even if the stress is reduced, as known by the downward
part of the curve beyond D. finally at the point E, the breaking point (or maximum stress), the
specimen breaks apart.

2.4.Simulation

Consider an ultrasonic plane wave whose temporal variations are those of a sinusoid modulated

by a Gaussian, as in equation below [15]

—(t—tg)?

u(t) = \/:EeTsin(anot) (2.32)

Where b is the bandwidth at 50% of the amplitude, i.e. at -6 dB, around the nominal frequency of
the transducer f, which is of the order of a few megahertz. The displacement obtained at the output

is calculated by convoluting U (t) and the impulse response of the propagation filter.

Figure 2.17 Two pulses with 8 us time difference between them and thier FFT plotted by Matlab; b=2.4 MHz and fo=5 MHz
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The different functions involved in the numerical calculation procedure are shown in figure (2.17)

0B —

0B —

Time difference

\

-15 -1 05 ] 0s 1 1.8 2
time * 1/10({microsac)

Figure 2.18: The cross-correlation function plotted by Matlab

This simulation, carried out under Matlab, highlighted the effect of the bandwidth of the excitation
signal on the shape of the wave. We also used the simulation to verify the method of calculation of
velocity and the time difference. The figure 2.18 is a simulation of calculation the time difference

between two pulses. We used for that calculation the cross-correlation function.

The results of these simulations allowed us to justify the choice of function of the frequency and
the non-dispersive medium. The limits of this model are essentially related to the appearance of a low

frequency noise.

The maximum of the cross-correlation function is reached for a time t equal to time difference
between the two pulses (figure 2.18). This maximum gives a very accurate measurement of the delay

time between two signals of similar spectral content.
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Figure 2.19: The variation of pressure by time
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Figure 2.20: Variation of pressure by frequency

As known, the wider band in the spectrum in frequency domain in figure 2.20 gives the shorter
signal in time domain figure 2.19.
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3. Experimental study

3.1.Introduction

This chapter is divided into two parts. The first part is devoted to the experimental procedure,
the description of the experimental setup used and the description of the measurement procedures.
The second part is dedicated to the presentation of the experimental results. Our objective is the

determination of the velocity of ultrasound in a homogeneous and isotropic materials.

There is many methods of Ultrasonic testing the inspection method selected according to the
recommended result. In this part we talk about the Pulse-Echo Method, which is a common used in

the industrial field to examine the quality of materials without damaging them.

The principle of ultrasonic Pulse-Echo method focused in the propagation of ultrasound waves
in the material medium and the detection of reflected or scattered signals. We used one immersion

circular planner transducer which generate and emit the ultrasonic pulse and receive it.

These signals are characterized by their amplitudes and their arrival times. During its
propagation through a medium, the acoustic signal is delayed or attenuated due to its interaction with
the medium. The velocity is determined from the measurement of the propagation time for a given
length of the sample to be characterized.

Impulse methods offer the advantage of being fast, flexible and efficient because, unlike
harmonic methods, a single measurement makes it possible to exploit a wide range of frequencies.
For the pulse method used in our study, it is a question of harvesting two signals that have traveled
two different distances in the same medium to be characterized.

The reflection method was chosen because it offers the following advantages:
- The use of a single side of the sample

- There is no problem of alignment that can cause a particular difficulty of alignment of the

transducers.
- It is easier to implement.

Pulse-Echo method allows the determination of the propagation characteristics of the volume
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Aluminum Alloy (AIMgSi0,5)

Steel X52 Pipeline

Steel X70 Pipeline

Figure 03.21: Samples for testing by ultrasound

waves (phase velocity and attenuation) related to the mechanical properties of the medium.
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3.2.Experimental instruments

Figure (3.1) shows the experimental setup. It consists of a tank filled with water, at the bottom
of which we place a metal plate (figure 3.21). And a transducer, planar, circular About 3.5 MHz
nominal frequency is used. It is connected to a pulser/receiver. The generator transmits the signal
received from the transducer to a digital oscilloscope, with a bandwidth of about 2 MHz, and allowing
sampling of the signal received at 300000 points. The oscilloscope is Built-in a computer, allowing

the acquisition of signals and their processing using programs developed under MATLAB.

