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SUMMARY

Conventional contact ultrasonic methods suffer from large variability, which
is known to originate from a number of sources such as coupling variability, and the
surface roughness at the transducer/specimen interface. The inherently small higher-
harmonic signals can be significantly influenced by the changes in contact conditions,
especially in nonlinear ultrasonic measurements. For this reason, the noncontact
generation and detection techniques are very attractive. This research first focuses
on the optical generation of tone-burst surface acoustic waves in a metallic specimen.
Two methods that use laser light as an optical source are compared for generating
surface acoustics waves in the 5 MHz range. Both the shadow mask and diffraction
grating are used to convert a laser pulse to a tone-burst signal pattern on the specimen.
The generated signals are detected by a wedge transducer at a fixed location and then
the harmonic contents in the generated signals and the repeatability of the methods
are evaluated. Finally, the developed method is used to characterize the material
nonlinearity of aluminum (Al 6061) and steel (A36). The results showed repeatable

measurements for ablative signal excitation on aluminum.
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Objective

Ultrasonics are used for the detection of structural and material damage and ma-
terial characterization. Most of the linear ultrasonic techniques are suitable for the
detection of cracks and flaws, thus they are limited to the detection of a macroscopic
damage. Nonlinear ultrasonics have the potential to detect material damage prior to
crack initiation and material failure. In the early state of damage, such as damage
due to fatigue, creep, nuclear radiation and corrosion, crystallographic dislocations
and substructural damage result in material nonlinearities. This nonlinearity causes
higher harmonic components in originally monochromatic signals which can be de-
tected in the frequency spectrum. For many technical applications surface damage
due to the mechanisms mentioned above is a severe failure source and the detection in
an early state is desirable. Rayleigh surface waves concentrate their acoustic energy
near the surface and can propagate large distances without significant losses due to
their nondispersive character. A common way to launch a surface wave is by contact
excitation methods, such as the use of piezoelectric wedge-transducers. Those meth-
ods suffer from the variability introduced by the coupling conditions on the contact
surfaces and coupling media, and influences on the generated and detected signal by
the mechanical characteristics of the exciting device. However noncontact methods
are to a great extend free of those influences and offer advantages in the applicability
in the field, such as in-situ testing of operating dynamic systems and testing in haz-
ardous and hostile conditions. During the last two decades, laser ultrasonic excitation

principles have had growing application in the field and an extensive list of literature



for the application in linear acoustics is available. Until now there has been little
attention for the use of thermoelastic and ablative excitation for nonlinear material

investigations.

The objective of this research is to develop a reliable noncontact excitation tech-
nique for the measurement of the material’s nonlinerity. The excitation is by radiation
of a g-switched pulsed laser which has to be manipulated to enable a harmonic excita-
tion. The excited narrowband signal has to satisfy the requirements for detectability

of higher harmonic signal components by piezoelectric wedge transducers.

1.2 Literature Review

A common technique in the field of nondestructive evaluation is the use of ultrasonics[2,
31]. Linear ultrasonics can be used for the detection of flaws, cracks and the charac-
terization of materials and material properties|[77]. However, the sensitivity of linear
evaluation techniques is limited to macro failures and damages while modern research
strives forward to detect a defect in its development process before significant dam-
age occurs. Many early damages, such as creep, fatigue or corrosion damage cause
dislocations[37], plastic deformations [45] and micro cracks resulting in a nonlinear
acoustic behavior of the material[17, 84, 11, 47, 66]. Common methods to excite and
detect the acoustic signal for nonlinear ultrasonics is by using contact transducers
[78, 50, 12] or hybrid techniques which usually combine contact excitation methods
with noncontact detection methods[36, 14]. Laser interferometry has wide use in
signal detection of ultrasonics. Another application of laser ultrasonics is the exci-
tation by continuous and pulsed lasers. The advantage of these methods are in the
almost unrestricted field for an application and the noncontact character which has
advantages over conventional contact techniques[81, 21, 74]. White demonstrated

first experiments with radiation generated ultrasound[87]. Further development of



laser apertures [63, 74] made the laser a useful device for ultrasonic excitation. For
nonlinear ultrasonics, the broadband signal by a laser pulse[20] can be manipulated
to a narrowband harmonic source by spatial arrays[72]. Approaches for the pattern-
ing of the laser beam were made by the use of a lens array[20, 55|, multiple laser
beams and interference[57, 33, 62, 59, 61], a diffraction grating [40] and a shadow
mask[23, 70, 9, 60]. The last technique was used by [60] to characterize the nonlin-
earity of fatigue damage on an aluminum alloy. Those references are executed with
an excitation source beyond the threshold of the materials surface and it is desirable
in the field of nondestructive evaluation[8] to not damage the surface of the speci-
men. However the thermoelastic regime is known for its signals with low amplitude
and signal to noise ratio[30]. Increasing the incident laser pulse energy results in
higher amplitudes [51, 56, 43, 58] but also damages the surface due to the ablation
of thin material layers[48]. For an analytical description, Scruby et al. (1980)[73]
treated the thermoelastic source as an expanding point volume resulting in orthogo-
nal force dipoles and Rose (1984)[68] developed the mathematical basics by integral
transforms for a point source by his surface center of expansion theory (SCOE). A
complete model for near and farfield of the thermoelastic source was made by Spicer
(1990)[79] and Achenbach (2003)[4] developed a model for the excited wave field by
thermoelastic line and point sources without the use of integral transforms. The
modulation of the source in the ablative regime is more difficult due to uncertainties
in the exciting mechanisms. The source is represented as an equivalent mechanical
force normal to the specimens surface excited by the linear momentum of repelled

