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ABSTRACT

Contacts of rough surfaces are present in almost all machines and mechanical
components. Friction at the rough interface cause energy dissipation, wear and
damage of surfaces.Engineers are interested in knowing the frictional conditions at

contact interfaces. Despite friction being such a fundamental phenomenon, it is
surprisingly difficult to measure reliably as results depend on the test method

measurement environment. Methods have been developed to measure the friction
and sliding contact trib ometers are devised mostly in a laboratory environment.

Their applications in measuring friction inxsitu in a real contact is a challenge.
Therefore, the aim of this research is to develop an ultrasonic method to measure
friction and friction coefficient in -situ in a contact interface .

Ultrasonic methods developed for non-destructive testing have been used to
measure tribological parameters, such as oil film thickness, viscosity and pressure,
in-situ bearings and machines. In conventional ultrasonic techniques, pulses are low
power and when they strike an interface they do not result in a change in the contact
state. The process is linear and elasticHowever, high power sound waves can cause
opening or closing of an interface, or interfacial slip; this is non-linear. Recently
Contact Acoustic Nonlinearity (CAN) has drawn interest due to its potential in the
non-destructive evaluation. When high power bulk shear ultrasound propagates
through a compressed rough contact interface, higher order frequency
components, higher odd order harmonics (3"Q 5Q etc.) are generated in both
transmitted and reflected waves . The nonlinear nature of the stick-slip phenomenon
in friction may be the source of nonlinearit y.

In this study, nonlinearity due to the interaction of a shear ultrasonic wave with a
frictional interface has been initially investigated numerically. A one-dimensional
numerical model has been employed to understand contact nonlinearity generation
and its dependence on incident ultrasonic amplitude, contact pressure and friction
coefficient. The third harmonic increases and then decreaseswhen contact stress
rises, which suggests that nonlinearity } { ¥ { Ow« | ¥ z - £ «§U «=l« (2
occurs at low contact stress and is restricted at high contact pressure. Harmonic
generation at the contact was secondly investigated experimentally using a high
frequency nonlinear ultrasonic technique . Methods were developed to separate the



contact nonlinearity from the measured ultrasonic nonlinearity. Contact
nonlinearity originating from a rough interface are assessed under various test
conditions. Experimental measurement shows good agreement with the numeric ally
computed nonlinearity.

Two strategies were developed to estimate the friction coefficient using

experimentally measured contact nonlinearity in conjunction with the numerical

computation. The ultrasonically measured friction coefficient agrees reasonably
with the sliding test results and published data. Using the contact nonlinearity, the
ultrasonic method shows the usefulness in measuring the friction coefficient in -situ
in a contact interface.
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Amplitude of incident wave
Fundamental frequency amplitude
Third order harmonic amplitude
Ultrasound displacement at interface |
Data A

DataB

Speedof sound | 7O

Speed of sound of longitudinal wave | 7O
Speed of sound of shear wave | 7O
Coefficient a

Coefficient b

Wave travelling distance |

Effective dimension of piezo element |
Elastic modulus 0 A

Energy of ultrasound *

Frequency ( U

Coulomb friction

Shear modulus 0 A

Separation of contacting surfaces |
Hardness of material 0 A
Wavenumber O ATiA

Interfacial stiffness 0 A

Specimen length |

Surface profile sampling length |



0 Coefficient M

0 Nonlinearity coefficient

0 Near field distance |

0 Frequency constant of piezo element ( U
0 Nominal contact pressure 0 A

i Courant-Friedrichs -Lewy condition

Y Reflection coefficient

Y Arithmetic average roughness |

Y Root mean squareroughness |

Y Power reflection coefficient

Y Transmission coefficient

Y Power transmission coefficient

) Displacement of wave propagation |
W Peak to peak voltage 6
® Root mean square voltage 6

W Weight of mass .

a Asperity height relative to mean line |

) Acoustic impedance 0 ATD

Greek symbols

| Attenuation coefficient pfi

— Oblique angle of an incident wave
Wavelength |
Friction coefficient
Dynamic (kinetic) friction coefficient
‘ Mean of Data A

Mean of Data B

: Dimensionless stress
" Density E @
" Normal stress at interface 0 A

” Normal stress component 0 A
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Subscript

Stress of ultrasound 0 A

Standard deviation

Standard deviation

Normal stress where slip stops 0 A
Normal stress at peak of nonlinearity 0 A
Shear stress induced by ultrasound 0 A
f] 2aly¥(la oOow« |

Angular frequency O Ar@

Material 'O
Material "D
Numerical space index

Numerical time index
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1 INTRODUCTION

1.1 Statement of the Problem

Friction occurs in every machine and mechanical component. Energy waste caused
by friction can account for a large fraction of energy consumption. Sometimes
friction is desired such as clutches and brakes. But also friction is unwanted because
excessive friction not only leads to energy waste but alsocauses wear, damage and
failure of mechanical components and machines. Engineers are interested in
knowing the frictional force and friction coefficient to guide their mechanical design
and practical machine operation.

Despite friction being such a fundamental phenomenon, it is surprisingly difficult to
measure reliably. Resultsdepend on the test method, the test environment and
critically on the surface preparation. Methods have been developed to measure the
friction force and sliding contact tribometer s are devised mostly in laboratory
environment. Pin-on-disc is the common friction measurement rigs at the macro
scale (Dunkin and Kim, 1996). Atomic force microscope is widely used in measuring
frictional force at the microscale (Ruan and Bhushan 1994). Although both
measurement configurations have been widely implemented in laboratories, their
application in measuring friction in xsitu in a real contact is a challenge. In thisvork
we investigate ultrasound to both cause the sliding motion and measure the
resulting signal.

Ultrasonic methods have recently been developed in a large body of work recently
as they can be implemented inreal industrial environments. Non-destructive testing
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where ultrasound is applied in detecting defects and cracks has been extended to
measure tribological parameters in-situ in bearings and machines such as contact
stiffness (Drinkwater et al., 1996), oil film thickness (Dwyer-Joyce et al.,2004) and
lubricant viscosity (Schirru et al., 2015). In conventional ultrasonic techniques,
pulses are low power and when they strike an interface they do not result in a
change in the contact state. The process is linear and elastic. However, high power
sound waves can cause opening or closing of annterface, or interfacial slip; this is
non-linear.

Recently Contact Acoustic Nonlinearity (CAN) has drawn nterest due to its potential

in non-destructive evaluation. Information undetectable using traditional acoustic
techniques can be extracted when ultrasound interacts with a rough interface.
When high power bulk shear ultrasound propagates through a compressed rough
contact interface, higher order frequency components, higher odd order harmonics
(3" Q5'Q etc.) are generated in both transmitted and reflected waves > e U det al..£ £
2001). The nonlinear nature of the stick-slip phenomenon in friction may be the
source of nonlinearity. Previous studiegHirose 1994 e U d {et aE, 2001; Pecorari
2003; Meziane et al.2011)have mainly focused on aralytical and numerical study of
ultrasonic nonlinearity at co ntact interface.

In this study, nonlinearity due to the interaction of a shear ultrasonic wave with a
frictional interface is investigated in three parts. Firstly, a simple numerical model is
employed to investigate the harmonic generation due to the nonlinear stick-slip
motion at a frictional contact interface under shear wave oscillations and the effects
of incident wave amplitude, contact stress and friction coefficient are studied. In the
second part, harmonic generation at the contact is investigated experimentally using
a high frequency nonlinear ultrasonic technique. Nonlinearity generation originating
from the rough contact interface is assessed under various test conditions. In the
third part, the friction coefficient of the contact is estimated us ing the experimental
contact nonlinearity.

1.2 Aims and Obijectives

The aim of this research is to develop an ultrasonic method to measure friction and
friction coefficient in -situ in a contact interface .

To achieve the aim, several objectives are set.



1 Develop a numerical model to study the nonlinearity generation of the
interaction of a high-power shear wave with a frictional contact interface.
Investigate the effect of incident ultrasound amplitude, contact stress and
friction coefficient on the nonlin earity generation.

1 Investigate experimental approaches to carry out the measurement of
nonlinearity generation.

1 Apply the experimental approach to access the activation of stick-slip
phenomenon experimentally and measure the nonlinearity generation at a rough
contact interface. Investigate the effect of incident ultrasound amplitude and
contact stress on the measured nonlinearity.

1 Develop a method to measure the friction coefficient using the ultrasonic
nonlinearity. Apply the method to estimate the fricti on coefficient of a rough
contact interface.

1.3 Layout of the Thesis

In Chapter 2, the contact of engineering surfaces is briefly presented. Friction
models and methods of measuring friction and friction coefficient are reported.

In Chapter 3, the theory of ultrasound is presented. The fundamentals of ultrasound
propagating within a host material are introduced. The interaction of ultrasound

with a boundary is reported. Conventional linear ultrasonic technique to measure at
a contact interface is described. Following the linear ultrasound, nonlinear
ultrasound is also introduced. The non-classical nonlinear ultrasound, i.e. contact
acoustic nonlinearity, is reported along with its applications of characterising the

contact interface.

In Chapter 4, the apparatus used in the ultrasonic technique is presented. The
hardware used in the current research work for measuring ultrasonic nonlinearity
is introduced, particularly including the means of generating the ultrasound wave,
amplifying the wave and acquiring the ultrasonic signal.

In Chapter 5, a numerical method is employed in conjunction with an analytical
approach to understand the nonlinear interaction of high-power ultrasound
meeting a frictional interface. Nonlinearity generation resulting from the stick -slip
phenomenon at the frictional interface is investigated using a simple one-
dimensional numerical model. Following investigations focus on the parameters



affecting the nonlinearity generation such as amplitude of incident ultrasound,
contact stress and coefficient of friction.

In Chapter 6, the experimental preparations to measure the nonlinearity generation
from a rough interface is investigated. The high frequency nonlinear ultrasonic
technique is introduced along with the signal processing procedures. Experimental
variables influencing the measurement of nonlinearity generation are discussed.
Incident stress of a shear polarised ultrasound is measured using laser vibrometer.

In Chapter 7, the experimental measurement of nonlinearity generation at a rough
interface is carried out. Practical test configuration is discussed and the method of
removing the system inherent nonlinearity is followed. Measurement of nonlinearity
generation is carried out on various incident ultrasound amplitudes and contact
stresses. Measurement of nonlinearity is also carried out using subsequent echoes.

In Chapter 8, the contact nonlinearity generation detected experimentally is
compared with the numerical model. Two strategies for estimating the coefficient

of friction at a rough interface is investigated using the contact nonlinearity. The
estimated friction coefficient is compared with published data.

In Chapter 9, estimation of friction coefficient using ultrasonic nonlinearity is briefly
discussed. The usefulness and lintation of the ultrasonic technique is discussed.
This is followed by the evaluation of an alternative method of generating contact
nonlinearity using an oblique incidence. Considerations of transferring the
ultrasonic technique in practical applications are briefly presented.

Chapter 10 contains general conclusions and recommendations forfurther work.



2 BACKGROUND ON CONTACT

This chapter briefly presents the contact of engineering surfaces. Friction models,
methods of measuring friction and friction coefficient of a metal -metal contact are
introduced.

2.1 Rough Contact Interface

In engineering circumstances, topographically smooth surfaces are extremely rare.
Plastic deformation can hardly succeed in flattening an initially rough surface
resulting in an ideal smooth surface (Johnson, 1985). A rough surface is
characterised by several statistical parameters. These parameters can be measured
by asurface profilometer where a stylus is drawn over a samplelength on a surface
and a magnified surface profile is reproduced. Two simplest parameters centre-
line-average,Y and root mean square, Y are most commonly applied in
characterising surface height, defined as follows:
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where 0 is the sampling length, wis surface coordinate and & is the height of the
profile relative to the mean line along wdirection.

Mean height

Figure 2.1Profile of a rough surface (Johnson, 1985).

Understanding the mechanism of contact of rough surfaces is important in better
comprehension of friction, wear and other tribological problems. When two rough
surfaces are brought together, initial contact occurs on several asperities. Asperity
contact can be described by the Hertzian model (Johnson, 1985), where asperities
are considered as elastic balls.The real contact area of two rough surfaces thence
is the sum of contacting zones of the elastic balls inthe Hertzian model. The contact
is discontinuous within the apparent contact zone and is much smaller when
compared to the nominal contact size (McCool, 1986).

Many statistical models have been established to analyse rough contact and
inter face. One simple model was derived by Greenwood and Williamson, whichuses
statistical parameters to characterise surface roughness (Greenwood and

Williamson, 1966). This model assumes a spherical summit with a fixed radius,

Gaussian distribution of summit heights and elastic deformation of asperities.

Another model for elastic contact of rough surface is derived by Bush, Gibson and
Thomas (1975). Asperity summits are assumed to be elliptical, which introduces

another curvature radius in defining the contacting summits. Random principle

orientation, aspect ratio and distribution makesthe calculation of contact area and

average load complicated (McCool, 1986).

2.2 Friction Model

When two rough surfaces are in contact and there is tangentially relative motion,

friction is present as the resistance to prevent the relative motion. Energy

dissipation is associated with friction in relative sliding motion. Therefore, extra

work is required to overcome the dissipated energy. There have been many efforts

to reduce or eliminate friction in machines . Numerous research has expressedgreat
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interest in investigating friction. Amontons stated the laws of friction quantitativ ely
(Williams, 2005):

1 The friction force is proportional to the normal load in sliding;
1 The friction force is independent of the apparent contact area.

The ratio of the tangential friction force to the normal load is defined as the
coefficient of friction, denoted as ‘. This dimensionless quantity has been widely
used as itcharacterises the sliding ease ofa material over another.

Two types of friction coefficient, static friction coefficient * and kinetic friction
coefficient * (also known as dynamic fri ction coefficient) need to be distinguished.
Static friction coefficient is associatedwith the resistance at the onset of the relative
sliding motion. After the motion has started, friction opposing the continuance of
relative motion is represented by kine tic fri ction coefficient. At the onset of relative
tangential motion, the frictional force tends to be slightly greater than the frictional
resistance in the sliding process, which is known as the third AmontonsUlaw of
friction (Williams, 2005).

To understand the frictional behaviour, many models have been established. Two
categories havebeen specified, static and dynamic models. The Coulomb model is
the simplest static model where frictional force is independent of velocity
(Hutchings and Hutchings, 2017), described as:

O (2.3)

where "Ois the Coulomb friction and 0 the normal load. Coulomb model is ideal and
friction at zero velocity is not specifically defined. A complicated nonlinear model
can be derived, by taking viscous loss due to lubricants, static friction and Stribeck

effect, where friction decreases with increasing velocity, that considers low
velocities (Olsson et al, 1998).

Dynamic friction models have also drawn interest for researchers for the purposes
of friction simulation and compensation (Olsson et al, 1998). Dahl (1968) proposed
a simple model which was derived from the stress-strain relationship. The rate-
independent model can depict the pre -sliding behaviour but lacks the ability to
capture Stribeck effect and stick-slip phenomenon (Olsson et al, 1998).
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Figure 2.2 Examples of static friction models . (a) Coulomb friction . (b) Coulomb friction with viscous
friction . (c) Friction discontinuous at zero velocity . (b) Friction with continuous velocity dependence,
known as Stribeck effect (Olsson et al., 1998).

2.3 Friction Measurement

Engineers primarily rely on knowledge of the frictional force and friction coefficient
to guide their mechanical design and practical machine operation. Methods have
been developed to measure the friction force and devices are developed mostly in
laboratory environment. The fundamental feature of many friction measurement
devices is to measure the tangential force inthe case where a known normal force
is applied simultaneously. Piron-disc setup and its variations are the most common
configuration in tribology laboratories for macroscopic fricti on measurement
(Dunkin and Kim, 1996).