Table 3.1: Available data on samples stadied

Density
(Kg/m?®) c; (m/s) cs (m/s) Y (GPa) v
Aluminum alloy 2700’ 6420V 3040V 69’ 0.34"
Steel X52 7850 / / 200" 0.39
Steel X70 7800 5980" 3297V 200 /
i. [16]
. [17], [18]
iii. [19]
iv. [20], [21]
N ———

Water basin F
i

Transducer

Specimen

.

: =

Figure 3.22: An ultrasonic testing system with: one immersion emitter/receiver transducer

Using mechanical mechanism, the transducer was routed and soaked in the tank where the

sample was placed. After making sure that its surface is free of air bubbles and that it is in a completely
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vertical position on the sample surface we have run the system. We got a curve that changes the

intensity of the acoustic compression in time.

Figure 03.23: The piezoelectric transducer which we used in the eperimental
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Figure 3.24: the UT instrument from Fraunhofer, which we used
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Full echo for Alluminum specimen
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Ro : Reflected amount by first boundary of specimen

Tn:Transmitted amount n+1 times; n=1,2,3... (see figure 3.25)
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Figure 3.25:
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Steel X70 full echo
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Figure 3.26: Obtained curves by ultrasonic pulse-echo method experiment

3.3.Velocity measurement

The velocity is determined from the measurement of the propagation time for a given length of

the sample to be characterized. So it obtained from:

21 (1.28)

C:A_t

Where: [ is the distance between transducer and the boundary that reflect the pulse.

To calculate the pulse velocity in the sample we need to know the flight time within the sample,

we know that

try = —— (1.29)
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Figure 3.27: A diagram showing the sources of reflected pulses from the specimen

Where [, and c, are the distance between transducer and the specimen and the velocity of

pulse respectively.

_2h 2nl (3.30)

tr
" 1 (&)

Where: n=1,2,3... is number of pulse reflection. And [, is thickness of the specimen and c, is velocity

of pulse in the specimen.

So time the time difference is

2nl
At =ty —tp = ?22 (3.31)

And the velocity of sound in the specimen is

2nl
¢, = AtZ (3.32)

Note: Calculation of sample height, velocity, attenuation, and dispersion requires the calculation
of the flight time difference (the time the wave makes to travel from the transmitter to the receiver).

Its determination is possible thanks to three methods:
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* The first consists in the direct reading of the flight time for each signal,
* The second one uses the Hilbert transform,

* The last one uses the cross-correlation between the two signals. This latter method is used in
our work. It is based on the calculation of the inter-correlation function between two signals s1 (t) and
s2 (t) defined by [22]

+ oo

Cs,s, () = f $1(1)S,(t + T)dr (3.33)

—00

The maximum of this function is reached for a time t equal to T. This maximum gives a very accurate

measurement of the delay time between two signals of similar spectral content.
Error in measure

In order to calculate longitudinal velocity, several measurement were taken as shown in table (3.2),
so we have several velocity value, the difference in values indicates that there are error in

measurement. Therefore, most probable value for this measurements is the mean value.

1N
azﬁiyi (3.34)

To estimate the standard error, we used the relationship

iei(ci—0) (3.35)

4
b=t TN 1

Where c; and ¢ are: the measured value and man value, respectively.

The standard error of the mean value is written by relationship

- (336)

5|
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s1{t)

s2(t)

Gult

Figure 3.28: Representation of the inter-correlation method. Signals s1.2 (t) with signal C; s,

3.4.0btained result

We created ensemble of scripts in Matlab (see Appendix B) to calculate time difference,

longitudinal and transversal velocities, results are arranged in the table (3.37)

Table 3.29: Longitudinal, time difference transversal velocities and calculated by our script Matlab

Aluminum specimen

Measurements Time difference Longitudinal Transversal
(ps) Velocity (m/s) Velocity (m/s)

RO-T1 4.74 6332 3638

T1-T2 4.59 6525 3775

T1-T3 9.2 6522 3772

RO-TO 13.94 6458 3727

Mean value / 6485 3728
Steel_X52 specimen

RO-T1 3.13 5739 3220

T1-T2 2.98 6644 3858

RO-T2 5.8 6142 3504
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RO-T3 8.8 6203 3547

Mean value / 6182 3532

Steel X70 specimen

RO-T1 4.9 5922 3349
T1-T2 4.73 6133 3497
RO-T2 9.62 6025 3422
T1-T4 14.2 6127 3494
Mean value / 6052 3440

Note: we obtained the transversal velocity by applying fitting function which is compacted in Matlab

(see Appendix A).