material[58, 74, 48].
1.3 Content and Structure of the Thesis

This thesis contains the following outline. Chapter 2 gives an brief introduction

into the phenomena and characteristics of ultrasonics and provides the basic theory



for nonlinear wave propagation. Chapter 3 is an introduction into laser ultrasonics.
The focus in this chapter is on the characterization of the excitation of ultrasound
by thermoelastic and ablative sources and a mathematical model for an analytical
solution of the thermal excited elastic wave problem is presented. The experimental
set ups are introduced in Chapter 4 including measurement procedures and the signal
processing. The characterization of the laser excited acoustic source and the results for
its application for the detection of material nonlinearities is presented and discussed
in Chapter 5. A final discussion of the developed technique follows in Chapter 6
including a review of the experiments and the results as well as recommendations for

improvements and future work.



CHAPTER II

INTRODUCTION INTO WAVEPROPAGATION

For nondestructive evaluation different wave phenomena are used to investigate struc-
tures for flaws and materials for their properties. In this chapter basics of linear and
nonlinear wave propagation are provided by introducing principles of acoustic waves.
The introduction discusses only bulk and surface waves due to the focus of the ex-

perimental procedures.

2.1 Wave Phenomena

2.1.1 Equation of Motion

A body shall be defined by its volume V' and surface area Ay. The general equation

of motion for the continuum is derived by the balance of linear momentum:

/tdAv+/pde:/pde (2.1)

A v v
The traction t is the force per unit area dA defined by the normal vector n (Fig.

2.1), p is the mass density, f the body force and u is the particle displacement. The

components of the traction vector ¢; are derived by the stress tensor 7 by

tj = T;iNy (22)
where 7 is a symmetric tensor of second order for a nonpolar elastic medium[52].

Using the Gauss’s Divergence theorem (Eq. A.1) and Eq. 2.2 the balance of linear

momentum is written as a volume integral in index notation of the form

/ Tjii + pf5 — pi; dV =0 (2.3)
v



Figure 2.1: Traction force acting on a unit area with normal vector n

and the equation of motion is derived as

Tiji + pfj = pﬂj. (2.4)

In the following we want to express Eq. 2.4 only in terms of displacement and
derive a description for a propagating disturbance in a solid. The stress strain rela-

tionship is expressed by the fourth order tensor C:

Tij = Uijki€kl (2-5)

with the components €; of the strain tensor, ¢ and C can be expressed for a

homogeneous, isotropic, elastic medium by

Cijrr = A0k + (03051 + dadjn) (2.6)

with the Kronecker-Delta d;; (Eq. A.2) and the Lamé-constants denoted by A and

1 and Hooke’s law

Tij = N€prij + 2p€;; (2.7)

is derived and we are able to replace the stresses by strain relations in Eq. 2.4.

Finally by applying the relationship

1
Eij = é(ui,j + Ujﬁ‘ -+ ui,juj,i), (28)



where the last term can be neglected for the linear case, provides Navier’s equation

of motion in terms of displacements:

pui gy + (A + pug g+ pfi = pii (2.9)

This is a partial differential equation. In order to decouple the equation the
Helmholtz decomposition is used, where the state of the continuum is described by

scalar a scalar potential ¢ and a vector potential .

u=Vp+V®y (2.10)

where ® denotes the vector product, using a constraint condition that the vector
potential is divergence free, Vi) = 0. Using Eq. 2.9 and Eq. 2.10 two uncoupled

differential equations are derived:

Vi = 5¢ (2.11)
‘L
1 ..

Vi = < (2.12)
Cs

Here c¢;, and cg are the velocities of the longitudinal and the transversal wave-
field respectively. These are material properties and can be described in terms of

Lamé-constants and the density:

A+2
o= |22 = \/E (2.13)
p p

Here ¢, > c¢g always holds[2].

2.1.2 Plane Waves

For theoretical analysis of wave problems it is useful to assume plane wave properties

for a propagating wave. This means that the properties such as stress and strain of



the disturbance with a propagation speed ¢ in direction p are constant in any plane

orthogonal to the propagation direction d.

u=df(p-x—ct) (2.14)

with |d| = 1 describing the direction of particle motion and an arbitrary real
function f(x,t) describing the shape of the disturbance. Substitute 2.14 into the

Navier equation of motion (Eq. 2.9) results in

(1= pc?)d+ A+ p)(p-d)p (2.15)

with solutions only for

d = +p, (2.16)

particle movement in same direction same as propagation direction, longitudinal

waves, or

d-p=0 (2.17)

particle movement is perpendicular to propagation direction, shear/transversal waves.