On microscope or atomic scope, frictional force can be measured by Atomic Force
Microscope (AFM) or Friction Force Microscope (FFM) (Figure 2.3). AFM was
developed from Scanning Tunnelling Microscope to measure small interactions at
nanoscale between AFM tip and sample surfaces.Small frictional force is
determined by measuring the motion of a cantilever beam with a tiny masseither
electrically or optically. Due to its capability of measuring friction force and surface
topography simultaneously, AFM and variations were used in the field of micro
tribology which deals with friction at atomic scale (Ruan and Bhushan 1994). One
modified AFM that measures both normal and frictional forces, is known as Friction
Force Microscope generally. The friction force is measured by determining the
deflection of cantilever either mechanically or electrically.
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In both pin-on-disc configurations and AFMs/FFMs, the friction force determined is
sliding phase and the friction coefficient is the kinetic one. Those setups can hardly
be used in measuring static friction. Centrifugal Friction Apparatus (CFA) was
developed to determine static friction forces (Dunkin and Kim, 1996).

In reviewing the available approaches in friction measurement, problems and
ambiguities remain unresolved although a large body of work has been focused to
better understand the friction and friction coefficient. Measured stylus force may
not accurately represent the true friction force with micro -tribological techniques
(Blau, 2001). Friction coefficient is vulnerable to changes insystem. Many factors can
influence frictional behaviour and the friction coefficien t. Thence pin-on-disc
configurations in microscope and AFM or FFM at micro level, may succeed in
measuring friction and friction coefficient in laboratory environment, however can
hardly be modified in real operation -oriented tests.

Sample laser baam
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Figure 2.3 Schematic diagram of FFM. Normal and friction forces are measured by cantilever deflection by
optical interference (Ruan and Bhushan, 1994).

2.4 Friction Coefficient of a Metal -Metal Contact

The friction at a metal-metal contact has been previously investigated and several

mechanisms have been used to explain and estimate the friction. The adhesion force

developed at the real contact asperity junctions and the deformation force needed

to plough the asperities on a softer surface by the harder one is considered as two
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sources of friction. For adhesion force, the friction coefficient is estimated by the
ratio of shear strength and hardness of the softer material (Bowden and Tabor,
1964). Generally,the friction coefficient for metal -metal contact is approximately
0.2. Whenploughing is considered together with the adhesion, friction coefficient is
approximately 0.2 to 0.3. The difference between theory and experimental work is
explained using work-hardening and junction growth mechanisms (Hutchings and
Hutchings, 2017)

2.5 Stick -Slip Phenomenon and Tangential Contact

The phenomenon of stick-slip motion has interested many researchers (Rabinowicz
1951 Dieterich 1978 Feeny et al, 1998). A simple mechanical system consisting ofa
mass and aspring models the stick-slip motion. When the mass iscarried by an
external force the spring is stretched, and spring force and friction force are in

equilibrium. The mass and the counterface Stick UFurther displacement of the mass
leads to a larger spring force which draw s the mass back towards its origin and this
is the GlipUphase. The elastic force in spring decreases until it equals the kinetic
friction. At this point, SlipUstops and Stick Ltontinues. Other models have also been
developed to describe the @tick-slipUnotion (Bengisuand Akay 1999Kligerman and
Varenberg 204: Wang et al.,2017) The @tick-slipUmotion is discontinuous and
nonlinear, which can result in unwanted oscillations and reduced stability of a
system (Rusli and Okuma, 2007).

Gtick-slipUphenomenon occurs at a tangential contact. Research on tangential
contact of rough surfaces has also been developed recently. Mindlin developed a
model to solve the tangential contact problem using Hertz elastic theory and

Coulomb friction mode | (Etsion, 2010). Btick-slipUbehaviour at the tangential

contact was modelled. Based on Mindlind work, further research has extended the

investigation to consider varying friction coefficient at elastic, elastic -plastic contact

conditions (Eriten et al.,2010) and stick-slip behaviour under oscillating tangential

force (Chaudhry and Kailas 2013). GW statistical model has also been applied
(Wang et al.,2017)to study the tangential rough contact problem and the Btick-slipU
behaviour.
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2.6 Conclusion

In this chapter, the background on engineering contact has briefly been presented.

Asperity contact is described by the Hertzian model and statistical models, i.e.
Greenwood and Williamson model isto characteris e the actual asperity contact of

rough surfaces. Various models have been developed to study the friction at a rough
contact. Rigs and methods are designed to measure friction at different scales and
they are mainly limited to laboratories. &tick-sliplbhenomenon at a rough tangential
contact has been recently investigated. The nonlinear nature of stick-slip motion

provides a useful way tomeasure friction at a rough contact.

11



3 THEORY OF ULTRASOUND

In this chapter, the background of the ultrasound technique used in this research is
presented. This chapter provides the basic definition of the ultrasonic wave and the
principles of ultrasound propagation. The principle behind the ultrasonic wave
interacting with the contact interface is introduced. Fol lowing the conventional
ultrasound theory, the nonlinear ultrasound and its application at a contacting
interface, which is of the interest in this research work, is introduced.

3.1 Fundamentals of Ultrasound

3.1.1 The Basic Principles of Ultrasound

Sound is essertially the propagation of the mechanical oscillation of particles
through a host medium. The host medium is in the form of solid, liquid and gases.
When the mechanical oscillations occur at a frequency beyond the audible range of
the human ear, generally geater than ¢ 1 E ,(thd sound is referred to as ultrasound.

There are several modes of oscillation that sound wave can propagation in solids.
Plane waves are the sound waves with constant frequencyand the front of the waves
travel as a parallel plane(Achenbach, 1973) Longitudinal and transverse waves are
the two types of plane wave and their propagations are within the host medium,
normally referred to as bulk wave.
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The host medium is comprised of particles which are bonded together elastically.
This structure can be analogous to a mass-spring system, as shown inFigure 3.1
When an external displacement or stress is applied to a group of particles, a sound
wave is generated in the host material. Particles move forwards and the elastic
bonds between the particle s tend to resist the movement, make particles move
backwards. Under the repeated excitation and resistance, particles oscillate about
their initial positions and zones of expansion and compression are created. The
expansion and compression transfers to the neighbouring particles. The
propagation of particle oscillation through the host medium induces the sound

wave.

Figure3li y~{aw« y z w}Own-280 WO« w¥vE2 } Odwa

3.1.1.1 Longitudinal Wave

For the longitudinal wave, particle oscillation is the same direction as the wave
propagation direction, as shown in Figure 3.2. When a longitudinal wave is present
in the solid, parts of the body in tension and parts in compression alternate. The
wavelength, _is defined as the distance between each cycle, e.g. from énsion zone
to the adjacent zone. The longitudinal wave is also known as dlatational wave or P
wave (pressure wave or primary wave). The P-wave is supported in the solids, liquids
and gases.
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Figure 3.2 Schematic diagram of the longitudinal wave.

3.1.1.2 Transverse Wave

In the transverse wave, the particle oscillation is perpendicular to the wave
propagation direction, as illustrated in Figure 3.3. The wavelength,_is defined as the
distance between the adjacent oscillation peaks or valleys. Unlike the longitudinal
wave, the transverse wave is mainly supported in solid materials andsome very
viscous liquids. The shear wave is also known as the rotational wave or Svave (shear
wave or secondary wave).
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Figure 3.3 Schematic diagram of transverse wave.
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The transverse wave is in two forms. Generally, the displacement direction is in the

plane normal to the propagation direction, the transverse wave is defined as

U-{©0« ywee°>U 8! £w0O 2-yvave (Kdone 8.4 (a)); Beé dscill@on- { B | ©
direction is normal to the plane normal to the travelling direction, the transverse

®w- { a ywfE{z U~! © = |!wavewEIHwvave EiguBDD)} { z « OV
(Achenbach, 1973)

@ Propagation plane
Oscillation direction

»

Propagation direction

(b) Propagation plane
Oscillation direction

Propagation direction

Figure 3.4 Schematic diagram of transverse waves: (a). Vertically polarised transverse wave; (b). Horizontally
polarised transverse wave.

3.1.2 Ultrasound Propagation in Materials

In different host materials, ultrasound propagation varies. The travelling rate, the
ability to travel from one material to the other and the energy lost during wave
propagation are the parameters which depend on the host medium properties.

3.1.2.1 Speed of Sound

¥ «~f280xwrlal wW¥WwWE!}°B «~{ {fw?« y %aeOf ¥} «~
of ultrasound propagation, commonly known as the speed of sound (sometimes

phase velocity). The other velocity, namely the group velocity, is used in
characterising the dispersive waves. In this research work, only the nondispersive

wave is considered and the phase vdocity is used.
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The speed of sound for various host media is calculated using the elastic constants,
namely the elastic modulus, OB « ~{ f ! 2 2aho¥thédendtyw « Sppel of
sound for longitudinal wave, @ is defined as follows:

- 0O p ¥
— 8 3.
W "o T p I (3]

For transverse wave, the speed of sound,® is defined as:

. O »p _Q
W —_— =h 32
o I (32

where “Ois the shear modulus of the host material.

Speed of sound can also be linked with the particle oscillation frequency in the
following relationship:

o _® (3.3)

It should be mentioned that generally the elastic constants are directionally
dependent on crystalline materials. The speed of sound in these materials differsin
various directions. The speed of sound also dependson the stress that applied to
the material and the temperature. It is also noticed that in Equation (3.1) and (3.2),
the speed of sound is independent of frequency, which indicates a non-dispersive
wave.

Speed! | 2! =¥z yw¥ x{ o{-off £O0}7r«W2 «¥y~wWw Ue«{of™
The time, 0 taken for a sound wave travelling through a known distance, Q is
measured and the speed of sound is given as:

® — —=h (34)
0 0}

where ® is the material thickness using the commonly applied pulse-echo
configuration.

Wavelengthat a given frequency is then obtained by rearranging Equation(3.3):

- B (35)
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3.1.2.2 Acoustic Impedance

The ability of sound wavetravelling from one material to the other is determined by
acoustic impedance, wis defined as the product of speed of sound and density:

0 " (3.6)

Acoustic properties of some materials are given in Table 3.1

Table 3.1Physical properties of some materials (Kinsler et al., 2000).

_ Density z Speed of sound Acoustic Impe dance
Material

i H 3 7 AL "EHA

Steel 7700 6100 47 10
Aluminium 2700 6300 17 1@
Water 998 1481 1.48 16
Castor oil 950 1540 1.45 10

3.1.2.3 Attenuation

A sound wave travels through a material, reduction of ultrasonic energy is known as
attenuation and it occurs in several forms, namely radiation, absorption and
scattering. Radiation describes the energy divergence. Absorption is the energy loss
to overcome the internal friction and then converted as heat dissipation. Scattering
describes a sound wave dverges from its original course when it meets defects,
flaws, impurities or grain boundaries. The total attenuation in the material is
determined using the following equation:

5 8Q h (3.7)

where 0 is the initial ultrasound amplitude, 0 the amplitude when sound wave
travels for a distance Qand| is known as the attenuation coefficient. In metallic
materials, the attenuation is usually low compared to softer materials.
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3.1.3 Ultrasound Prop agation at Boundaries

When a sound wave strikes to a boundary or an interface formed by two dissimilar
materials, a portion of the incident wave will travel through and the rest will be
reflected backwards if the boundary is perfectly bonded. The portion of the
ultrasonic wave transmitted through or reflected from the boundary is determined
by the two host material properties and the orientation of the incident wave relative
to the boundary.

3.1.3.1 Reflection and Transmission

. | .
Material 1 | Material 2

Figure 3.5 Reflection and transmission of a plane sound wave at a boundary.

A simple case is that when a plane sound wave strikes at a boundaryormally, as
shown in Figure 3.5. At the boundary, the continuity of sound pressure and the
continuity of the normal component of particle velocity must be satisfied. After a
number of mathematical manipulation (Kinsler et al., 2000), the pressure reflection
coefficient, 'Y, which is defined as:

L (3.8)

where @ and & are the acoustic impedance of the Material "Cand "‘O'i@spectively.
The pressure transmission coefficient, “Yis derived in a similar form:
C .

—h (3.9)

.
w w
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Y p Y8 (3.10

When the power of a sound wave is considered, the power reflection coefficient, Y
are defined by:

YooY 8 (3.1}

As energy is conserved, the total power of reflected and transmitted sound wave
must be equal to the power of the incident wave. The power transmission
coefficient, Y are defined as:

Y P Y ————38 (313

Based on the material properties given in Table 3.1, the pressure reflection
coefficient is calculated, as shown in Table 3.1 A positive pressure reflection
coefficient indicates a sound wave travels from an acoustically harder material to an
acoustically softer material.

Table 3.2 Reflection and transmission coefficient for some material pairs.

Material E Material £ ' 4 4 1. 1
Steel Steel 0 1 0 1
Steel Water -0.939 0.061 0.88 0.12
Water Steel 0.939 1939 0.88 0.12

3132 i ¥{££0U2 bw® w¥z c!z{ Y!'¥-{©2 !¥

When a plane soundwave strikes an interface of two dissimilar materials obliquely,

the amplitude and the propagation direction of both reflected and transmitted

a }¥wgE a z{«{©n ¥{z x° «~{ i ¥{£f£U2 £w®B
o O E—‘Lﬁ a1
s OEf (313

where @ and @ is the speed of sound of reflected or transmitted waves and —and

— is the angle between the propagation direction and the normal line of the
boundary, as shown inFigure 3.6.
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Figure 3.6 Schematic diagram of obliquely incident wave and its reflection and transmission.

In some cases, when an oblique wave strikes a boundarygther mode of sound wave

is generated, i.e. transverse wave generated fromlongitudinal wave or vice versa,

®~ vy~ a ¢¥!@®Y w2 wo!z{ y'!'¥-{a@randi¥@ethe¥ { ££02
speed of sound of either longitudinal or transverse in the host material. Various

cases of mode conversion can be found in references (Achenbach, 1973
Krautkramer and Krautkramer , 1990).

3.2 Using Ultrasound to Measure Contact Interface

3.2.1 Interfacial Stiffness

Contact of rough surfaces has drawn many researcher?2 @ttention and various
approaches have been implemented in investigation. Contact stiffness was
developed in characterising contact interface with ultrasound (Tattersall, 1973)
Spring model (Schoenberg, 1980, Baikand Thompson, 1984 Margetan et al.,1988)
was proposed to define the boundary conditions when rough surfaces are in
contact. The spring is used to represent the interaction at contact interface and its
strength, known as interfacial stiffness 0 is defined by:
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where 0 is nominal contact pressure and "Qis the separation of contacting
surfaces. It should be noted that interfacial stiffness is nonlinear. An infinite stiffness
(U H) represents perfect ¢ ontact. According to the definition, contact interfacial
stiffness in GW madel and BGT model have been drived to further assess these
rough contact models (McCool, 1986 Krolikowski and Szczepek 1991)

Contact interfacial stiffness has been akey parameter in many investigations where
ultrasonic techniques were used because contact interfacial stiffness can be linked
to ultrasonic reflection or transmission coefficient theoretically. Understanding of
contact interface has been developed with the concept of interfacial stiffness and
the aid of ultrasound. Baik and Thompson (1984) investigated the relationship of
contact stiffness and interfacial topography for imperfect interface with a proposed
quasi-static model. Krolikowski and Szczepek attempted to evaluate the real contact
area (1991)and phase shift of reflection coefficient (1992). Tangential stiffness was
also investigated (Nagy, 1992 Krolikowski and Szczepek 1993) and the ratio of
tangential to normal stiffness was found useful in characterising various imperfect
interfaces. Many efforts have also been spent on improving the knowledge of contact
interface (Drinkwater et al., 1996 Lavrentyev et al., 1998 Dwyer-Joyce et al., 2001,
Biwaet al.,2006; GonzalezValadezet al.,2010).
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Figure 3.7 Representation of ultrasound at rough contact interfaces . (a) Incidence, reflection and transmission .
(b) Loading and deflection; (c) The spring model representation (Gonzalez-Valadezet al.,2010).
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3.2.2 Tribological Parameters

As a nondestructive testing tool, ultrasound has been extended to measure
tribological parameters in -situ in bearings and machines such as contact oil film
thickness (Dwyer-Joyce et al, 2004; Reddyhoff et al, 2005), lubricant viscosity
(Schirru et al., 2015) and contact pressure (Chen et al., 2015). These ultrasonic
methods show the effectiveness and usefulness in the insitu measurement at a
contact, which provides more detailed and comprehensive information about

tribological systems.