Table 3.3: Comparaison between our results and literatur results of logitudinal vlocities (m/s)

Measured | Literature
value value e* (%)
Aluminum (AIMg0.5) 6484(+48) 6420 0.99
Steel X52 6182(+175 / /
Steel X70 6052(+49) 5980 1.2

* The ratio between our value and the literature value, it calculated by relationship

IC - Crl
e = C X 100 (3.38)

Were C and C; are the calculated value and reference value respectively.

The calculated values of elasticity tensor (see part 11: 2.3.4) are arranged in the table 3.4
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Table 3.4 Common elements of tensor elastic

specimen C11(GPa) Cas (GPa) C12 (MPa)
aluminum 113 38 -2.74
Steel X52 336 109 -7.6

Steel X70 |319 103 7.2

So let us present the calculated elasticity modulus

Table 3.5: Measured modulus of elasticity

Y (GPa) G (GPa) B(GPa) v
Elastic
modulus 5 g i g § ® E 5 % @
= 2 3 3 3 o S
Aluminum 69’ 94 36 | 26 | 38 46 38 034V | 025 | 26

Steel X52 | 200" | 275 | 37 /| 109 | [/ 112 0.39" | 0.26 | 33

Steel_X70 | 200" | 259 | 29 / 103 / 106 / 0.26 /

3.5.Discussion

The mechanical properties of three samples were studied under the normal temperature of the
laboratory (25°). The longitudinal velocities in the samples obtained after extracting the necessary

information from the curves obtained from the experiment.

The results obtained (longitudinal velocity) enabled us to calculate the transversal velocity and

elastic modulus of the studied samples.

To verify the measured results, they were compared to other experimental results but due to
measurement errors, there is a difference between the measured values and the other. This is due to:
Sampling accuracy, variability of the sample, measurement time of flight using the cross-correlation
function and approximation of the transversal velocity by fitting experimental values of velocities.
The difference in values may be due to the state condition of the samples, the number of tests and the

method of manufacture. The difference can also be attributed to the calculation method.
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General conclusion

In the first part of the thesis, we considered the theoretical concepts of UT, starting with an
introduction to ultrasound physics, then an overview of the testing system, how to generate and detect
sound waves with piezoelectric effect, and then we saw the behavior of waves especially in solids,
and the relationship between them and their elastic properties. Where we focused on isotropic
homogenous materials and we saw how the constants of elasticity become simple and relate only to
the velocity of sound waves and material density. In the second section, we presented the experimental
structure of our work and then the results we have obtained. We have already seen how the elasticity
constants obtained from the experimental results, (speed calculation only) are close to the reference
results calculated by other authors. It can be said that the method of echo test, despite the lack of
accuracy of its results is a good way to know the mechanical properties of the material, because of the
speed obtaining the results and the simplicity of their relationship, we have been able to calculate the

modulus of Young.

Initially we aim to calculate the attenuation, as to get more information about the samples, and
we could also calculate the phase velocity from the experimental curves, but due to the lack of time
and unavailability of samples, the objective has declined. To study attenuation, at least two samples
must be tested with different thicknesses and then the difference in time between them should be

calculated as well as the difference in pressure intensity, to obtain an absorption relationship.

The pulse echo UT is commonly used to detect sub-surface flaw using the obtained echo curve

from the samples.
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Table 1:Densities, sound velocities and acoustic impedances of some common materials

Material Density
(kg/m3)

Aluminum 2700
Copper 8900
I Quartz melted 2200
Steel 7850
Nylon 1100
Beryllium 1846 23794.94
Chrome 7194 47537.95
Copper 8933 42512.15
Indium 7290 18662.4
11343 24500.88
8800
Platinum 21450
Silver 10500
Thorium 11725
Uranium 19050 64198.5
Zirconium 6507 30257.55
Silicon carbide 3210 38837.79
Tungsten carbonate 15000 99825
Water 1000 1480
Gold 19300 62532

* Y. Bar-Cohen, A. K. Mal. Ultrasonic inspection. In. ASM Handbook, 1996, vol. 17, pp.
231-277.