2.2 Bulk and Surface Waves

Harmonic representation of wave fields in space and time are useful in many cases,
such as nonlinear ultrasonics. A harmonic wave with particle motion in the x; — x5

directions can be described as

u = AdetF@iprtazpa=ch) (2.18)

where A is the amplitude, p;, po are the components of the propagation vector.

The wave number, k, is defined as



[ —— (2.19)
Cr
for longitudinal waveforms and
ks = = (2.20)
Cs

for transversal waves and circular frequency w.

The interaction of a wave form like in Eq. 2.18 with a free boundary (7;;,n;) an
incident plane wave is reflected. The wave field that results depends on the angle
between the propagation vector d and the surface normal (Fig. 2.2). A incident
longitudinal wave field with incident angle 6, (Fig. 2.2 a)) will be reflected as a
superposition of reflected longitudinal wave field (P), reflected in an angle 6; and
a transversal shear wave field (SV) with particle motion in the x; — o plane and
reflection angle 6. Phase matching of the incident and reflected wave fields, the so

called Snell’s law, results in the condition

kosinfy = k; sin 01 = ko sin 6,. (2.21)

The same holds for an incident transversally polarized shear wave (Fig. 2.2 b)).
Special cases are for an incident angle 6, = 0 when the incident wave is reflected
normally as itself. If the incident angle is smaller than the materials critical angle
0, = arcsin(cg/cr) the reflected longitudinal wave propagates in the x;-direction and

decays exponentially with depth into the half-space[2].
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Figure 2.2: Incident and reflected wave field for longitudinal (P)- and transversal
(SV) waves in a unbounded half-space

2.2.1 Rayleigh Waves

The derivations in the above results in the generation of Rayleigh surface waves. The

potential functions for the 2-D case are

@ = Che Fraz2gikr(@i=crt) 00 < () (2.22)

and

w C e thIQ ZkR(fl CRt .CE < 0 (2 23)

With the constants ¢ = ,/1 — (C—R)2, )1 2 and arbitrary C; and Cs.
Cr,

The Rayleigh wave number is kg = w/cg with the characterlstlc Rayleigh wave speed
cr which is about 90% of the shear wave speed [85]. The solution of the wave equations

2.11 and 2.12 for the vector potentials of the Rayleigh wave yields

3 DD e

and has no frequency, w, dependence. Thus the solution for the phase velocity is

nondispersive. In a good approximation

0.862 + 1.14v

2.25
1+ v ( )

Cr =
where v is the Poisson’s ratio[2].

The wave field of the Rayleigh wave is a combination of longitudinal and transversal

10



displacements. Due to a phase shift of 7/2 between the displacements in z; and
ro and a vertical displacement that is typically about 1.5 times the horizontal dis-
placement the Rayleigh wave has a elliptical particle motion counter clockwise when

propagating in positive x; direction[31] (Fig. 2.3).

z2

AR

A o AT
R

Figure 2.3: Rayleigh surface wave schematic

The wave field decays exponentially in negative xo-direction and in a depth of
about 0.192 x A the elliptical particle motion changes the direction. The benefit of
the dispersion free propagating Rayleigh wave is that the energy of the wave is located
in the surface layers of the the material and thus the wave propagates long distances
without significant losses and is suitable for the nondestructive evaluation of surface

layers and the detection of surface flaws.

2.3 Nonlinear Wave Theory

The derivations and solution of the wave equation above assume linear behavior of the
propagating wave. This assumption is quite sufficient in many NDT applications for
the detection of macro flaws and damages. However, it might be of value in the field
to detect damage before it occurs and may lead to the defect of a structure. Damages
like fatigue damage, creep or damage due to corrosion originate due to changes of the

materials micro structure and dislocations(Fig. 2.4).

In linear continua, a harmonic signal launched into the material will be detected

as a signal with the same frequency content. In nonlinear continua micro structure

11
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Figure 2.4: Fatigue damage and acoustic detection

damage as well as micro cracks provide an excitation of higher harmonics of the

original signal like in the schematic of Fig. 2.5.

Uin = Ain(W7 t7 X)

Figure 2.5: Higher harmonic excitation in nonlinear continua.

2.3.1 Nonlinear Wave Equation

While the linear wave propagation assumes a linear stress-strain relationship, non-
linear ultrasonics applies a nonlinear stress-strain relationship. Assuming nonlinear
strain behavior (Eq. 2.8) and neglecting constant stresses, the nonlinear stress-strain

relationship is written as

Tij = Cijklekl + Cijklmn €kl€mn T .. (2.26)
~——
3rd_order elastic constants

with 7 in current configuration x(Fig. 2.6) and the assumption of a weakly non-
linear material[88], where the nonlinearity of the material dominates nonlinearities of

the geometry.