3.3 Nonlinear Ultrasound

Ultrasound has been used as a nordestructive testing tool in various applications
for several decades. Traditional ultrasonic NDE methods use phase velocity, group
velocity, attenuation and coefficient of reflection and transmission to detect defects
and determine material properties. Defects measured by traditional ultrasound
technique are generally gross open cracks where ultrasound propagation
discontinues. The frequency of the output ultrasonic signal is not affected by the
presence of defects. However, the traditional linear ultrasonic methods can hardly
detect microcracks and material degradation. The limitation leads to the
development of nonlinear ultrasonic techniques.

Nonlinear ultrasound techniques measure the frequency change which occurs when
ultrasonic waves interact with defects. Frequency difference includes higher
harmonic generation, sub-harmonic generation, shift of resonance and mixed
frequency response (Jhang, 2009). The most common nonlinear phenomenon is the
higher harmonic generation, which is considered by two mechanisms, the classical
nonlinear elasticity and contact acoustic nonlinearity (CAN).

Classical ronlinear ultrasound is related to the elastic behaviour of bulk materials.
Thenormal £ ¥{w®© {£fw2« y Of£fw« | ¥2~ 8§ z{2
account for higher-order elastic terms (Van Den Abeeleand Breazeale 1996). The
nonlinearity generation due to material and has been applied in characterising
fatigue (Cantrell, 2004) and degradation of materials (Jhang and Kim, 1999). In this
research work, attention focuses on contact interface s rather than the bulk
materials and therefore the classical nonlinear ultrasound is not at the centre of the
following research.
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In this work, research focuses on the contact interfaces and the non-classical
nonlinear ultrasound is pronounced. When an ultrasonic wave with a large
amplitude interacts with an imperfect contact interface, higher order frequency
components are generated, which is known as contact acoustic nonlinearity (CAN).
The nonlinearity results from the repeated contact of two imperfect surfaces under
oscillating tension and compression (Buck et al., 1978) Ultrasound can only
propagate across the contact interface when the imperfect contact is closed under
compressive load. When tension is applied, imperfect contact is in an open state and
cannot allow any waves to penetrate. The nonlinearity is shown in the distorted
ultrasound which can be detected by higher harmonic generation (Barnard et al.,
1997D | ~{ ' 8{ ¥ w¥z yE£,|2({ a «wW« a2 P Ew&E& {¥} ¥«
mechanism (Solodov, 1998).

Tensile
pressure

Compressional
pressure

e zze.
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Only compressional pressure passes.

Figure 3.8 Concept of contact acoustic nonlinearity at micro crack (Jhang, 2009).

Many investigations have focused on the contact acoustic nonlinearity. Richardson
(1979) proposed a one-dimensional continuum model to represent the unbounded
interface. Though the model is somewhat over-idealised, it makes an analytical
solution to the nonlinear problem available. The second harmonic generation was
found to be most efficient at an intermediate level of the ratio of externally applied
stress to stress amplitude of acoustic wave. Experiments have been carried out to
evaluate the usefulness of CAN in nondestructive testing of imperfect inter faces
and cracks (Zhou and Shui, 1992Solodov et al., 1993 Solodov, 1998 Donskoy et al.,
2001;Chen et al, 2006).

When the gap in contacting rough surfaces is much smaller than the ultrasound
wavelength, interfacial stiffness is the dependent parameter. Researchers modified
the quasi-static model and derived the expression for second order interfacial
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stiffness in solving nonlinear propagation problems (Pecorari, 2003; Kim et al,
2006). A simple powerlaw relation between interfacial stiffness and contact
pressure was proposed (Biwa et al.,, 2004) based on rough surface contact
mechanics to predict the acoustic nonlinearity of interfaces. The nonlinearity
parameter of the contact interface was investigated and it has been found that this
parameter is an interfacial property, independent of amplitude of incident waves
(Biwa et al., 2004; Biwa et al., 2006). The NDE application of the nonlinearity
parameter has also drawn great interest, such as in determining the adhesive
bonding strength (Yan et al.,2009).

Many researchers have shown great interest in investigating the nonlinearity of
ultrasound at contacting interface and they focus on the bulk longitudinal wave
(Richardson, 1979 Biwa et al.,2004; Yan et al.,2009). Second order harmonics are
J{¥{ow«{z z-{ «' «~{ Uyfwgg ¥} U o{y~w¥ 2o
interacts with the contact interface normally, which has great potential in NDE
applications. Contact acoustic nonlinearity of bulk shear wave (Mendelsohn and

Doong, 1989 Hirose, 1994 Solodov, 19980 e Ud { 2P08; Pdcarari,\2@08) Band

surface acoustic wave (Solodov et al., 1993 Kawashima et al, 2002) has also been

studied.

Mendelsohn and Doong(1989) implemented the boundary element method to study
the shear horizontal slip motion at an interface. Hirose (1994) applied two-
dimensional boundary integral equations to in-plane motion in solving the dynamic
yl ¥«wy « L ©! =}~ a-0| wy@001) gdepted B { y 2 DO Db Wik ¥ @2
model to investigate the shear horizontal wave interaction with the contact
interface. Nonlinear interaction of shear ultrasound was also studied using interface
contact model derived from the GW model (Pecorari, 2003; Pecorari and Poznio,
2005). The friction at contact interfaces is a possible source for the nonlinearity
because of the stick-slip phase alternation under normal compressive load. It is
shown that when bulk shear wave interacts with the contact interface, only odd
higher order h armonics can be generated numerically. Although the amplitude of
odd harmonics of shear incident wave is much smaller than the second harmonic of
longitudinal waves, nonlinear interaction of shear ultrasound may be useful in
determining friction and fricti on coefficient (Hirose, 19940 e Uetlaf.,20014. Energy
dissipation during nonlinear interaction was also investigated under friction laws
(Meziane et al.,2011)

Recently, contact acoustic nonlinearity using an oblique incidence and harmonics
generation at contact have been investigated(Blanloeuil et al.,2013 Blanloeuil et al.,
2014g; Blanloeuil et al., 2016). Harmonics generation strongly depends on the
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incidence angle. When ultrasound interacts with a contact at certain angles,
¥'¥f£ ¥{wo Uy£fwsg§g§ ¥}U w¥z U2f£ 8§88 ¥}U {]||{y«
used. High order even and odd harmonics are coupled and generated. The evolution
of harmonics helps to improve the understanding of a contact. Another ultrasound
technique (non-collinear mixing technique) using two incidences have also been
studied at an interface. The effectiveness of this method has shown its potential in
understanding the nonlinear behaviour of a contact and also the noninvasive
application in characterising a contact interface (Blanloeuil et al., 2014; Blanloeuil
et al.,2015 Pecorari, 2015 Zhang et al.2016).

In the previous research work, the contact acoustic nonlinearity has shown the
potential in characterising a frictional interface. Previous work on the nonlinearity
generation at a frictional interface primarily focused on the analytical and numerical
study. Experimental work in this field, particularly on the interaction between a
shear polarised ultrasound with a frictional contact is inadequate. The following
research work mainly focuses on the experimental investigation on the contact
acoustic nonlinearity originating at a frictional contact and its usefulness in
measuring friction of a rough contact using a shear ultrasound.

3.4 Conclusion

In this chapter, the basic definition of the ultrasonic wave, the principles of
ultrasound propagation and the interaction between an ultrasonic wave and an
interface has been introduced. The conventional ultrasound has shown the
usefulness in characterising and measuring contact tribological parameters. The
contact acoustic nonlinearity from the nonlinear interaction between an ultrasound
and a contact has demonstrate d its great potential in characterising a frictional
interface. Experimental investigation on nonlinearity generation at a rough contact
and its usefulness in measuring friction at the interface is needed. In the following
research the non-classical nonlinear ultrasound and the contact acoustic
nonlinearity is employed to study the nonlinear interaction of an ultrasound at a
frictional interface.
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4 ULTRASONIC TECHNIQUE
APPARATUS

The chapter aims to introduce the apparatus used in the ultrasonic technique, with
a particular emphasis on the hardware used in this research work. In this chapter,
the means of generating the ultrasound wave, amplifying the wave and acquiring the
ultrasonic signal is introduced.

4.1 Ultrasonic Generation Using Ultrasonic Transducers

As described in the previous chapter, propagation of the sound wave only occurs
when there is an initial excitation, i.e. particle oscillation applied to the host material.
A number of approaches are available for the initiation of the particle displacement,
namely the piezoelectric method, mechanical method, thermal method,
electrostatic method, electrodynamic method, magnetostrictive method and optical
method (Krautkramer and Krautkramer , 1990). The piezoelectric method is used in
this research. The ultrasonic transducer in this work refers to the device converting
the electrical energy into the mechanical energy and viceversa using the
piezoelectric effect.
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4.1.1 The Piezoelectric Effect

The direct piezoelectric effect discovered in 1880 describes the phenomenon that
when a material is pressurised mechanically, an electrical potential is generated
across the material. When a potential is applied across the material electrically,
deformation is generated, which is known as the inverse piezoelectric effect. The
inverse piezoelectric effect is now commonly employed for generating ultrasound
and the direct effect give premises for receiving ultrasound.

4.1.2 Piezoelectric Element

Materials with this property are known as piezoelectric materials. Quartz, lead
meta-niobate, barium titanate and lead-zirconate-titanate (PZT) are common
piezoelectric materials. The PZT materials are widely selected in ultrasonic
examination and evaluations, as the piezeceramic materials can be fabricated into
various shapes and function in different modes.

When using a bare piezeceramic element as an ultrasound transmitter, the wave
mode and the frequency of the sound wave is determined by the element size and
polarisation direction. The fundamental frequency of a piezoelectric element is
determined by the frequency constant, 0 and the effective dimension of the piezo
element, Oas:

.
O 4
Q ,08 (4.0

The effective dimension is the thickness of a longitudinal or shear mode plate, the
diameter of a radial mode disc or the length of a longitudinal mode rod. Examples of
longitudinal mode disc element and shear mode plate are given inTable 4.1 The
oscillation mode at the fundamental frequency is dominant only when the dimension
of the piezoelectric element meets some requirements.
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Table 4.1Example oflongitudinal and shear piezoelectric element.

Longitudinal disc Shear plate

Element

dimension

Oscillation direction Oscillation direction

0ad "YO 0 wl "YO

Figure 4.1Example of shear polarised piezoceramic elements.

Figure 4.1shows anexample of shear polarised piezoceramics elements. The notch
on the element either in the centre of one edge or at a corner indicates the direction
of polarisation.

When exciting a piezoceramic element at the fundamental resonant frequency, the
amplitude of oscillation is at its maximum. The element can also be forced to
oscillate when the applied voltage alternates at a frequency different to the
fundamental frequency. The amplitude of oscillation is generally less than the
maximum at the fundamental resonant frequency. It is also found that when a
piezoelectric element is excited, not only the fundamental resonance frequency "Q
but also the odd harmonics ’Q v™Q etc. are excited (Krautkramer and Krautkramer ,
1990).
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4.1.3 Ultrasonic Transducers

A variety of ultrasonic transducers are designed and widely used innumerous non-
destructive testing and evaluating applications utilising the piezoelectric elements.
A schematic diagram of a commercial transducer is shown in Figure 4.2. Generally,
the ultrasonic transducer consists of pie zoelectric elements, damping material,
front protective layer, shielding and housing and electrical system.

The piezoceramic element functions at the desired frequency with the aid of an
electrical system. The damping material is usually attenuative and @nse so that the
ultrasound originating from the top face of the piezoelectric element is dissipated.
The undesired oscillation, such as reverberation is also suppressed. Additionally, it
can mechanically protect the piezoelectric element from shocks. The protective
layer provides wear and corrosion protection, which makes the piezoelectric
element function in some harsh testing environments and conditions. It also bridges
the difference between the acoustic impedance of the piezoelectric element and
the test specimen. In such casesnormally a quarter wavelength thickness protective
layer is selected.

Connector ~ |

Electric System _| |

, ~— Inner Sleeve

Damping Material

.~ Housing
~ E

Electrode Coating

Piezoceramic .
Protective Layer

Figure 4.2 Schematic diagram of commercial ultrasonic transducer.

The design of commercial ultrasonic probe in Figure 4.2 is commonly seen in
longitudinal wave transducers. To generate shear waves, two configurations of
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commercial probes are available. The first configuration is the angle beam
transducer, as shown in Figure 4.3, where a longitudinal probe is mounted on a
®{z}{ ® «~ w | {z w¥}E{D j~ 2 «°§{ !
conversion to convert the longitudinal wave into a shear wave at a specific angle.

The second configuration is the normal incidence shear wave transducer, as shown
in Figure 4.4. The schematic diagram inFigure 4.2 also appliesto this type of shear
wave transducer. The only difference is that the active element incorporated in the
housing is shear polarised piezoelectric element instead of longitudinal. A shear
wave emitted from such a probe propagates in the direction normal to the contact
plane without other wave modes compared to an angle wedge transducer. When
using this type of probe to generate a shear wave, attention must be paid to the
following two aspects. As shear wave is not supported in liquid, high viscosity
couplant, unlike the low viscous coupling gel used withlongitudinal probe, must be
applied at the contact interface between the probe and test specimens. As the
oscillation direction of shear wave is normal to its propagation direction, the
orientation of the shear wave probe needs to be carefully selected, especially in the
pitch-catch and through-transmission measurement configuration, where two
transducers are employed. Only when the polarisation direction of these two
transducers are aligned or parallel can the shear wave signals be captured.

Wedgei
(a) ;

Incident longitudinal wave

Refracted longitudinal way, | Contact plane

refracteid shear wave

(b)

Figure 4.3 (a) Schematic diagram of angle beam transducer; (b) Example of angle beam transducer.
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(@) (b)

Normal Incidence
Shear Transuducer

=

/ Contact Plane
Shear Wavi

Piezoelectric Element

Incident
Shear Wave

Figure 4.4 (a) Schematic diagram of normal incidence shear wave transducer; (b) Example of normal
incidence shear wave transducer.

Examples of amplitudes from a shear wave piezoelectric element(PIC 255, 6mm
element size, P) and a transducer(V155 @ | |element size, Olympus) are shown in
Figure 4.5. The piezo element and the transducer were bonded on an aluminium
alloy specimens with a thickness of o @ 1 | &nd a range of excitation voltageswere
used. The returning signals were received using a shear wave transducer (V155,
p & | I element size, Olympus). Smaller amplitudes were obtained from the
transducer compared with t he piezoelectric element. Damping material at the back
of the piezo-element inside the transducer damped the oscillation of the piezo -
element and resulted in a reduced amplitude.
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Figure 4.5 Example of amplitude from a shear wave piezoelectric element (PIC255, PI) and shear wave
transducer (V155, Olympus).

4.1.4 Near Field Effect

When a sound wave is generated using either piezoelectric elements or commercial
ultrasonic transducers, sound pressure is not uniformly distributed along the
propagation direction. The interference between different oscillation points on the
piezoelectric element is the cause of the sound field variation. As indicated inFigure
4.6, the sound field is divided into the near field and the far field. The near field is the
zone from the transducer or piezoelectric element to the last maximum of the sound
pressure and in between there are several local maxima and minima. In this region,
the fluctuation of sound pressure makes the ultrasonic measurement difficult. From
the last maximum of the sound pressure starts the far field, where the sound
pressure gradually decreases tozero. In the far field, the ultrasonic measurement is
less problematic and more reliable. To utilise the maximum sound energy,
measurement signal should be acquired close to the end of the near field.