Fitting velocities, transversal vs longitudinal

First, and from the data available in material handbook (table 1) Concerning the

velocities of acoustic waves in materials, we determined by curve fitting an empirical

relation, between ¢, and cs, on a set of about 20 materials of different classes (metals,

glasses, ceramics, polymers, ...). The computation of the regression coefficients of different

fitting (linear, quadratic, ...) allows us to accept the linear approximation (regression

coefficient equal to 0.7048 for the relation cs - ¢ and (figure 1). These empirical

relationships are expressed as follows:

cs = 0.7048¢c, — 824.8

Table 2:Fitting result in Matlab program

Al

fitresult =
Linear model Poly1:
fitresult(x) = p1*x + p2
Coefficients (with 95% confidence bounds):
pl= 0.7048 (0.637,0.7725)

p2=  -824.8 (-1243,-407.1)

9000

BOOOE -t [EETETTI ............

T +
+ Wl
velocity fitting H
i

£ 4000 -

3000

gomo | ; e

1000 f 4 e

o000k ............. ...................... TR

7 BOOD e ................................. .......... 4

OO Feeeeee g e D O ..........
*%s : : :

i} i I 1 i
2000 4000 6000 8000 10000
vl(ms)

1
12000 14000

Figure 1: Relation between the different speeds of the modes, for a set of homogeneous and isotropic materials.
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Velocity measurement program

In order to calculate the longitudinal velocity, from the curve taken from the scanner

software (figure 1), we created an algorithm for process it

> Ultra Sonic Scanner Controller

Figure 1 : Scanner software - main window

1. Start by making a window by multiplying the pressure vector which named “Ascan”

by the scanner software, in function H, which is defined as the following relationship

Ofort<a;t>b

H(®) = {1 fort € la,b] (8.1)

Where a and b are the beginning and end of the pulse, and are determined by our side
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Figure 2: (a).Two pulses in difference time x-zoomed to 2*10 ps; (b): FFT for the previous pulses respectively.

2. Now we can draw the pressure curve in dependent of frequency,



3. After the previous operation we use the cross-correlation function (part Il 3.3) to

calculate the time difference between the pulses

4. The program displays the longitudinal velocity and the transversal velocity values

calculated with the following relations respectively.

AL

== (B.2)

4

V, = 0.705V, — 824 (B.3)
Relationship (B.3) obtained from the speed adjustment process (see Appendix A).

The algorithm is programmed to rerun several times, and record the values of the
longitudinal velocity, and then calculate the mean value and standard error of the set of

values taken.
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Abstract

This work deals with the experimental study of some samples (Aluminum alloy,
steel X52 and steel X70 ), in order to determine the mechanical properties using
ultrasound. Based on the results of the simulation of the acoustic signal received by the
sonic probe, we can exploit the signal obtained experimentally, using the longitudinal
and transverse velocity relationships that enable it to calculate the young modulus, the
shear modulus and the Poisson ratio of the studied samples.

Keywords: NDT, ultrasonic testing, acoustic waves, elastic waves, elasticity modulus,
young's modulus.

Résumeé

Cette étude porte sur I'étude expérimentale de quelques échantillons, d'un alliage
d'aluminium, d'une piece d'acier au carbone X52 et d'une piéece d'acier au carbone X70
afin de déterminer les propriétés mécaniques a I'aide d'ultrasons. En utilisant les relations
de vitesse longitudinale et transversale, nous pouvons calculer le coefficient de Young,
le coefficient de cisaillement et le coefficient de Poisson des échantillons étudiés.

Mots clé : CND, control par ultrasons, ondes acoustiques, ondes élastiques, module
d'élasticité, module de Young, vitesse longitudinale, vitesse transversale.