12



z

Figure 2.6: Schematic of current and reference configuration

As the relationship is nonlinear, the Piola-Kirchoff stress P in terms of the refer-
ence configuration(Eulerian coordinates) has to be used to determine the stresses in

the material/current configurations in Lagrangian coordinates[52]

o= LPFT (2.27)
Po

with the density p and pg in the current and the reference configuration respec-
tively and the deformation gradient, F = g—;. The equation for the linear momentum

18

poit = VxP. (2.28)

In the next step the P is related to the Lagrangian strain tensor with components

according to Eq. 2.8 with the derivatives with respect to the Eulerian coordinates[32]:

ow

P, =
J po@Fij

(2.29)
with the strain energy by unit mass, W. Using Eq. 2.26 and the momentum

equation, the nonlinear wave equation is derived as

Pu; 0Py
o2 = 9X,0x,

Ouyy,
(Oz‘jk:l + Mijklmna—)(n + ) (2.30)

where

13



Mijklmn = Uijklmn + Cijln(skm + Cjnkl(sim + lemn(sik' (231)
2.3.1.1 Materials Nonlinearity

In the one dimensional case for longitudinal waves, the wave equation reduces to

0u 0*u ou
. —cr—|1=B=—= 2.32
oz~ “Tox { 5@)(} (2:32)
with the nonlinearity parameter
3 Cm
=—|= . 2.33
g (2 * 2poc2 (2:33)
The solution to Eq. 2.32:
B (wA\°
Uput = Ay sin(wt — kx) + s (—1) zsin(2wt — 2kx) (2.34)
c
AL

In Eq. 2.34 it can be seen, that the amplitude of the second harmonic wave
increases with the propagated distance x and with the nonlinearity parameter 5 and
scales with the square of the first harmonic amplitude A, oc A2. Using the amplitudes

of the first and second harmonic, the nonlinearity parameter g is

_sd 4
wir A3

B (2.35)

Knowing the wave velocity and the excited frequency, § can be determined by

measuring A; and A,.

Nonlinearity of Rayleigh Waves For the nonlinearity of Rayleigh waves it
shall be noted that for isotropic materials the shear wave does not develop a non-
linearity due to the symmetry of the third order elastic constants. Thus it can be

assumed that the nonlinearity coefficient of the Rayleigh wave, since Rayleigh waves
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are the superposition of longitudinal and shear waves propagating in with cg, also
scales with the ratio A;/A?. Herrmann et al. (2005) derived /3 for Rayleigh waves[36].

The equations 2.22 and 2.23 are rewritten as

B .
Y= —ik—;epme’(k”l’”” (2.36)
and
D .
77Z) _ —ik—;€S$2 ez(kR$1—wt) (237)

where p? = k% — k7 and s® = k% — k%. For the stress free boundary condition the

constants By and D; are related by

. 2kgrp
—i
k% + s?

D;. (2.38)

1=

The displacement field of the Rayleigh wave is decomposited into an out-of-plane

T 2p8 sx i(krrx—wt
Uy, = By (ep 2 — o 2¢ 2) eilkra—wh) (2.39)

and in-plane component

. p x 2p8 s i(kpr—wt)
Upy = —zBlE (ep 2 — o 2¢ 2) e"\"’ . (2.40)

and the generated second harmonic waves due to the materials nonlinearity is also

decomposed in a similar way, i.e a out-of-plane component

2 .
Uy, = B2 <€2p$2 i k%{ ]_3582 623:1:2) 622(kRa:—wt) (241)

and in-plane component

. b x 2p8 2sx i2(kpz—wt)
Uy, = _/LBQE (ep 2 — o 2° 2) e “\r . (2.42)
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Considering that only the longitudinal components are subject to the nonlinearity
in the material, equations 2.39 and 2.41 can be related in the same fashion as above
for 1-D longitudinal wave fields as

BKaB}

By =~ (2.43)

For the detection of the nonlinearity of surface waves the common detection equip-
ments (Section 4.5) and specially noncontact methods like laser-interferometer are
predominantly sensitive for the out of place displacement of the surface. Using the
assumptions above and the surface displacements u,,(w,t,z1, 22 = 0) the nonlinear

parameter results in

B:um(Zw) 8ip (1 2k% ) (.44

w2 (w) ahikp \© k% + 82
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CHAPTER III

LASER ULTRASONICS

Lasers can be used for generation and detection of ultrasound. Laser detection meth-
ods like the Michelson interferometer are well known measurement procedures for vi-
brations and acoustic waves. Laser generation methods were first applied by White[87]
in the 1960s. Nowadays the excitation is by pulsed lasers in the thermoelastic and
ablative regime. The application of laser excitation methods in research and industry
has increased in the last two decades[64]. However huge costs and the size of the
equipment restrict an increase in use.