The length of the near field, 0 of a shear oscillator is estimated using the following

relationship (Krautkramer and Krautkramer , 1990):
0
0 —h (4.2)
TW

where Ois the active element diameter, "Gthe oscillation frequency and cthe speed
of sound in the test material. The near field of the shear polarised piezoelectric
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element in Figure 4.1and the normal incidence shear wave probe in Figure 4.4 is
listed in Table 4.2.

| Near field | Far field

Figure 4.6 Sound field from a planar transducer or piezoelectric element.

Table 4.2 Near field length for different shear wave transmitter in Aluminium.

Dimension Frequency Speed of sound in Near field
Probe type - - - . -
1T i) (EE O Aluminium ( T T length (T 1)
PIC255 6 1 3130 2.87
V152 25.4 1 3130 51.5
V153 12.7 1 3130 12.8
V155 12.7 5 3130 64.4

4.1.5 Ultrasonic Signal Characteristics

An ultrasonic wave generated from a transducer is characterised by waveform
duration, centre frequency and bandwidth . Waveform duration with the unit of
microseconds is defined as the time between the lower and upper band of a certain
amplitude level. As illustrated in Figure 4.7 (a), the p 1 Alével waveform duration
is the time difference between the lower and upper time at ¢ Tt of the peak
amplitude. The bandwidth (- ( Vis the frequency difference at v T of the peak
frequency amplitude as shown in Figure 4.7 (b). Centre frequency is the mean
frequency of lower and upper frequency at v 1 bof the signal amplitude. The
bandwidth (%) therefore is defined in Equation (4.3). In this work of research, the
spectrum parameters are more focused on.

33



SIGNAL WAVEFORM

(a)

0.8
0.4 _

N A -14dBor 20%

L NN _
00 21 :

— 1 1 (@)

AL S

04 B E U .

— | <= Waveform duratipn
08 L |

(1 USEC / DIVISON)
() FREQUENCY SPECTRUM

1.0

— 4 -6dB or 509
0.8

| _Peak frequency
0.6

| 055 \ 1.59

7 /& < Upper frequenc
0. andwidt pper irequency
Lower frequency L
0.2
0.0
0.00 1.00 2.00
(MHz)

Figure 4.7 Signal characteristics of a normal incidence shear wave transducer V153 (a) Time domain signal
and waveform duration; (b) Frequency spectrum and bandwidth (Reproduced Olympus transducer test
form).
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The characteristics of the normal incidence shear wave transducer is summarised
in Table4.3. It is noted that the peak frequency is different from the nominal and the
centre frequency. The bandwidth of these probes is significant in the following
research work, particularly for the V155 - ( tthnsducer as it is used as a wideband
receiver.
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Table 4.3 Characteristics of normal incidence shear wave transducers from Olympus transducer test forms.

Characteristics V152 (1022255) V153 (1098151) V155

-14dB waveform duration I 1.327 1.171 0.390
Nominal frequency 'E£& 0O 1 1 5

Centre frequency ‘E€ 0 0.94 1.07 4.89

Peak frequency 'E& 0 1.02 1.12 4.19

Bandwidth 'E£€ 0 0.82 1.04 3.79

Bandwidth P 86.79 97.05 77.44

4.2 Ultrasonic Function Generator

A working piezoelectric element or transducer generates ultrasonic signals only
when they are connected to an ultrasonic function generator or waveform
generator. The ultrasonic function generator functions to trigger a transducer and
force it to excite and generate a specific waveform. There are various types of
ultrasonic function generator available for different applications. Figure 4.8 shows
some examples ofultrasonic function generator. Some of the main features of an
ultrasonic generator are briefly discussed.

(a) (b)

Figure 4.8 Examples of ultrasonic function generator. (a) TTi arbitrary function generator. (b) Function
generator incorporated in a Picoscope.
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4.2.1 Excitation Waveforms

Numerous waveforms are available from an ultrasonic function generator to excite
an ultrasonic transducer, including standard spike -shape pulse, square waveform,
sine waveform and even arbitrary waveforms. Aspike-shaped pulse is a commonly
used excitation waveform and it is widely employed in non-destructive testing where
a wide bandwidth is needed. The other widely applied excitation is a sinusoidal
waveform. Using such excitation, not only efficiency is achievedbut also the
ultrasonic frequency precision is improved when the sine waveform frequency is
aligned with the characteristic frequency. If the piezoelectric element in the
transducer is broadband and well damped, a range of frequencies can be generated
with a single transducer, by altering the sinusoidal waveform frequency. The shape
of excitations from an ultrasonic function generator is less important than the
received signal shape, as an excitation waveform transmits through the piezoelectric
element, amplifier, host material and its features, such as material properties and
reflecting features (Krautkramer and Krautkramer, 1990). Carefully selected
excitation waveforms still facilitate the ultrasonic testing. In the following research
work, sinusoidal waveform is used.

4.2.2 Excitation Mode and Repetition Rate

Various excitation modes are available to excite an ultrasonic probe. In the Burst
mode, one burst of excitation waveform, consisting of a finite number of cycle, is
produced at each trigger signal. In this mode, the waveform is only settable at a
single frequency. In Sweep mode, a waveform with a range of continuous
frequencies is produced. Using this mode, multi-frequency features can be used.
Gated mode only allows waveform excitation excited when the gate signal istrue.
Continuous mode is also availabé where the waveform is continuously produced

without pause. In the following experimental work, a burst of a number of cycles
sinusoidal waveform is used as the excitation mode.

The repetition rate determines the speed of the excitation triggering, i.e. the number
of excitations per second. The repetition rate is generally selected depending on the
test configuration. If the repetition rate is too high in a pulse -echo configuration, the
reflection signal from the first trigger will interfere with the second or third
excitations. In the following experimental work, the time for subse quent reflections
to attenuate until no longer visible is less than amillisecond, which is the minimum
delay between excitation pulses. The maximum pulse rate is therefore
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approximately p Tt 1§ 1 Considering the safe operation of a gated amplifier, a
repetition rate of ¢ v (idkelected.

4.3 Power Amplifier

4.3.1 Excitation Amplitude

The voltage output of the ultrasonic function generator shown in Figure 4.9 is
maximum p &  for the arbitrary function generator and t6  for the Picoscope,
which are generally low for some non-destructive testing applications. High voltage
excitations can be achiewed using power amplifier. Some amplifiers are
incorporated with an ultrasonic function generator so the excitation waveform is
directly amplified and then passed to excite an ultrasonic transducer.

Attention must be paid to the voltage driving the transducer or piezoelectric
element. The voltage applied across the piezoelectric element is limited to
approximately v 1t per millimetre of the piezo element thickness when the element
is subject to a negative spike excitation. For alow-frequency transducer where the
piezoelectric element is thick, the voltage applied across the element can be higher.
A @ 1t TsBort duration negative spike can be applied to transducers with v - ( dJ
lower frequencies (Olympus NDT Ing 2006).

In some cases where the burst mode of sinusoidal excitation is used, apart from the
voltage, the average power dissipation to the transducer is also limited and it should
be below p ¢ v I. Exciting transducer beyond such limit tends to overheat the
piezoelectric element and in a more severe case depolarise the element. The
averaged power can be determined from the applied voltage, duty cycle and
transducer impedance as follows:

mTXW .
&) TRTX® h (4.4)
C
N 06 080 G G AT §Bi dE "Qa'Q (45)
01 OE i MHAMWMQNE OQ

Qi QR 6 QO 0 0OGEO O O (4.6)

0 " DOORBOhO 1 i - -
YQNn Qo VWO
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4.3.2 Signal Amplification

Numerous types of signalamplifier are available for various non-destructive testing
applications. Signal anplification can be applied to the excitation waveforms before
driving the ultrasonic transducer or to the returned signal from a test specimen.
Most amplifiers can be used in both configurations. With an amplified ultrasonic
signal, the measurement reproducibility is improved in testing of a non-ultrasonic -
favoured material, such as materials with high attenuation like composites or cast
iron. An amplified ultrasonic signal increases the accuracy of measurement when
great time resolution is required. Ampli fied excitation also facilitates and improves
the efficiency of driven transducers. When the amplifier is applied on received
ultrasonic signals, the amplified signal will make themost use of the vertical range
of an ultrasonic receiver to increase the measurement accuracy.

Features such as frequency bandwidth, gain level and power output are generally
considered when selecting a signal amplifier. These features of two different

ultrasonic amplifiers (shown in Figure 4.9) used in this research work are

summarised in Table 4.4.

N\

Figure 4.9 Examples of signal amplifier. (a) AR low power amplifier. (b) RITEC high power amplifier.
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Table 4.4 Key features of two difference ultrasonic signal amplifier.

Key features AR low power amplifier RITEC high power amplifier
Working mode Continuous-wave amplifier Gated amplifier
Power output pmm7 vVE?7
Frequency range pmE(Qum- (U ¢mnmmE(cUt- (U
Gain level T WA" 17A
Output pulse voltage 17A Xp T M6 p v T (péak-peak)
Maximum duty cycle 17A ™ b

It is noticed that the RITEC high poweramplifier sets a limit on the duty cycle, as the
working mode of a gated amplifier is very different from a conventional continuous-
wave (CW) amplifier. A CW amplifier operates continuously when the switch is on
while a gated amplifier only works for a limited duration of time when a g ate signal
Is passed to the amplifier. If it receives no gate signal, then the gated amplifier is not
operating. This feature of the gated amplifier is advantageous compared to a CW
amplifier. The limited duty cycle enables a high burst power while keeping the
averaged power very low. The dutycycle, peak burst power and averaged power can
be determined using Equation (4.7)-(4.9). For example, when a burst of 10 cycles at
p- ( U repeated 50 times per second, is amplified to v Tt tdgnal into a v 1T M)
impedance, the RMS burst power is approximately ¢ ¢ v, The duty cycle isT8@t v b
and the averaged power isT® p 7

06 oGwE @ add 1 b VR

s e s e (4.7)
YN Qo No®OE pnmb
- TTX W
V. S, N (48)
UEaQeg N0l QQwe wQ
0 006 oows & O (4.9)

The other advantageof a gated amplifier over a CW amplifier is that the noise level
is low. When the gate signal is off, the amplifieris not operating and thus the noise
is not amplified, which ensures a good signaito-noise ratio.

The harmonic distortion is considered when using the amplifier. When a single
frequency excitation signal is passed to an amplifier, higher order frequencies
signals sometimes appear,especiallywhen a carelessly designed amplifier or a faulty
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amplifier is used, or if the amplifier is improperly operated. Example of harmonic
distortion witha v E Dutput burstis illustrated in Figure 4.10. Harmonics distortions
are at least ¢ 1t Aléss than the main driving frequency content. Attention must be
paid when the higher frequency content is considered using an amplifier.

3rd

-30F
5th

40t

Relative Amplitude (dB) .

4th

2 3 45678 )0 2 3 4 56784
Qutput Frequency (MHz)

Figure 4.10Harmonic distortion of a 5kW output using a RITEC amplimer (Reproduced from Ritec Amplifier
Specification ).

In the following research work, excitation signals need amplification to drive
ultrasonic transducers and the higher order harmonic components are of particular
interest. Therefore, the gated amplifier is selected due to its merits of efficiency of
driving piezo-elements with high burst power, low noise level and low harmonic
distortions.

4.4 Ultrasonic Digitiser

When a returned ultrasonic signal is received by a transducer, it is converted to a
digital form using a device called digitiser, which is also known asanalogue-to-digital
converter (ADC). Once the received waveform is digitised, it will be stored in
memory or passed onto a processor for signal processing. The digitised signal is well
maintained compared to an analogue signal which is subject to noise commonly in
ultrasonic equipment. Examples of frequency used digitisers are shown inFigure
4.11 Figure 4.11(a) shows a digital storage oscilloscope, which primarily digitises
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received waveforms and displays them on the screen in real-time. The device in
Figure 4.11(b) is another type of modern designed compact digitiser. It digitises
returned signals with a PC connected, which enables customised reaktime
processing via a control software.

The main features of digitiser are the sampling rate, amplitude resolution,
bandwidth and number of channels when selecting an appropriate digitiser. These
characteristics of both digitiser s shown in Figure 4.11are listed in Table 4.5.

(@) 7 (b)

www.picatech.com *

Figure 4.11Examples of digitiser. (a) GWINSTEK Oscilloscope. (b) Digitiser incorporated in PicoScope.

Table 4.5 Key features of two difference ultrasonic digitiser.

GWiInstek Oscilloscope

Key features PicoScope 5444B
GDS2104A
Number of channels 4 4
Bandwidth ol ¢gmm- (U ¢ 1 - for® to 15 bits
Vertical resolution 8 bits 8, 12, 14, 15 and 16 bits
Maximum input
o TGt M6
range
_ _ ) v 1t 1t #CBor 1 channel at 12
Maximum sampling ¢ ' Mfor 1channel -
its
rate
Buffer memory T7A ¢ L @ at3l2 bits
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4.4.1 Sampling Rate

Sampling rate determines the number of samples in one second that the digitiser
converts from analogue to digital signals and its unit is ( Uor 37O (samples per
second). In some applications, the waveform shape requires to be well maintained
and, in such applications,and asa rule of thumb, the sampling rate generally is 10
times higher than the target frequency used in tests (Brunskill, 2013). For example,
a transducer operating at p - ( réquires a sampling rate at leastp 1 - (tolpreserve
the waveform shape. An insufficiently high sampling rate will cause aliasingln the
following research work, the sampling frequency is v Tt T #GBwhich is sufficiently
higher than the high-order harmonic frequency o - (to prevent aliasing.

4.4.2 Amplitude Resolution and Range

Amplitude resolution, sometimes known as vertical resolution, is the minimum
voltage division size of a digitised signal. In applications where amplitude
measurement is of importance, such as measuring tiny amplitude changes of a signal
or a small flaw reflection signal next to a relatively large reflection, a sufficient fine
voltage division enables these features tobe detected accurately. Amplitude range
is the maximum voltage of a digitised signal. The amplitude range should be justarge
enough to capture the target digitised signal.

If a voltage range ofp 1t & digitised using an 8bit digitiser, ¢ ¢ UL givisions are
obtained, and the minimum voltage resolution is T8t 0 w 6lowever, for a 12bit
digitiser, the voltage range is divided into 4096 steps, with a minimum voltage of
T8t 1T ¢ ;Twhiich improve the voltage measurement accuracy.

Both digitisers in Figure 4.10 enables selectable amplitude range and voltage
resolution. Various combinations of voltage range and resolution make the digitiser
applicable in manyultrasonic testing applications.

4.4.3 Bandwidth

The bandwidth of a digitiser is the range of frequencies that the digitiser operates
appropriate ly. Generally, the bandwidth is defined as the frequency range with a-
o A amplitude. If the frequency of a waveform is out of the bandwidth of a digitiser,
such waveform can still be digitised but the waveform is heavily distorted. In
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practice, a digitiser with a bandwidth at least twice the highest frequency
component should be utilised to preserve the waveform shape.

4.4.4 Number of Channels

The number of channels determines the number of different signals that can be

captured simultaneously. A multi-channel digitiser enables the recording of multiple

signals during testing. Once nore channels are activated, the sampling rate of a
digitiser is compromised.

4.4.5 Filters

A filter is a device that only allows a selected range of frequency contentsto pass

through. The filter can be incorporated in a signal amplifier, such as the RITEC
amplifier in Figure 4.9 (b), integrated with a digitiser or a stand-alone hardware.

Using a filter can effectively reduce the bandwidth of a returned signal. Low pass
filter which allows low-frequency components and rejects high frequencies such as
high frequency travelling electric signal, is applied to improve the signal to noise
ratio. High pass filter rejects the low-frequency signals such as vibration signal and
can be used to eliminate the large recovery trend due to a high-power excitation.

4.5 Ultrasonic Measurement Configurations

Having discussed the apparatus commonly employed in measurement, a flow
diagram illustrates the configuration of these pieces of hardware in ultrasonic tests
in Figure 4.12 This work of research follows this process.
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Excitation waveforms from Analogue signalconverted to
a function generator digital signal via digitiser

( Signal amplified via amplifier if necessary ) ( Signal storage or process)

Ultrasonic transducer or Ultrasonic transducer or
piezoelectric element piezoelectric element
converting electrical signal converting mechanical
to mechanical vibration vibration to electrical signal

b o
( Test system )

Figure 4.12ultrasonic measurement process and configurations.

4.6 Conclusion

In this chapter, the apparatus used in the ultrasonic technique is introduced,
including the means of generating the ultrasonic wave, amplifying the wave and
acquiring the ultrasonic signals. In the current research work, the normal incidence
shear wave transducer is used to transmit and receive the ultrasonic signals due to
its good ultrasonic characteristics. The gated amplifier is selected due to its ability
to produce a high-power ultrasonic signal with the least harmonic distortion.
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5 MODELLING OF ULTRASONIC
NONLINEARITY AT A FRICTIONAL
INTERFACE

When a highpower ultrasound wave meets a frictional interface, the nonlinear
nature of the stick -slip phenomenon distorts the high-power ultrasound wave. In
this chapter, a numerical method is used in conjunction with an analytical approach
to understand the nonlinearity generation of a distorted high -power shear polarised
ultrasonic wave after the interaction with a frictional interface. Parameters affecting
the nonlinearity generation such as amplitude of incident ultrasound, contact stress
and coefficient of friction are investigated in detail.

5.1 Analytical Model

5.1.1 Mathematical Model of Ultrasound at Interface

The same approach used in(Richardson, 1979Q e Ued §l.,2@D%) is followed here.
A schematic diagram of the interaction is depicted in Figure 5.1 Two identical
homogeneous, isotropic elastic materials, ‘Gand ‘O'&@e defined at the left and right
half space, respectively. Two halfspace materials are brought to contact under a
normal contact pressure, , . At the interface w T, friction is characterised by
YI £l axU2 E£w® ® «~ w y! ¥andwhe drictipnCloroe s
proportional to the applied normal contact pre ssure.
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Contact pressure ,,

Figure 5.1Simplified contacting interface and shear polarised ultrasound wave.

In Material ‘Gdefined by @ 1, the forward incident shear vertically polarised wave
is described by "Q0 & and the backward reflected wave is "Q0 oX¥®. The
transmitted wave defined by "Qd G propagating in Material "0'Dhe propagation
of incident, reflected and transmitted waves are governed by the wave equation:

4

o2 T % (5.)
o

—a —n

where 6 o is the displacement of the shear wave along the direction wand Qis
the speed of sound in the both left and right half spaces.

In Material ‘Gand 'O’@he total displacement is given as:

(5.2)
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0 oo Q0 = Qo0
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o0 oo Qo -&)8 (5.3

The corresponding shear stress induced by ultrasound in the material, T is obtained
as (Achenbach, 1973)

SR B o 11 1 o BN © R ¢ R
T oo (;— - Q0 = Q0
A) [R)

5 (5.4)
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-
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T o = Q0 h (55)
w w

where "Ois the shear modulus of the material and prime is the derivative with
respect to its argument .

‘ «— Compressive contact pressure

l High-power incident shear wave

Shear stress of incident shear wave

/
A

*

Figure 5.2 Contacting interface slips under high -power incident shear ultrasound and remains closed under
compressive contact pressure.

Here the displacement amplitude of the normally incident shear polarised
ultrasound is assumedto be sufficiently large. As shown inFigure 5.2, when the high-
power shear ultrasound strikes at the frictional interface, the contact state switches
x{«®{{¥ U2« ye¢U w¥z U2£ 88U ©m!« ! ¥D Z-{
applied at the interface, the interface always remains closed even during the
alternationof U2 « y ¢ U w¥ ze bauhdary @nditicnscane«d¢fibed s~

6 oo o6 ofd Yohde o ®nQ (5.6)

T o T ofdhde od: @ o (5.7)
o  wna O c

T oo | QsT—b ‘, hde aafan (5.8)

where Y0 is the displacement difference, 16 A othe total velocity left of the
interface and i "Q¢ the sign function. Equation (5.7) describes the stress continuity
at the interface regardless of contact state. The friction force described in Equation
(5.8) is in an opposite direction of the velocity left of the interface.

At the interface @ 1, the average displacement 0 and the relative
displacement w 0 are then given as:
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The corresponding derivatives with respect to time are derived as:

~
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The reflected wave and transmitted wave at the interface can be solved by
substituting Equation (5.4)-(5.8) into the time derivative of the averaged and relative
displacement in Equation (5.1} and (5.12 and then integrating over time, which is
given as:

Q0 Yo "onhk (5.13
Mo Qo Yo "Qmh (5.14

where "Qmt is the initial condition of incident wave at the interface and ¥ o is a

piecewise function depending on the contact state, which is given in Equation(5.15:
Yo hde o @2oQ

Yo v w 16

Yo g i, 60 @ 0o he aafly 519

where 0 is the critical time when the cont act changes| ©! &= U2 « y ¢ U

Nonlinearity generation of a high-power shear ultrasound interacting at a frictional
interface can be solved by defining an incident wave function(e.g. an incidenttime -
harmonic waveform in Section 5.1.2 and analysing the distortion of the waveform.

5.1.2 Time -Harmonic Waveform

In general, any incident waveform can beused to analyse the nonlinearity generation
at an interface. A single frequency time-harmonic waveform is widely used in
research > e U def al.,2001; Blanloeuil et al.,2014) due to its frequency feature. An
incident time-harmonic waveform consists of only a single frequency component
and any distortion on the reflected and transmitted waves after interacting with the
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interface leads to the appearance of extra frequency components, which can be
employed to examine the nonlinearity generation.

A pure sinusoidal waveform is exploited here. A shear polarised incident ultrasound
and its induced shear stress at the interface are defined as follows:

Qoo 6 OFT 06 Qah (5.19
tad OB AT100 Qah (5179

where] and Qare the angular frequency and wavenumber of the ultrasound wave,
respectively.

The frictional contact is assumedtobe ¥ U2 £ §dJ tand¢he $h¥ar sivess
of ultrasound is greater than the friction force at the interface. T he critical time 0 is
wheny ! ¥«wy « 2® «y~{2 | «onoeth&shear sgebs okultrastlhick y ¢ U
is less than the friction, as shown in Equatior{5.18. When the shear stress of
ultrasound evolves greater than the friction force, contacting surfaces slip again. The
shear stress of ultrasound periodically changes and the contact state alternates
x{«®{{¥ U2« ye¢U w¥FigussE 8§UB w2 £E£-2 «OwW«{ Z

OCRAIT1IDd s °, (5.18
o Al Qﬁ (5.19

Table 5.1Critical time of contact state alternation.

Contact state  slip© stick = stick © slip = slip © stick stick © slip slip © stick

Critical ime ooo—oo—c‘)o?—oo?—o
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Figure 5.3 At interface, shear stress of ultrasound, friction force, contact state alternation and critical time as
in Table 5.1 The amplitude of incident shear wave isu¢ &and corresponding shear stressisT® @ 0 @

5.1.3 Analytical solution

The reflected and transmitted waves are solved following the steps in Section 5.1.1

i ~A{ U2« y¢eU w¥z U2fg 88U 2«w«{ ¥{ ¢fincident, x{ «C
reflected and transmitted waves after interaction at the frictional contact are

illustrated in Figure 5.4 and the parameters applied are listed in Table 5.2.

It is noted that due to the interaction at the frictional interface, reflected and
transmitted waves are distorted compared with the incident wave. The plateau
feature observed on the reflected wave is due to that when the contact surfaces
stick, the incident wave propagates through the interface with no wave reflected

and the displacementremain? - ¥y ~w¥ } { z Dfegturefs ndd shéwn §ngHe z U
transmitted waves ¥ « ~{ U2 &iguye®.W asinhis sthte, théttransmitted
wave is notdistorted. ¥ « ~{ U2 £ et wavedisdistpridd, whziigbetter
illustrated in Figure 5.5.
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Table 5.2 Parameters used intime-harmonic signal study.

Material property of Aluminium

Shear modulus c@c' 0A
Ultrasound parameters
Working mode Continous wave
Frequency | p- (U
Speed of sound - opc¢ad
Wavenumber ¢ 1 @cO AIA
Incident ultrasound amplitude = ol
Shear stress of ultrasound W ™ T - 0A
Interface parameter
Contact pressure ™ - 0A
Friction coefficient H ™

6 T T T T T T T T T

Incident
Reflected
Transmitted | |

Displacement Amplitude (nm)

_6 1 1 1 Il 1 1 1 | 1

Time (us)

Figure 5.4 At interface, displacement incident, reflected and transmitted waves after interacting with the
frictional interface.
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Figure 55 At interface, stress of incident, reflected and transmitted waves after interacting with the
frictional interface.

Figure 5.5 depicts the stress of incident, reflected and transmitted waves at the

interface. In contrast to the displacement in Figure 5.4, transmitted waves also show

« ~{ Uyf 88{zU | {w«-0©{D m~{¥ y! ¥«wyc« a ¥
supported at the contact is limited to the frictional force and transmitted stress

©{ sw ¥2 o¥-wO { zurafion.@s strgss ixcertinutl’ & th&itterface

{-{¥ z-0 ¥} «~{ U2f£ 88U w©m!« !¥B «~{ -¥2-.88! (
the reflected waveform shown in Figure 5.5. Similar results are also obtained in a

previous study (Meziane et al.,2011)
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Figure 5.6 Frequency spectrum of incident, reflected and transmitted waves after interacting with the

frictional interface.

Frequency spectra are obtained by taking Fast Fourier Transform (FFT) on 15 cycles
of the incident, reflected and transmitted waves depicted in Figure 5.4 and are
shown in Figure 5.6. Due to the limited data points used in FFT, i.e. 3000 points, the
frequency resolution is approximately ¢ &E ( .UDespite this coarse frequency
resolution, extra frequency components are still observed in the reflected and
transmitted waves in contrast to the single frequency component of the incident
wave. Three points are noted.

T

In both reflected and transmitted wave frequency spectrum, only the odd
order harmonics, i.e. third, fifth, seventh order etc., are observed and this is
mainlydueto FFToftheUy £ 8§88 { z U | { w« -~ ®¢ U defql.,208% {
Meziane et al.,2011) No even harmonics are generated.

The amplitude of the third harmonic and the fifth harmonic are much smaller
than the amplitude of their corresponding fundamental frequency
component.

The third order harmonic amplitude of both reflect ed and transmitted waves
are equal, so are the fifth and higher order harmonics as a result of energy
conservation.
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Such extra frequency generation is due to the distortion of the reflected and

transmitted waves after the interaction with the frictional i nterface. The non-linear
feature of the frictional interface is transferred to cause the ultrasound waves to be
distorted and nonlinearity generated. Since no other nonlinearity source is
considered in the analytical work, the frictional interface is the s ole cause for the
harmonic generation of the ultrasound waves.

5.2 Numerical Study

The analytical study in Section5.1reveals the interaction of the ultrasound wave with
a frictional interface and consequently the waveform distortion and harmonic
generation of the ultrasound. The analytical work mainly focuses on the interaction
at the interface. The propagation of ultrasound after striking the frictional interface,
especially subject to varying contact conditions is studied using a simple finite
difference method. Although other more advanced numerical method sand tools are
available, the finite difference method is capable of capturing the physical
phenomenon reasonably (Blanloeuil et al.,2014).

5.2.1 Numerical Model

A simple one-dimensional model, used in Blanloeuil and ce®! ©¢ { ©2 U 2 « -z
(Blanloeuil et al.,2014; Blanloeuil et al, 2017) is applied here as depicted inFigure

5.7. To simplify the process, ahalf space material and a rigid wall are in contact at

@ T, under a normally applied compressive stress. The interface is defined as a

| © y« | ¥WE ¥«{O| wy{ w¥z y~wOwy«{© a{z x°
friction coefficient. Ultrasound wave is excited, propagat estowards the interface, at

the location w 0, where a transparent boundary is also defined so that waves are

not reflecting and only transmitting through towards ® Ho.
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N Rigid wall

Transparent
boundary

/

Source of incident
shear wave

! Frictional interface @ Tt

Figure 5.7 Simplified one-dimensional model system.

Derivations givenin Section 5.1still apply here and the terms of Material "O¥@nishes
as the rigid wall is used instead. The relative displacement is thus given by Equation
(5.2) and the velocity of relative displacement is given as:

. 0 W w
0 oo T— R0 - @0 =8 (5.20)
T o W ®
Equation (5.20) and (5.4) are combined to obtain the expression for the derivative

as follows:

96 2 Poam O on 52
o oc o (5.2)

I < N TR

Qo0 = - ao =t oo 8 (5.22
w C @]

We  « ~{ ¥«{ O] wy{B Y!(565-(58slctlefitedva®: ¥ [~ -w«

’ LR/ T’g T[Fbs ‘n"
&0 v h 5.23
Q,wgl B (5.23)

. . .., St mos ¢,
. . 8 524
aea@p o Tty T (5.24)

It is worth noticing that the static friction coefficient * is applied here. When the
dynamic friction coefficient a {o§f£!'°{z w« «~{ U2f 88U
coefficient * in Equation (5.24).
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5.2.2 Numerical Implementation

The classic Euler scheme is applied to discretise the wave equation in Equatior(5.]).
The Material “‘Galong w  Ttis then discretised in space and time and the subscript "Q
and ‘@lenotes the space and time index, respectively, as illustrated inFigure 5.8.

The discretised wave equation is thus given as:

o ‘Qah

Qo

Q

'rQ 0
Wl
Wl

¢ i N
>

D =
P ¢ o E

mh

Qp QQo

Figure 5.8 Space and time discretisation for one-dimensional system.

.0 i 0r 0  Of O0r O .
o S h R R C h R i (5.25)
1 W 1 0

where| dand] @re the space and time increment respectively. Generally, the next
time step solution is thus obtained by rearranging Equation (5.25) as:

o g‘lc’) s c o 6r 16 h (5.26)
. < 0
i u%—(% (5.27)

Theterm @] # «is commonly known as Courant-Friedrichs-Lewy (CFL) condition
and for stable numerical solutions, this term should be less than 1.
QO — ¢ 5.28
o} = o) ( )
The left boundary @ 0, in Figure 5.7 is defined in Equation (5.28). i 0 is the
excitation source and thus defining the incident wave. This equation also defines the
transparent boundary condition. Using the expression in Equation (5.23), Equation

(5.28) can be written in a form (Equation (5.29)) in which discretisation can be
operated. The discretisation is thus obtained using the second order upwind
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scheme, as shown in Equation(5.30). The next time step solution is thus given in
Equation (5.3)).

p 1 odd J oad
- - (o - i O (5.29)
C T O T w
0 Op .~ OOR TO0/H Oj
POR Oh » 9OF TOR Ok ;, (5.30)
q 70 d w
o
66 P Tl 0f dio; giéﬁ q 0b (531
The right boundary @ T, in Figure 5.7 is the frictional interface. The contacting
interface is assumedtobe ¥ U2« y¢U =a! z{ ¥ « WEE°®° W¥z «
using the second order upwind scheme. If the calculated shear stress is less than
«~{ 10 y« | ¥wE |}10Oy{ w« «~{ ¥«{O]wy{B «~{

condition in Equation (5.32) applies. If the shear stress is greater than the friction,

Y1 ¥«<wWy « a ¥ Uag 80U w!z{ w¥z «~{ | © y« ! ¥y
stress. Regardless of the contact state, the next time step solution at the boundary

w Tis only determined after shear stre ss at the interface is computed.

“ h
eo@hh O a o (5.32)
O0p Of
Th
& da’e’ﬂr‘]é d WO 16 {7 0 | (5.33)
h
()
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The entire procedure of computing the shear ultrasound wave interaction at the
frictional interface is summarised in Figure 5.9.