A common method used for launching and detection of an acoustic signal in a solid
is the contact transducer technique. Common contact transducers are piezoelectric
transducers which are based on the ceramic PZT (lead zirconate titanate). A contact
transducer is attached to the surface of the specimen, usually done by coupling it to
a medium like water or oil to transmit the acoustic signal into the specimen. The
mechanical characteristics of the transducer, the necessity of full-time contact, and
the use of a coupling medium causes several drawbacks within this way of excitation
and detection procedures.[81] Contact methods suffer from influences introduced by
the coupled surfaces and the coupling medium[72]. While the use of insufficient
amounts of couplant result in dry areas between the coupled surfaces and thus, in an
inadequate contact, the use of excessive amounts of couplant can result in losses and
the development of resonances of the signal in the coupling medium with negative
influences on the excited and the detected signal. Further disadvantages of contact
transducers are slow scanning speeds when a large area needs to be examined and

the load of the attached transducer on the surface[74]. Also the use of piezoelectric
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transducers and a coupling medium may not be possible in some circumstances or
systems such as high temperatures, high radioactivity, hazardous atmospheres, narrow
spaces, dynamic systems and materials that are sensitive to corrosion when they are
in contact with the coupling medium|[74, 81, 43, 64]. Therefore non-contact excitation
and detection principles are highly interesting for non-destructive evaluation in these

circumstances and systems.

3.1 Non-contact Methods

Several non-contact ultrasonic methods have been developed as alternatives to con-
tact transducers compensating most of their disadvantages. Common non-contact
methods are, e.g. the use of EMATS (electromagnetic acoustic transducers), capac-
itive transducers, air coupled transducers, optical excitation and detection methods,
etc. The use of optical methods like laser generation and detection reduce several
shortcomings of contact and other non-contact systems. Advantages of laser gener-
ation methods compared to other non-contact methods are the adaptability of the
excitation method to the specimen’s material, the shape and the investigated mate-
rial property or damage by variation of laser settings like pulse width, energy and
geometry of the illuminated surface area.[3§]

In this thesis a laser excitation method is investigated and developed. As the laser de-
tection is not used in this thesis, the method will not be described any further. With
respect to the principles and applications of interferometry please see the references

(74, 80, 34].
3.2 Laser Generation Methods

Laser-irradiation methods to excite acoustical pulses were first described by White
(1962) who excited acoustic waves using the effect of the materials thermoelastic
expansion caused by electron bombardment and the absorption of electromagnetic

energy[87]. Later Ledbetter et al. discovered that laser penetration of a surface
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elastic excites longitudinal, transverse and Rayleigh surface waves[49].

The thermoelastic generation of ultrasound was primarily used to detect flaws and
measure material constants. The broadband frequency spectrum of a laser source can
extend up to 100 M Hz and is inversely proportional to the laser pulse width[20]. As
long as the incident pulse energy is beyond a certain level around 100 MW /cm? for
metals like aluminum and steel [27] where no plasma is formed[6] and the thermal
expansion of the material acts as an elastic wave source. Above this threshold intensity
the surface material melts and vaporizes. A visible damage is left on the surface.
According to the resulting surface damage, it is arguable if the laser ultrasonic in
the ablative regime is a truly non-destructive evaluation technique. Such a technique

should be applied in a field of more robust structures[43].
3.2.1 Laser

The laser might be one of the most important scientific and technical achievements of
the last century, beginning by Albert Einstein and the process of stimulated emission
and the quantum theory. However it was in the 1960s when the first laser working
in optical frequencies was developed[63]. Shortly afterwards White used radiation
sources to excite ultrasound in solids[87]. While mainly pulsed lasers are used for
ultrasonic excitation, continuous lasers are mainly applied in the signal detection.
This development of the laser quickly overtook conventional optical measurement

methods(74] like the Schlieren photography.

A laser is a device that emits electromagnetic radiation with a frequency spectrum
of between less than 10* Hz (long radio waves) and 102! Hz (high energy gamma
waves), and a propagation velocity of ¢ = 2.9979 x 10® ms~!. The invention of the
laser made it possible to generate strictly monochromatic electromagnetic radiation

in the wavelength range of 200 nm to 10 pwm, which was not possible before and can

19



be used in the field of ultrasonic excitation and detection.

In electromagnetic radiation, energy is periodically transferred between electric and
magnetic energy. The electric and magnetic fields are perpendicular to each other
in a plane normal to the direction of propagation of the electromagnetic wave. The
orientation of the electric and magnetic field can result in the polarization of the
radiation[63]. If the orientation of the field is constant, the radiation is called in-
plane polarized. In the case of a rotating electric (and magnetic) field of constant
amplitude, the radiation is called circularly polarized. In general, superposition of
both principles leads to the elliptical polarization[74] of polarized light. The polar-
ization of the emitted laser light is of higher importance inr the detection than in
the generation of ultrasound, which is more dependent on the total laser energy and

pulse width.

The following description gives a brief introduction into the principles of the gen-
eration of efficient laser light. According to the quantum theory light behaves like
a collection of small discrete particles, called photons. The energy of a photon is
defined as hrv", with the Plank’s constant h and the frequency of the radiation, v".
The energy states of atomic and molecular systems are described by discrete energies
such as the ground state E, and multiple excited states F,. Absorption of energy
can excite an energetic system (like an atom) to a higher energy level. The energetic
system can then return to a state of lower energy by the emission of radiation. The
absorption and emission process is quantized by the energy difference of energetic
levels. To excite a system from the FEj state to the E; state 3.1 the absorption of

electromagnetic radiation with a frequency " is needed, such that

hv" = E1 - Eo. (31)
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Figure 3.1: Discrete energy level diagram for the stimulation principle.

In the same manner radiation is emitted during a decrease energy of a higher
to a lower energy level. This emission can occur spontaneously or due to a process
called stimulated emission. Here external penetration, e.g. radiation with the same
wavelength, causes the system to emit radiation. This process is used by LASERs
(Light Amplification by Stimulated Emission Radiation) to excite a laser medium
that emits radiation in the desired wave length. A model system consists of matter
with three energy levels Ey < E; < F»[74] (a real system can have more then three
energy levels). According to the Boltzmann distribution the number of particles NV;

having a certain energy level is

N; = Noe~B/F°T) (3.2)

here k? is the Boltzmann constant and 7 is the absolute temperature of the system

in Kelvin. When the atoms absorb radiation in the form of

h,l/; = E2 - EO (33)

they get excited into the higher state E5 by absorbing the so-called pump frequency

V’l"

»- Due to pumping, the populations of Ey and F» tend to equalize, leading to an

effect called population inversion between the F; and FEj levels. The whole system
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will try to correct this inverted state by the emission of energy

hl/r == E2 — E1 (34)

where v > v". For this process a laser needs both a source for the stimulated
emission and a source for a technical efficient generation, meaning the possibility to
feed emitted radiation back into the system in order to build up a sustained oscilla-
tion of emission. Pumping can be done in two ways. Either an intense light source
is used to illuminate the medium, or voltage is applied to discharge the laser gas. In
order to achieve a sustainable oscillation for a sufficiently strong and constant laser
source, the radiation is led back into the system. This is realized by a resonant sys-
tem, e.g. by high performance mirrors (Fig. 3.2). For each pass the radiation takes
more emission is stimulated and the intensity of the radiation is amplified, which is
known as a resonant cavity[74]. To allow the external use of the emitted radiation of
the system an outlet is necessary. Often one of the mirrors has the property to allow

a small fraction of the incident radiation to be transmitted.

PUMPING

\ |

Lasing Mediu
<

Figure 3.2: Basics of the laser oscillator

Lasers using this principle are able to emit radiation with a pulse width of 0.1 ms—
1 ms. For the generation of ultrasound an additional technique is required to obtain
the desired pulse lengths of 1 ps to 100 ps. The Q-factor is the ratio between the
energy stored in the oscillator and the energy lost by the cavity per round trip. A

low QQ suppresses the cavity oscillations and the population inversion can be increased
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above the usual threshold. Changing the Q from low to high levels results in a rapid
emission of the desired photons which allows a short laser pulse to be emitted from

the aperture[31].
3.2.2 Absorption of Electromagnetic Radiation

Laser illumination of the surface of a solid can cause different physical processes pri-
marily depending on the power density of incident laser beam which is in charge for
the ultrasonic generation. At a low power density, the material is locally heated and
both thermal and elastic waves are generated. In semiconductors also electric currents
may develop. At higher power densities material ablation takes place and a plasma is
formed. The surface material melts, vaporizes and deforms plastically. In the worst
case this initiates the formation of cracks|74].

The amount of energy absorbed by the target material of an incident laser pulse
mainly depends on the optical material properties and the surface quality. Assuming
sufficient thickness of a material which is opaque for the laser light, one part of the
energy is absorbed by various mechanisms which mainly depend on material charac-
teristics and the wavelength of the laser pulse[74] while the other part is reflected.
Using a non-reflective surface with the assumption that plane waves move into the
material like in Fig. 3.3 while the absorbtion takes place in the so called skin depth
of the material and the thermal wave field is in the range of a few micrometers for
Q-switched lasers. In a regime in which no plasma shielding occurs, the absorbed

intensity 61 is

0 = ~vI6z (3.5)

with the thickness dz of the absorbing infinitesimal element and the absorption

coefficient . By integration the exponential form of absorption results in
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Figure 3.3: Absorption of electromagnetic radiation and the resulting thermal and
acoustic wave field[72]

I =1(0)e . (3.6)

For a material with reflecting surface, the reflectivity is defined as

R=1"/I (3.7)

with the reflected intensity

I"=1-T (3.8)

and the absorbed intensity I. The absorption of the electromagnetic radiation
takes place on the surface layer of the material, the skin depth (Fig. 3.3). The skin
depth is defined as the depth ¢ for which a wave’s amplitude decays by 1/e of its
original amplitude. For a longer wavelength like in the infra red regime the skin

depth can be calculated to

& = (moppuor”)~1? (3.9)

with the conductivity o , the relative permeability u,, and the permeability pg =

47 % 10""Hm~*[15]. The formula is restricted to lower frequencies, such as present

24



in the infra red (IR) regime. For higher frequencies quantum mechanic aspects have
to be considered. For 0 = 4 % 107 (Qm)~! and the value y, =~ 1 for aluminum and a
radiation of 1.06pm the skin depth results in 5 nm. The skin depth can be used to

calculate the reflectivity on a clean surface as

2-248
2426+ &

with & = pgop,.cd, and c the velocity of light. However, for most metals and low

(3.10)

optical frequencies it follows £ >> 1 and

R=1-—4/(pocd) (3.11)

resulting in a reflectivity of 0.94 for polished aluminum. For the ablative regime
the physical procedures are getting much more complicated. When the optical power
increases about the threshold for ablation, surface material is molten and vaporizes.
The vapor is ionized and a plasma is formed [27] which shields the surface of the

incident laser beam [48] partially or in total.