Material parameters
Contact parameters Initial conditions
Ultrasound parameters

CREEED Gfgzz‘::;%:m S
\
Computing shea>_>< — >
stress Ty
/ ‘l’
A\ 4

y

4 N N\
Can] E o
o—o—0 ; i e —
ji-1 j—1
\ i—2 i—-1 i / \ i—2 i—-1 i /

N v
< Next time step >

\ 4

Figure 5.9 Numerical computation procedure.
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5.2.3 Numerical Simulation Results
5.2.3.1 Time Evolution

An example of the numerical solution computed using parameters listed in Table 5.3
is given in Figure 5.10. The incident wave starts from the left boundary and
propagates towards the frictional interface. After interaction with the frictional
boundary, distortion clearly occurs on the waveform.

Table 5.3 Parameters used innumerical study.

Material property of Aluminium

Shear modulus C@c' 0A
Ultrasound parameters
Working mode 5-cycle burst
Frequency [ p-(U
Speed of sound 3= opc@ad
Wavenumber & cmp wOAA
Incident ultrasound amplitude = ¢dT I
Shear stress of ultrasound W T™ouv-0A
Interface parameters
Contact pressure A ™ - 0 A
Friction coefficient H T
Numerical setup parameters
Space resolution # < @10
Time resolution # e ¢ it
CFL condition 1 # e T’ TT G
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Figure 5.10Example of numerical solution of ultrasonic wave striking a frictional interface.

At ® 0 the displacement and shear stress evolution are given in Figure 5.11
Compared with the incident wave, the reflected waveform is distorted after
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mentioned in 5.1.3 only odd higher order harmonics, i.e.third, fifth, seventh order
etc., appear in the frequency spectrum after FFT operations on a distorted
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Figure 5.11Time evolution of displacement and shear stress atw 0.
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Figure 5.12Frequency spectrum of displacement at & 0.

Y oc8§wO©{z ® «~ Uy£f 8§88{zU | Figure548hd Fig¥fe5&)- { wW¥ w1
i ~{ Uo{ | £{ Figufes.illis @mputed as the true transmitted wave due to
the algorithm used in Equation (5.32) and (5.33). The true reflected wave can be
computed using the Equation (5.13 and (5.14. The displacement and stress of the
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incident ®w- { B «~{ y! & § - « {i.ethelr@e tlarsrityed Warelhnd@he - {

computed reflected wave are illustrated in Figure 513 Compared with the
displacement and stress waveform shown in Figure 54 and Figure 55. the
computation solution ensures the waveforms are preserved. Despite this, the
numerical solution still shows good agreement with the analytical solution, shown in
a later section.

Incident wave
True transmitted wave
2| Computed true reflected wave

i \GOVVVvV\/V\

Displacement(nm)

-4 1 1 1 1 1
19 20 21 22 23 24 25

Time (us)

0.2 T T T T

/) AW/\/A |

Incident wave
True transmitted wave
Computed true reflected wave

Shear stress (MPa)
o

_0.2 1 1 1
19 20 21 22 23 24 25

Time (us)

Figure513 ¥y z{ ¥« ®w-{B y'!'ag§-«{z U0{]| £{y«{zU ®w-{ w
reflected wave atw 0.

5.2.3.2 Dimensionless Stress

To assess the dependence of the nonlinearity generation of a shear ultrasound at a

frictional interface on the ultrasound and contact parameters (such as amplitude of

incident wave, contact pressure and friction coefficient), a dimensionless

parameter, , is introduced (Hirose, 1994 e U d {et a£, 2001, Meziane et al., 2011

Blanloeuil et al., 2014). It is defined as the ratio of the applied tangential stress to
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the maximum shear stress at the interface. Equivalently, it is the ratio of the frictional
force to the incident shear stress by ultrasound (Equation (5.34)).

OB (5.39)

This dimensionless stress indicates the contact state when a shear polarised
ultrasound striking at the frictional interface, as illustrated by Equation (5.35). ,
Ttindicates a frictionless interface. When,  p, ultrasonically induced shear stress
is less than the applied tangential stress and consequently the contacting surfaces
stick without any relative motion. Within the bounds of T1ip , shear stress exceeds
the applied tangential stress and interfaces start to move relative to the other. The
yl¥«wy« ¥} ¥«{Olwy{ 2® «y-{2 x{«®{{¥ 02«
frictional force and ultrasonically induced shear stress and the nonlinearity
generation occur.
D Qoo PEEEEaRD @O T
WE & OiCXuEho | 0 QDA dR 6 QI HId o, Qépé (5.35)

~ o~ oA

i 0 Do

5.2.3.3 Comparison with Analytical Solutions

Numerical solutions computed as shown in Figure 5.9 are compared with analytical

solutions (Meziane et al, 2011) Ap - ( dihusoidal wave is computed as the incident

®w- { D W« «~/{ ¥«{O©|wy{B -wO | -8 ¥ Oowf Vy,| ¥«
af 8U WE«{ O¥w« ! ¥ !yy- 102 gtrés¥ ziscomputddwdsng°® D | ~ {
Equation (5.34). Amplitude of the fundamental frequency, the third and the fifth

order harmonics are calculated from the frequency spectrum. The results are

illustrated in Figure 5.14and it is noted that numerical solutions agrees with the

analytical solutions for the fundamental, the third and the fifth harmonics subject to

various loading conditions, particularly when dimenionless parameter, approaches

unity. It should be noted that there is still differences between the numerically

computated results and the analytical solution. The discrepency is mainly because
continiuous sinusoidal wave is used in the anlytical model, which is free from

envolope or window effect wheraes in the numerical study, a burst of 5 cycles

sinusoidal wave isemployed. Despite this, the fundamental frequency amplitude

shares the same trend as the analytical solution for the reflected wave subject to

various loading conditions.
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Figure 5.14Numerical and analytical solutions comparison of ultrasound wave interaction with frictional
interface, subject to varying contact stress.

The good agreement between the numerical and analytical solutions enables that
various ultrasonic parameters and contact parameters can be employed to
investigate the interaction of an ultrasound wave at a frictional interface and
corresponding harmonic generation using this numerical tool.

5.2.3.4 Energy Conservation Energy Dissipation

The energy transported by ultrasound is considered here, especially for the
presence of a frictional contact which is energy dissipative. The energy carried by
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ultrasound at a certain point over a time interval is determined using the following
eguation as:

0 . tafpocoQs (5.36)

At the interface, Equation (5.36) determines the energy dissipation at the interface.

The energy transported by the incident, reflected, transmitted waves at the left
boundary w 0 and the energy dissipation at the frictional interface @ 1 are
computed and depicted in Figure 5.15 As defined in Section5.2.3.2 dimensionless
stress, greater than unity indicates contact sticks and no relative motion occurs at
the frictional interface. Energy of the incident wave transfers into the transmitted

®w-{ w¥z ¥| {¥{0©o}° a 7z aa SligI]{ o w« | ¥~ yYy¥«&

the interface when ultrasound strikes the interface, initial energy carried by the
incident wave splits into reflected and transmitted waves whereas the remainder is
dissipated at the frictional interface. Maximum energy dissipation occurs at, T1@&,
which agrees well with literature > e U def al.,20D1; Meziane et al., 2011) The total
energy of reflected wave, transmitted wave and the dissipated portion due to
friction equals to the total energy of the incident wave, which indicates the
numerical model is energy conservative.
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Figure 5.15Energy transported by incident, transmitted and reflected wave and energy dissipated at the friction
interface, subject to various contact stress.

5.2.3.5 Effect of Amplitude of Incident Ultrasound and Contact Stress

The numerical method is employed to investigate the effect of the incident
amplitude of ultrasound and the normally applied contact stress on the nonlinearity
generation when a shear ultrasound wave strikes at a frictional interface.
Parameters employed are listed in Table 5.4. Dimensionless stress, is computed for
each contact condition. The results are illustrated as follows.

Table 5.4 Parameters used in numerical study. Varying amplitude of incident ultrasound and contact stress.

Ultrasound parameters

Working mode 5-cycle burst
Frequency | p- (U
Incident ultrasound amplitude = pophcgroghra T |
Shear stress of ultrasound W Tt {rp o g ¢ - 0 A
Interface parameters
Contact pressure A ™tu ¢ - 0A
Friction coefficient H, T®
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Figure 5.16 illustrates the transmitted wave amplitude of fundamental frequency

p - ( O , the third harmonic o - ( B and the ratio 6 70 , subject to varying

incident ultrasound amplitude and the normally applied contact stress. Regardless

of the incident amplitude, large contact stress permits more ultrasound

transmission through the interface, as shown for the fundamental frequency 0 .

When the transmitted wave reaches the maximum subject to even higher contact

stress, the interface stick and all incident energy is transformed into transmitted

waves. The third order harmonic amplitude 0 , regardless of the incident amplitude,

a ~! ®a woP®U2g! a{ 2~w8§{z «O{ ¥z WEEPps%]JThe« ~{ )
rising trend is at the low normal stress region, where two surfaces are in contact

and the ultrasound start s« | ¥«{Owy« ® «~ «~{ | © y« | ¥wE
af 88U wm!l« ¥D _¥yo{w2a ¥} <w+he ultaso@m whve y ! ¥ « w)
further entangled with the interface and consequently, nonlinearity is significantly

generated. Further compressing the interface, however, start to make the contacted

2 0|l wy{?a Ux!¥z{zU !© U2«-ye¢UD |j~{ ¥!¥£ ¥{w
¥ «{ ©] wy { X ° | @ 8 «8 U ¥BE « {D@WDW«Ua & By ¢ 2 a8{z
generation begins to fall and leaves a peak. Any further increase in the contact stress,

~1 ®{-{©B wow¢{?2 « ~{ y| ¥«wy« | m£E£° U2« ye¢U
allowed. The ratio 6 70 , then shows a combined result, increasing and decreasing

with the applied normal stress.

For the incident wave, larger amplitudes appear to permit the fundamental
frequency component to continue over awider applied normal stress range. It does
the same to the third harmonic component and the nonlinearity generation can
occur over a broader stress range with the peak observed at a higher stress.
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Figure 5.16Fundamental and third harmonic amplitude of transmitted wave subject to varying amplitude of
incident ultrasound and normally applied contact stress.

Figure 5.17depicts the fundamental frequency, the third harmonic and their ratio of
the reflected wave under various contact stresses and amplitudes of incident wave.
In contrast to that of the transmit ted wave, the reflected wave fundamental
frequency amplitude falls along the increasing normal stress for the reflected wave
as the higher contact stress allows more wave transmission and less reflection. It is
worth noting that the third harmonic amplitud e 6 are identical to that of the
transmitted wave in Figure 5.16 which demonstrates the nonlinearity generation
occurs in both reflected and transmitted wave equal ly. Under the combined effects,
theratio 6 76 2 ~! ®2 -wopU®U2 ¢ ~w8{ w2 ®{E££D
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Figure 5.17Fundamental and third harmonic amplitude of reflected wave subject to varying amplitude of

incident ultrasound and normally applied contact stress.

The fundamental frequency, the third harmonic and their ratio of both transmitted
and reflected waves are replotted with respect to the dimensionless stress ,, as

shown in Figure 518 Any, - w£ = {

£{aa

« ~ W¥

~¥E£«80 ®g)yWw¥{

nonlinearity can be generated. It is noted that regardless of the incident amplitude,

the peak in the third harmonic 6 occurs at,

T®. The ratio 0 0 , similarly show

a unigue peak for both transmitted and reflected waves in regardless of the
amplitude of incide nt wave. Any , value greater than unity, contact sticks and no

harmonic generation is initiated.
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Figure 5.18 Fundamental and third harmonic amplitude of both transmitted and reflected waves vs
dimensionless stress, .

5.2.3.6 Effect of Friction Coefficient

The effect of friction coefficient is investigated computationally using the numerical
method. Various static friction coefficients are defined at the interface and other

parameters employed are listed in Table5.5. Dimensionless stress, is computed for
each contact conditions. The results are illustrated as follows.
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Table 5.5 Parameters used innumerical study. Varying static coefficient of friction.

Ultrasound parameters

Working mode 5-cycle burst
Frequency [ p-(U
Incident ultrasound amplitude = og 11
Shear stress of ultrasound W ™ X - 0A

Interface parameters
Contact pressure A it p®- 0A
Friction coefficient H & rtng

For both reflected and transmitted waves, the fundamental frequency, the third

harmonic and their ratio share a similar pattern in Figure 5.16 and Figure 5.17,
respectively, as illustrated in Figure 5.19 It is noticed that increasing the static

friction coefficient makes the dome -shape harmonic generation occur over a

narrower stress range. At the interface with a lower static friction coefficient, the

«~O©{ 2~ £z |28 &U {2 @ 2«y ~yBt D{ D «ied{tande@ialy « | ¥
stress, * , ¢ at the contact is less than the ultrasound induced shear stress z, given an
unchanged amplitude of incident wave. Under a higher contact stress, the tangential

| | ©y { a a« ££ £{2a2 «~vW¥ ocBthf. Atdhe ifitevi@ce itk ©{ 2 2 B
a larger static friction coefficient, the allowance between the tangential force and

the shear stress is reduced and then only a narrower range of contact stress permit

the relative motion between contact surfaces. For the larger static friction

yi{ll vy f28«BUUfyyy®©2 | ¥£° w« £]®{0 2«Of?22
stress range for a lower static friction coefficient. The nonlinearity generation

therefore reaches a maximum at a lower contact stress for the larger friction

coefficient and peaksat higher stress for a low friction coefficient.
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Figure 5.19Fundamental and third harmonic amplitude of both transmitted and reflected waves subject to
varying static friction coefficient.

When the dimensionless stress is used, as shown inFigure 5.20, the fundamental
frequency, the third harmonic and the ratio show identical trend for varying static
friction coefficient. This is mainly because that the effect of friction coefficient

counteracts that of the contact stress applied. It is demonstrated that the harmonic

generation peaks at, 1@ for the third harmonic 0 .

72



Transmitted wave

[ PR
T —O— =02 R
= —>— ;=03 =
o 2! pn=0.4 ©
E] —*— ;=05 E
s s
E 4! IS
@© @®
< <
0 : : : - 0 : : : :
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
Dimensionless stress ¢ Dimensionless stress ¢
0.15
B B
£ £
o o 017
© e
2 2
s =
€ 005t € 005
© ©
™ & ™
< @b <
0 s b s 0 o
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
Dimensionless stress ¢ Dimensionless stress ¢
- : ' ~ 0.2f ' !
= —O—pu=0.2 3 —O—pu=0.2
& —%—1=0.3 S 0451 —%— =03
3 1=0.4 3 - 1=0.4
2 —*%— u=0.5 2 —*%— u=0.5
5 005} 1 & o1}
1S IS
© ©
< < 0057
P 5V A Y
0 """" O OOOIOOOIOOOOO 0 I S N ~-- vvvvvvvvvvvvvv
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 2.5
Dimensionless stress ¢ Dimensionless stress ¢

Figure 5.20 Fundamental and third harmonic amplitude of both transmitted and reflected waves vs
dimensionless stress, , subject to varying static friction coefficient.

The effect of the dynamic friction coefficient * is also investigated computationally
using the numerical method. When the dynamic friction coefficient is considered, it

replaces the static friction coefficient * previously employed in Equation (5.24).
Various dynamic friction coefficients are defined at the interface and other

parameters employed are listed in Table5.6. Dimensionless stress, is computed for
each contact conditions. The results are illustrated as follows.
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Table 5.6 Parameters used innumerical study. Varying dynamic friction coefficient.

Ultrasound parameters

Working mode 5-cycle burst
Frequency [ p-(U
Incident ultrasound amplitude = og 11
Shear stress of ultrasound W ™ X - 0A
Interface parameters
Contact pressure A it p®- 0A
Static friction coefficient H Lt
dynamic friction coefficient ~ Hg M e ti® p

For both reflected and transmitted wave, the fundamental frequency, the third
harmonic and their ratio show the trend, as depicted in Figure 5.21 Given the same
static friction coefficient at the interface, varying the dynamic friction coefficient
does not affect the fundamental frequency, the third harmonic and their ratio
significantly. At the interface, the static friction permits the same normally applied
stress for the occurrence | | U2 & @ o! « | ¥ w¥z «~-2
With varying dynamic friction coefficient, the critical time for the interface switch

| ©l = U2 £ 8§U «! andthgs the rddultant?stress|ahd{ displ dcament
waveforms are further distorted. It is noted that alarger difference between static
and dynamic friction coefficient tends to skew the harmonic generation and peaks
shifts towards high stresses.
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Figure 5.21Fundamental and third harmonic amplitude of both transmitted and reflected waves subject to
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varying dynamic friction coefficient.