3.2.3 Temperature Distribution

Especially for laser excitation in the thermoelastic regime the temporal and spatial
distribution of the temperature T of the material is of interest, as it directly results
in a thermal expansion of the material and thus in a thermoelastic excited wave.
For low laser power, a uniformly illuminated area A, and an extremely short pulse
width, it was first assumed that the thermal conductivity could be neglected. The
assumption of a uniform absorption on the skin depth induces a temperature increase

on the surface of

5T = 6E/CpAS (3.12)
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with the absorbed pulse energy 6 F, the specific heat capacity C' and the density
p. For the values of polished aluminum and an irradiated area of 10 mm? by an
100 mJ pulse, this would result in a temperature increase of about 5000 K and thus
a vaporization of the surface layer. This result does not confirm the assumption of
no influence of the conductivity at these intensities|[73]. In fact, laser pulses with a
width in the range of 10 —100ns penetrate material to a depth of about 1 um and the
value of the temperature increase of 5000 K is reduced to a value of 100 K according

to Eq. 3.12 which is more reasonable.

A more accurate temperature distribution is derived from the differential equation

of heat flow in a semi infinite half-space with a boundary at the plane z = 0:

AT ——— =" (3.13)

with thermal conductivity K, thermal diffusivity x, and the heat produced per
volume area Ay (x,y, z,t). Using the boundary conditions T'(x,y, z,0) =0and T'— 0
for z — 0o and no heat flux at z = 0.
In the most cases the three dimensional problem can be reduced to a one dimensional
problem, as the irradiated surface of the material is much larger compared to the

depth to which the heat is conducted [74]:
T=T(z,1); Ay = Ay (z,1) (3.14)
Solving this differential equation[16],it is
20 (k)2

T(zt) = = ——ierfc (W) (3.15)

with
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ierfe(C) = %642 — \2/—5? :

For a pulse switched on at ¢t = 0 and switched off at t = ¢35 a second term must be

e dg. (3.16)

added and the temperature distribution is:

1t = 2 e ) - 2 e ()

(3.17)

As a result the temperature distribution for short duration scales (~ 75 ns) on
the material’s surface mainly depends on the pulse width and the peak energy (for
non uniform profiles) while for longer durations (~ 150 ns) and deeper conduction
distances the total energy is most relevant. A spatial and temporal pulse of Gaussian

shape results in more moderate temperature maxima and gradients, specially for short

pulse widths[74].
3.2.4 Thermoelastic and Ablative Heat Source

Depending on the pulse energy of an incident laser beam at a solid surface, acoustic
bulk shear and surface waves (where the most significant part of the signal propa-
gates with the velocity of Rayleigh surface Waves[5]) are generated. According to
the previous sections, working at low energies results in a thermoelastic expansion
of infinitesimal surface volumes|74, 4] and the resulting tangential forces|[72] work as
the acoustic source. At high energies ablation of the surface material occurs and the
acoustic source is due to a strong normal force generated by the ablation processes.
Fig. 3.4 shows the radiation pattern for a thermoelastic and an ablative point source.
For the ablative regime, most of the pressure pulse energy goes forward into the

material[27].
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Figure 3.4: Farfield pattern of compression wave by laser pulse[72]

The different generation principles cause different characteristics in the excited
wave field. Depending on the applied energy in the ablative regime, the acoustic
source is a superposition of a thermoelastical and an ablative source[58, 27|, where
the normal force mechanism becomes more dominating with an increasing laser power
density.

Thermoelastic excited waves are suitable to generate well defined narrowband signals
[72, 40] with a waveform that is independent of the pulse energy|[38] and a magnitude
scaling[87, 6, 27, 69, 22] with the incident pulse energy. Relatively small amplitude[30]
can be expected and a small signal to noise ratio[8], compared to ablative excitation
mechanisms[51]. Increasing the laser power above the threshold of ablation increases
the magnitude of the resulting waveforms noticeably[58, 56, 43] especially for longi-

tudinal and surface waves|22] (see Fig. 3.5):
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Figure 3.5: Signal Amplitude of a) longitudinal wave, b) Rayleigh surface wave in
aluminum as a function of incident pulse energy|6]

While the thermoelastic source tends to excite high amplitudes for transversal
waves[6], the excitation in the ablative regime decreases with incident energy and
vanishes completely[22] when large plasmas are generated(Fig. 3.6).