When the dimensionless stress is employed inFigure 5.22, fundamental frequency,
the third harmonic and their ratio show an identical trend as in Figure 5.21 The effect
of varying dynamic friction coefficient is still discernible. The nonlinearity generation
peaks from , 1@ and shift to a high value when the dynamic friction coefficient

decreases.
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Figure 5.22 Fundamental and third harmonic amplitude of both transmitted and reflected waves vs
dimensionless stress, , subject to varying dynamic friction coefficient.

5.3 Conclusions

The interaction of a shear polarised wave interacting with a frictional interface was
investigated using both analytical and numerical methods. Nonlinearity generation
occurs at the interface when a shear ultrasound wave strikes the interface and
forcesU2 «2 /¢80 o! « ' ¥ «w¢{ SE£wy{D i-y~ e
reflected and transmitted ultrasound wave and results in the extra frequency
components being generated. Compared to the previous work using numerical
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models, in this research work the numerical computation was extended to
harmonics generation of the distorted reflected wave, which is particularly linked
with the following experimental pitch-catch reflection configuration .

The effects of the normally applied contact stress, the amplitude of incident shear
wave and friction coefficient at the interface were investigated numerically and are
summarised as follows.

T d! ¥£ ¥{wO «° }{¥{Ow&E! BU &! zg-] ¥«pW«caef{ 02

T U2« 8 ¢80 !« ¥ ! ¥£° lyy-02 w« w Of Ew« -
Yyl ¥«wy« 2 «O©f{ 22 vy wvwodon&n@doesindtresulkin-nonlingariy § U o
generation.

1 Large incident amplitude of ultrasound broadens the contact stress range
®~ y~ wWE£ £ fR28 Wawd y«twe¢{ 8§£wy{ D

1 Large static friction coefficient reduces the contact stress range where
U2 « § ¢Buks. |

1 Regardless of ultrasound incident amplitude and the static friction
coefficient, harmonic generation is maximised when the dimensionless stress
, T

1 A dynamic friction coefficient different from the static friction coefficient can
skew the peak location of harmonic generation.

Both analytical and numerical models employed in this section are simplified.
However, it still provides an insight into the physical phenomenon of the interaction
of a shear polarised ultrasound at a frictional interface. The results from the
numerical study can be used as guidance in the experimental work for detecting
nonlinearity generation in later sections.
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6 EXPERIMENTAL CONFIGURATION
FOR MEASURING ULTRASONIC
NONLINEARITY AT ROUGH
CONTACTS

In this chapter, the nonlinearity generation due to shear polarised ultrasound
interacting with a rough contact interface is experimentally investigated, following
the analytical and numerical work in the previous chapter. The test configurations
are shown in detail, including measurement technique and signal processing
method. Experimental variables which could influence the measurement of
harmonic generation are considered. Optical measurement of the shear wave
amplitude is also carried out as test preparati on.

6.1 Introduction

Researches on nonlinear ultrasound at a contact interface have mainly focused on
longitudinal incidence and its harmonics (Buck et al.,1978 Barnard et al., 1997 Biwa,
et al.,2006; Yanet al.,2009; Blanloeuil et al., 2017) Studies onharmonic generation
of shear ultrasound are mainly at analytical and numerical analysis stages e U def
al.,2001 Mezianeet al.,2011Delrue et al,, 2018) and experimental investigation using
shear wave, however, is inadequate(Solodov, 1998 Blanloeuil et al., 2014). In this
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experimental work, the appropriate method to measure the nonlinearity generation
due to an ultrasonic wave interacting with rough contact surfaces is investigated.

6.2 Experimental Configurations

The experimental approach used in the previous research can beadopted. Details
of the experimental configuration are given as follows.

6.2.1 High Frequency Nonlinear Ultrasonic Technique

It is worth pointing out that when detecting or measuring the nonlinearity
generation from a contact interface experimentally, the freq uency of both ultrasonic
transmitter and receiver need to be carefully selected based on the featured
frequency. Nonlinearity generation, or more precisely referred in this work, the
harmonic generation, means that high order frequency components are considered.
In terms of measuring harmonic generation of a longitudinal wave, the second order
harmonic is mainly the target (Barnard et al., 1997 Biwaet al.,2006; Yanet al.,2009;
Yuan et al, 2015 Jiao et al, 2014 Liu et al., 2011) In cases of a shear wave, the third
order harmonic is the primary target frequency (Solodov, 1998 Blanloeuil et al.,
201%).

A specific experimental method for detecting the harmonic generation applied in

these researches is adopted here. This method utilises a frequency ultrasonic
transmitter, primarily working at the fundamental frequency, and a wideband
ultrasonic transducer as the receiver. The bandwidth of the receiver should be wide
enough to cover both the fundamental frequency and the third order harmonic

components. This technique is known as high frequency nonlinear ultrasonic
technique. This is unlike the conventional ultrasonic measurement techniques
where a single probe is employed for the pulse-echo configuration and two probes
with the same frequency bandwidth for the pitch -catch method. A schematic
diagram of the technique is given inFigure 6.1
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Figure 6.1Schematic diagram of the high frequency nonlinearity ultrasonic technique applied in this work.
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6.2.2 Ultrasonic Apparatus

The ultrasonic apparatus employed in this experiment work is described in detalil
separately in Chapter 4. The summary of key features of the main ultrasonic
apparatus is listed in Table 6.1 Atone burst of a number of cycles of sinusoidal wave
was excited and amplified using a RITEC gated amplifier to drive a
p - ( Wtrasonic transducer V153 or V12. Returning signals were received using a
v - ( Broadband transducer V155 and digitised using a PicoScope. Ap - ( U
ultrasonic transducer ( V18 or V12, Olympus) was used as the transmitter and it
was driven at its nominal frequency p - (. @he harmonic of interest was the third
order, i.e.c - (. Wherefore, a broadband transducer (v - ( (155, Olympus) with the
bandwidth (¢ A)'from 3- ( Wo ¢& w- (Wads used as the receiver in the high
frequency nonlinear ultrasonic technique.
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Table 6.1Summary of the ultrasonic apparatus applied in this experiment work.

Ultrasonic function generator: RITEC RAM 5000

Working mode N-cycle burst
Waveform Sinusoidal
Frequency p-(U
High power amplifier: RITEC RAM 5000

Working mode Gated amplifier

Power output OBDLE7

Voltage output p T mBp v T (péak-peak)
Duty cycles @& b
Burst width - A TAUAERG (U

Ultrasonic transmitter: Panametrics V153 (V152)
Nominal frequency p-(@W@-(OU
Bandwidth pgrt - (&@c- (U
Ultrasonic receiver:  Panametrics V155
Nominal frequency v- (U
Bandwidth oX w- (U
Ultrasonic digitiser: PicoScope 5444B
Sampling rate ¢nm- (U
Vertical resolution 12 bits

6.2.3 Loading Equipment

In the experimental work, test specimens were placed in a loading frame, as
depicted in Figure 6.2. A hydraulic cylinder was placed between the test specimen

and the loading frame to generate a compressive normal load at the contact

interface. The valve on the hydraulic cylinder was closed to ensure a constant load
was applied. A load cell was placed on top of the upper test specimen to monitor the
load during tests.

The load cell used in the research work, was calibrated using a pre-calibrated

loading machine to ensure accuracy in the force measurement. The load cell
measures the force applied to it and gives a voltage reading as output. The
calibration data is givenin Figure 6.3.
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Figure 6.2 Schematic diagram of the loading configuration.
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Figure 6.3 (a) NOVATECH loadcell and amplifier. (b) Loadcell calibration relationship.

6.2.4 Test Specimens

Aluminium alloy 6082is a commonly used engineering material so itwas used as the
test material. The material was machined to several sets of cylinders with different

dimensions, as shown inFigure 6.4. After the specimens were machined, the contact
surfaces were polished on a grinding machine using polishing papers with various
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grades. The surface roughness of contacting faces was measuredising an optical
profilometer (ALICONA.

e

LA
E AT TS e
AR

Figure 6.4 Aluminium alloy test specimens with various dimensions.

Dimensions and surface roughness of test specimens arelisted in Table 6.2. The
surface roughness of test specimens used in nonlinear acoustic response from
imperfect interfaces was less thanp { (Pecorari, 2003; Pecorari and Pozni¢c 2005;
Biwa et al, 2006; Blanloeuil et al, 2014). Therefore roughness of test specimens
used in the following research work was measured from @& { to p fi . Test
specimens with different diameters were used to achieve various normal
compressive stresses at the contacting interface in the following experimental work
in Section 7. Various thicknesses of specimens were used in the experimental
configuration investigations in Section 7.1
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Table 6.2 Aluminium alloy specimens dimension and surface roughness

Alumirsli;g(\;ialgryl/ test Dim(e;rilzirﬁgtser"l' i Surface ;?Zghgelfs 0}; selected
thickness)
s1 74, 28.5 0.373
S2 74,28.5 0.586
S3 74, 28.5 0.874
S4 74,28.5 0.483
L1 74, 57 0.453
L2 74, 57 0.847
L3 74,57 0.954
All 50, 32 0.469
Al2 50, 32 0.728
AL3 50, 32 0.530
Al4 50, 32 0.620
H1 74, 82 N/A

6.3 Extra Experimental Considerations

To measure the nonlinearity generation experimentally, extra care must be paid as
many experimental variables can affect the true measurement and also may
introduce unwanted nonlinearity (Liu et al., 2011) Some factors influencing the
detection of nonlinearity generation from the contact interface are investigated
here.

6.3.1 Piezoelectric Element or Ultrasonic Probe

In the nonlinearity generation measurement using the high frequency nonlinear
ultrasonic technique with the longitudinal waves (Buck et al.,1978 Yan, et al., 2009;
Liu et al, 2011 Liu et al, 2012), the piezoelectric element was employed as the
transmitter. As previously discussed, when a piezoelectric element is excited, not
only the fundamental natural frequency (p'Q but also the odd harmonics
(o"CL"BQ Ba@are excited and normally these harmonics are undesired in the actual
measurement. This feature has little influence on the detection of harmonic
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generation from a longitudinal wave as the nonlinearity generation of a longitudinal
wave at an inteface is an even order harmonic (¢ Gt "®Q BcoHowever, for the
nonlinearity generation of a shear wave interacting at a contacting interface, the
piezoelectric element introduced high order frequency components that imposed
side effects on the measurement as the harmonic generation from the interaction
of a shear wave and the interface is also an odd order "GV GQ Bw

Responses of shear polarised piezoelectric elements are demonstrated in Figure 6.5
and Figure 6.6. Piezoelectric elements were bonded on a test specimen and the

pulse-echo configuration wasused where the piezoelectric element was working as
a transmitter and a receiver alternatively. A short duration pu Ise was triggered to

excite piezoelectric elements using a Film Measurement System (FMS$ Tribosonics)

(Howard, 2016)and the reflected signal was digitised and recorded using FMS as
well. The first reflected signal was extracted and Fast Fourier Transform (FFT) was
applied to yield the frequency response. In Figure 6.6, the nominal fundamental
frequency as well as high order harmonics were excited regardless of the nominal

natural frequency of the piezoelectric element. It is also noticed that the harmonic

frequency amplitudes are comparable to that of the fundamental frequency

component for some shear polarised piezoelectric elements.

Several reasons may cause this high order harmonic generation from the
piezoelectric element. The dimension of a shear polarised piezoelectric element
plays a role. The thickness of the piezo element should be much less than the length
or width so that the natural resonant frequency of the shear element is dominant. It
is critical for the low-frequency elements because to havedominant fundamental
frequency, the length or width of the shear element is large. Theshear element with
nominal frequency of o- ( @ndu- ( Uh Figure 6.6 (c) and (d) are in an appropriate
dimension and the fundamental frequency shows a dominant amplitude. The
dominant harmonic amplitude from p- ( @nd¢- ( Piezo elements are due to their
inappropriate dimensions. Damping of the piezoelectric element and the pulsing
method also affect the harmonic generation from the element. A heavy damped
piezoelectric element with an N-cycle burst excitation waveform can suppress the
high order harmonics.

Although undamped piezoelectric element gives larger amplitude, as mentioned in
Section 4.1.3 using the shear polarised piezoelectric element in the high frequency
nonlinear ultrasonic technique is practically challenging. Despite that ultrasonic
probes still produce undesired harmonics when driven by high power, which is
discussed in the following Section 6.3.2 the ultrasonic probes help in reducing the
piezoelectric element introduced harmonics and it is widely adopted in the
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measurement of nonlinearity generation from both longitudinal and shear waves
(Biwa et al.,2006; Blanloeuilet al.,2014; Jiao et al, 2014 Yuan et al, 2015 . Therefore,
normal incidence shear probes were employed in the research.

Figure 6.5 Aluminium alloy test specimen with shear polarised piezoelectric element
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Figure 6.6 Frequency response of shear polarised piezoelectric element subject: (a) nominalpd "Oé(b)
nominal ¢b "O¢(c) nominal a0 "Odand (d) nominal VD "OdElements were excited with short-duration pulse
and the first reflected signal were selected for FFT operation.
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6.3.2 Amplifier and Amplification Level

Regardless of usinglongitudinal wave or shear wave as the incident wave, a high
power amplifier is critical to the nonlinearity generation measurement. The
amplitude from the ultrasonic probe needs to be considerable so that either the
normal stress induced from a longitudinal wave or the shear stress induced by a
shear ultrasound is sufficiently large enough to open the closed interface or activate

«~{ AR £y U ©! « ! ¥ ! |normaty{requiréscighrpltage {o Bxcije ~ 2
either the piezoelectric element or ultrasonic probe .

When high voltage is applied, the undesired harmonics are also generatedand it is
even worse when an improperly damped piezoelectric element is excited, providing
that the element are prone to these odd harmonics generation. The voltage across
a piezoelectric element is also limited. For ap- ( Bhear polarised element, the safe
excitation voltage is approximately smaller than p 1t 11 @vhich is not practically
sufficient in some tests.

For an ultrasonic probe, the excitation voltage can be potentially around @ 1T 11 6
(Olympus NDT Ing 2006) . Such excitation voltage range is more practically feasible

to act - w« { «~{ y! ¥avwe yeY« 0@|«wy ¥DUME- {& 2 -xj {
power, the probe also shows undesired high order frequency components. With

careful configuration, the harmonic amplitudes can be maintained at a minimum

level.

Example of the harmonic generation subject to various amplification level is shown
in Figure6.7.Ap- ( Wltrasonic probe (V153, Olympus) and a- ( transducer (V155,
Olympus) wasmounted on a test specimen Sland were used as the trangmitter and
receiver, respectively. A tone burst of 15-cycle sinusoidal wavewas excited to drive
the transmitter. Various excitation voltages were applied. The first received signal
was selected for FFT operation.

In Figure 6.7 (a), when a low excitation voltage, i.e.1 @peak-peak) is applied to a
normal incidence shear wave probe, the third order harmonic is excited as well, but
the amplitude is relatively low compared to its neighbouring frequencies. When a
high excitation voltage is applied using an amplifier, i.e. ¢ Y 1fp@ak-peak), both
fundamental and the third order harmonic are amplified. Compared with its
adjacent frequencies, the third order harmonic are discernible. The ratio of the
third order harmonic to its fundamental frequency under varying excitation voltage

is illustrated in Figure 6.7 (b). The third order harmonic generation is generally
increasing with rising excitation voltage. The amplitude of 6 70 s still reasonably
low (less than T v Pi.e.-u @ ") even at the high excitation voltage. Such third order

87



harmonics are not easily suppressed practically so extra care should be paid when
considering the harmonic generation from the contacting interface.
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Figure 6.7 (@) Frequency response of a normal incidence shear wave transducer subject tot® ,wm and
¢ Yam excitations. (b) 31 order harmonic relative to fundamental frequency amplitude subject to various
excitation voltages (100 repetitions).

6.3.3 Shear Wave Couplant

The measurement of nonlinearity generation at a rough interface uses the normal

incidence shear wave probes as the transmitter and receiver. Care is required when

mounting the probe on test specimens. Unlike a shear polarised piezoelectric

element being bonded on a test specimen or angle beam transducer using the mode
conversion method and coupled with test specimens using a general gel, high
viscosity shear wave couplant must be applied between the probe and the test

specimen.
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Several pants were noticed practically when applying the shear couplant in tests.
The amount of shear couplant applied was just sufficient to cover the contacting
face of the transducer and any excessivecouplant applied potentially reduced the
amplitude of transmitted through the coupling layer as shear wave also attenuates
in the couplant. After the couplant was used between the contact probe and test
specimen, a gentle force was applied to the specimen for a decent spell to allow a
minimum coupling layer to form. During this period, tests were not taken as the
optimal coupling layer was in formation and the shear wave amplitude was gradually
increasing. Pulseecho method was employed to check the shear wave ampitude
intermittently to ensure a stabilised amplitude reading was reached.

The high viscosity shear wavecouplant plays a vital role in harmonic generation
detection. Anormal incidence shear wave probe mounted with shear wave couplant

enables the maximised shear wave component with the minimised longitudinal

component in the measurement. A shear ultrasound probe was mounted using a
general ultrasound gel and a shear wavecouplant (SWC-2, Olympus), respectively.
Atone burst of 10-cycle sinusoidal wave wasexcited at ¢ 11.6ime domain responses
are shown in Figure 6.8. An improperly mounted shear wave transducer cannot give

a clear reflection signal. The shear component only shows a comparable amplitude
to the longitudinal component Figure 6.8 (a). While the reflected signals are clearly
observed from a properly mounted probe, in Figure 6.8 (b). The shear component

is at least 30 times larger than the longitudinal component.
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Figure 6.8 Comparison of couplant effect in shear wave signal measurement. Shear transducer mounted (a)
with improperly couplant and (b) with proper couplant, subjectto ¢ ™ excitation of a 10-cycle tone burst
(100 repetitions).

6.3.4 Transducer Alignment

When the high frequency nonlinear ultrasonic technique is carried out using two

ultrasonic transducers, locations of the probes affect the nonlinearity measurement

in the harmonic generation detection using longitudinal probes (Liu et al., 2011) It
holds true for the harmonic generation detection using shear waves. Shear wave
polarisation being perpendicular to its propagation direction , the alignment of two
normal incidence shear transducers must be taken into considerations.

As depicted in Figure 6.9 the alignment of two normal incidence shear wave
ultrasonic probes is considered. Two probes (V153 and V155p & [ | diameter,
Olympus) were placed on the top and bottom of a test specimen and a tone burst
of sinewave was excited atw 1t.@ he polarisation direction was changed from aligned
condition ( Tt difference) to w mdifference, clockwise and anti-clockwise. When both
probe s were aligned with 1t dlifference, locations were varied in two directions, one
along the polarisation direction > D{ D U- { @rd the otiier norimél 2o {the U ?
polarisation direction > D{ D U~ © . Pifci¥cateh£configlirftién{ wheare
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ultrasound signal was transmitted from one probe and received from a separate
receiver, as illustrated in Figure 6.9, was employed.

Transmitter probe

e

Polarisation direction

Receiver probe

Figure 6.9 Schematic diagram of alignment of normal incidence shear wave ultrasonic sensors.
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Figure 6.10(a) Schematic diagram of locations of normal incidence shear wave ultrasonic sensors. (b)
Measurement of fundamental 0 , third order harmonic frequency 6 and the ratio & 70 (50 repetitions).
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Figure 6.11(a) Schematic diagram of angle alignment of normal incidence shear wave ultrasonic sensors. (b)
Measurement of fundamental 6 , 39 order harmonic frequency 6 and their ratio 6 70 (50 repetitions).

Whentwo normal ¥y z{¥y{ 2 ~{wO ®w-{ 80! x{2a wo{ ||
U-{ o« yweU 2z ©fy «Fiduré 8.8 (awadnd (b)£ Hbth Furdamentdl z ¥
frequency 6, and the third harmonic component 6 drop dramatically. Their ratio

0 j 0 also shows the similar dependence on the location.

When the angle of these two shear wave transducers are misaligned from w 1ttd
mand to  w m(Figure 6.11(b)) strong dependence of fundamental frequency, 0
and the third order harmonic 0 on the alignment angle. Their ratio,0 j 6 however,
remains reasonably constant over the angle rangefrom ¢ mtd ¢ 1t J

Both sets of the transducer alignment investigation indicate that the alignment of

the transducers is critical in the high frequency nonlinear ultrasonic technique.

Ideally two normal incidence shear wave probes are perfectly aligned, without

BorizontalU w¥z U-{©« yweU ! ] |2{« w¥z w¥}E£{ o ay
« ~{ «Ow¥2z-y{©2D | ~{ U § { ©i$ practictlly diffcult} t¥ o { ¥ «
achieve. To ensure theminimum side effect from the transducer alignments, the

same algnment conditions are kept throughout the measurement.

92



6.3.5 Data Acquisition

In the high frequency nonlinear ultrasonic technique, the primary signal is the higher
order frequency components ( o°®u"Qetc.) rather than the fundamental frequency
(p"Q. Therefore, when the returning signal is received and digitised, extra care is
needed and two aspects are taken into account, the number of captures recorded
in the test and the digitiser voltage scale or sensitivity, respectively.

Tests were carried out using two normal incidence shear transducers (V153 and
V155p & | [diameter, Olympus) mounted on the same side of an aluminium test
specimen S1 (as inTable 6.2), as shown inFigure 6.12 The specimen only made
contact with air to ensure that the received signal was free from the effect due to

the actually solid-solid contact. Atone busrt of w 11 65cycle sine wave was applied
to excited the transmitter . The first reflection signal from the solid -air interface was

received and used in the following analysis.

Transmitter probe \ Receiver probe
Polarisation direction l T
Air

Figure 6.12Schematic diagram of signal acquisition.

6.3.5.1 Number of Captures (Repetition)

In the test, the measurement of harmonics may be affected by random noise. A
number of captures or repetitions are therefore required to reduce such noise.
Various number of captures were used in the received signal acquisition subject to
the same test conditions. The averagedfrequency domain signal isillustrated in
Figure 6.13 The averaged fundamental frequency amplitude0 shows little variation
when various number of captures are applied while larger variation s are observed
for the third order harmonic © with various number of captures.
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Figure 6.13Averaged frequency spectra subject to various number of captures (repetitions). A tone burst of
15cycle sinewave sent to test specimen S1 and the reflected signal received.

The mean and standard deviation of both the fundamental and the 39 order
harmonic are depicted in Figure 6.14 (a) and (b), respectively. The fundamental
frequency remains constant for different number of captures with standard
variation of less than p bdue to its high signal strength. For the 3¢ order harmonic
frequency, it remains reasonably constant with the increasing number of captures,
although with some slight variations. The standard variation is approximately ¢ 1 b
and such high value is mainly due to that in the solidair arrangement, the third order
harmonic is mainly the inherent nonlinearity noise in the system, including amplifier,
couplant, transducer and test specimen.

Although results illustrated in Figure 6.14 demonstrate that the fundamental
frequency and the third order harmonic remains reasonably constant at various
number of captures, in the actual tests, a sufficient number of captures should still
be employed to reduce the random noise occurred in the experiment.
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Figure 6.14(a) Mean and standard deviation of fundamental 0 . (b) Mean and standard deviation of the 3
order harmonic frequency 6 .

6.3.5.2 Digitising Voltage Scale and Sensitivity

Various digitising voltage scaleswere used on the received signal from the solid-air
contact interface subject to the same test condition alterations. A 12bit digitisation
was used, as discussed in Sectiord.4. The time domain signak received are depicted
in Figure 6.15 When a sufficient voltage scale is used in digitising Figure 6.15a) and
(c)), the corresponding third order harmonic is not affected ( Figure 6.15b) and
(d)). However, if the digitising voltage scale is not adequate (Figure 6.15e), (g) and
(1), t he target signal, e.g. the first reflection signal, cannot befully captured and
z } « 2{zB £{w- ¥} w Uyf 88{zU 2 }¥WED i-y
components to emerge (Figure 6.15f), (h) and (j)).

The amplitude of both fundamental frequency and the 3™ order harmonic is shown
in Figure 6.16a) and (b), respectively. Due to the digitising voltage scale limit, the

fundamental frequency, 0 is capped. For the voltage scale sufficiently covers the
target signal, the amplitude reasonably agrees. However, the third order harmonic
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amplitude, 0 is at least two orders of magnitude greater digitised using insufficient
voltage scales, compared to those using an adequate scale.
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Figure 6.15Effect of various digitising voltage scale on harmonics measurement (12-bit digitisation). (a) Time
domain using vwscale. (b) Frequency spectrum of the first reflection signal captured using vscale. (c) Time
domain using ¢wscale. (d) Frequency spectrum of the first reflection signal captured using ¢wscale. (e) Time
domain using pwscale. (f) Frequency spectrum of the first reflection signal captured using pwscale. (g) Time
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Figure 6.16(a) Mean and standard deviation of fundamental 0 subject to various digitising voltage scales.
(b) Mean and standard deviation of the 3 ™ order harmonic frequency 6 subject to various digitising voltage
scales.

It is illustrated that the inadequate digitising voltage scale produces significant
nonlinearities which could potentially overwhelm the target nonlinearity generated
at the contact interface.

The sufficient digitising voltage scale does not indicate that the larger voltage is
better. A tone burst of T 615cycle sinusoidal wave was applied to excited the
transmitter . A range of adequate digitising voltage scalesvas used on the same
reflected signal subject to the same condition alterations. The averaged frequency
spectrum of the first reflec tion signal is given inFigure 6.17 Due to the sufficient
digitising voltage scalesthat are applied, time domain signak are not clipped off. The
fundamental frequency 0 overlaps when different digitising scales are used and
while the 3" order harmonic 0 shows variations.
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The mean fundamental frequency and the third harmonic component are shown in
Figure 6.18(a) and (b), respectively. The fundamental frequency amplitude remains
constant regardless of the voltage scales. The third harmonic amplitude shows an
increasing trend when a larger voltage scale is used with yet a tenfold difference.
The large enough digitising voltage scale loses the sensitivity due to its coarse
digitisation resolution, resulting in the false nonlinearity detection.

It is clear that the digitising voltage scale plays a ginificant role in the high frequency
nonlinear ultrasonic technique as either insufficient or excessive voltage scales
cause a false nonlinearity in the signal, which would influence the detection of the
true harmonic generation at the frictional contact interface.

6.4 Signal Processing Method

The post-processing method, compared with the experimental factors considered
in Section 6.3, may not crucially affect the detection of the higher order harmonics.
However, it still plays a significant role inproper measurement of the nonlinearities
asthese high order frequency components are generally at least T 1 Aéss than the
fundamental frequency amplitude (Liu et al., 2011)

6.4.1 Method of Extracting Frequency Amplitude

Practical routines of extracting the high order harmonics are employed for
longitudinal waves (Yan et al.,2009) and for shear waves(Blanloeuil et al.,2014). A
similar routine is adopted in this research work, as shown in Figure 6.19 Figure 6.20
(a) illustrates an example of time domain signal received. Shear wave transducers
were placed on the top and bottom face of the test specimen H1l(as in Table 6.2) so
that only the system inherent nonlinearity was considered. Atone burst of w 1T 65
cycle sine wave was applied to excite the transmitter. The target signal was of the
interest so that it was extracted from the received signal and a window function was
applied to the extracted signal, as shown inFigure 6.20 (b).

Different operations are applied to the windowed signal to obtain both the
fundamental frequency and the third harmonic frequency information. The most
applied method is the Fast Fourier Transform (FFT). The windowed truncated signal
is converted from time domain to frequency domain (Figure 6.21 (a)). Both
fundamental frequency and high order harmonics are discernible in this frequency
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spectrum and their amplitude can be obtained. In the second method, bandpass
filters with passband around p - ( Bnhd o - (, Wespectively are applied to the
truncated time domain signal, which provides the time domain waveform of the

passband only. The blue line indicates the time domain waveform aroundp - ( dnhd
the red is for the time domain of the 3™ harmonic, as shown inFigure 6.21(b). The

envelope amplitude of these time domain signals is taken as the fundamental and
the 3" harmonic amplitude. The third method to extract the frequency information

is the total harmonic distortion analysis, as depicted in Figure 6.21(c). This MATLAB
built-in function enables measurement of nonlinearity of a time domain signal
providing that the fundamental frequency is dominant .

< Receiving time domain signals >
( Extracting target signal and windowing )

4 N/ N N
Method 1 Method 2 Method 3
9 Fast Fourier T B_andpass f!lter T Harmonic
 Time domain waveform . .
Transform of fundamental and distortion
(FFT) higher order harmonic analysis
\_ AN J\ Y,

B

( Fundamental frequency amplitude & and 3¢ order harmo nic & )

Figure 6.19Schematic diagram of the signal processing method to extract high order harmonics.
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Figure 6.20 (a) Original time domain signal (b) Extracted target signal with and without windowing. A tone
burst of 15-cycle sine wave propagating through test specimen H1 (50 repetitions).
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Figure 6.21(a) Frequency spectrum using FFT. (b) Time domain signal using bandpass filter. (c) Total
harmonic distortion analysis. . A tone burst of 15cycle sine wave propagating through test specimen H1 (50
repetitions).
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Figure 6.22 (a) Fundamental frequency amplitude, 0 (b) The 34 harmonic amplitude, 6 (c) The ratio

0 j 0 subject to various normal loads and extracted using three methods. A tone burst of 15-cycle sine wave

The comparison of these three methods to extract the harmonic amplitudes is
illustrated in Figure 6.22. A range ofnormal loads was applied to the test specimen.
In Figure 6.22 (a) the fundamental frequency 0 extracted using the three method
shows similar decreasing trend despite that amplitudes does not agree. The third
harmonic amplitude 0 follows the same trend although the absolute amplitude is
not alike. However, for the amplitude ratio 6, 0, overlaps regardless of the method

applied.

All three methods can detect the information of harmonics. Although the amplitudes
of the harmonics may not be identical using these three methods, the trend subject
to change in test parameters, e.g. variousnormal loads, is still discernible regardless

propagating through test specimen H1 (50 repetitions).

of the method employed.
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6.4.2 Effect of Signal Truncation and W  indowing

Regardless of methods of extracting the harmonic amplitude, the truncated signal
plays an important role. For the actual measurement data, the length of the
truncated target time domain signal and the window function applied to the

truncated signal would potentially influence the high order harmonics

measurement. The effect of truncation and windowing is investigated for harmonic
generation with longitudinal waves (Liu et al., 2011) Such effect on the nonlinearity
generation of shear waves is discussed here.

Y O
AN Fundamental frequency
, 3 harmonic

Figure 6.23 (a) Original time domain signal and truncated signal with various length. (b) Frequency
spectrum of the various truncated length. A tone burst of 15-cycle sine wave propagating through test
specimen H1 (50 repetitions).

As shown inFigure 6.23 (a) the target signal is separated using various truncation
lengths and the corresponding frequency spectrum is illustrated in Figure 6.23 (b).
At both fundamental frequency and the third order harmonic, the peak appears
overlapping for various truncation length while at other frequency components,
smaller truncation length shows a smoother frequency spect rum. Large truncation
tends to cover not only the target signal but also the other reverberations or echoes,
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