When the laser power is above the threshold of the material, the irradiated sur-
face is first heated up to the melting temperature of the material. The melt front is
propagating into the material and for continuous heating the material will start to
vaporize. Specially for ablation with lower pulse energies, e.g. use of lasers that are
not Q-switched, the thermal conductivity of the material determines the amount of

material being vaporized[67]. A thin layer on the surface, the Knutsen-layer, is formed
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Figure 3.6: Signal Amplitude transversal wave in aluminum as a function of laser
pulse energy|6]

by vapor of unsteady translational equilibrium and discontinuities in pressure, tem-
perature and density[58]. Beyond the Knutsen-layer is an area of expanding vapor.
The incident energy on the vapor leads to a plasma being formed. For high powers,
when a critical plasma density is reached, the laser power is absorbed completely by
the plasma due to the inverse bremsstrahlung effect and no more energy will reach
the materials surface. More vapor is ionized and the plasma expands adiabatic into
the direction of the incident laser beam[48]. The stress pulse excited in the ablative
regime due to the material vaporization and the heating of the plasma propagates
into the material[74].

High energies have not only an influence on the magnitude of waveforms, with scale up
to distinct energies linearly but also become more complicated. For higher energies,
also the waveform changes with the energy. In Fig. 3.7 the shape of the wave-
form changes from an impulse to a step. This effect could be explained by shielding

effects[38, 48, 27] of a plasma growing with the incident power density.
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Figure 3.7: Surface wave pulse shape for different excitation energies in the ablative
regime[72]

The nonlinear behavior in the nearfield of the ablative source is not only reflected
by the nonlinear trend|[75, 39] of signal magnitude against laser power, but also in an
excitation of higher harmonics, as seen in (Fig. 3.8) where the second harmonic am-
plitude increases with the laser pulse energy in contrary to the thermoelastic source.
A broadened frequency spectrum and the excitation of higher harmonics were also

detected by [28] using the ablative laser regime on Silicon single crystals.
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Figure 3.8: Surface wave frequency spectrum for different excitation energies a)
0.5mJ b) 3mJ ¢) 3.5mJ by narrowband excitation with a pico second laser in the
ablative regime[75]

3.2.5 Source Pattern Generation for Narrow Band Signal Excitation

The excitation of a narrow band signal with a laser source, which is in nature broad-
band is possible by arranging multiple sources in patterns of surface area that is
exposed and surface area that is not exposed to the laser illumination. Regular pat-
terns enable narrow band signals, while the shape of the components of the pattern
have influence on signal amplitude, directivity, sensitivity[46] and the frequency spec-
trum.

Different approaches are possible to excite a narrowband wave, using diffraction op-

tics, focusing and diverging lenses and lens arrays and shadow masks.
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Multiple Laser Beams [57, 33, 62, 59, 61] The concept of multiple laser beams
to excite a harmonic acoustic wave can be used for two different generation meth-
ods. An array of laser sources can be used or the beam of a single source can be
into several beams. The pattern generation can be due to focusing single beams on
the surface[57] or by optical interference[33, 62, 59, 61] of two incident laser beams
(Fig 3.9). This technique is flexible according to the desired pattern and has a lot of
energetic potential but brings difficulties in the alignment of several laser sources and

the interference pattern.

Excitation

beams

Probe beam

Figure 3.9: Narrowband surface excitation by interference of two incident laser
beams|[75]

Diffraction Optics [40] The use of diffraction optics like optical gratings and
beam splitters (Fig. 4.1) allows an absolute non contact excitation with arrange-
able pattern feature sizes and geometries. Transmission gratings have low alignment
sensitivity [82]. However the use of systems of focusing and expanding lenses (Fig.
3.10)is necessary to excite a well defined pattern. The pulse energy is limited to the

threshold of the diffraction optic and the energy distribution is not uniform over the
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pattern[40] and is decreasing strongly with distance from the central feature.
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Figure 3.10: Narrowband surface excitation by a diffracted laser beam[40]

Lenticular Array [20, 55] A lenticular array is an array of several focusing
lenses (Fig. 3.11) and allows an absolute non-contact excitation method with quasi
unlimited use of laser power, the thresholds for focusing optics are much higher for
lenses than for gratings. The pattern is inflexible in the amount of features like lines.
The line width can be changed by moving the specimen out of the focus of the lentic-

ular array. The signal is very susceptible to misalignment[20].

Plano Convex Lens
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Detector m
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Figure 3.11: Narrowband surface excitation by lenticular array[20]
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Shadow Mask [23, 70, 9, 60] The use of a mask to create a source pattern is
an approach with an relatively simple set up (Fig. 4.3) and (Fig. 3.12). The align-
ment is simple and there is almost no limit for the applicable laser pulse energy, as
the damage to most materials is very small due to the very short laser pulses. The
problematic comes with the fabrication of the masks, as the feature sizes are limited
by fabrication process and mask material and the excitable frequency of a narrow-
band signal is limited by the manufacturable feature size Eq. 3.18. Furthermore the
pattern is not flexible to changes of the pattern. About 50% of the incident energy
is lost [20] and the mask has to be attached close to the surface, to avoid diffraction

effects[60].

Incident Laser

-

w

Mask

AR

Figure 3.12: Narrowband surface excitation by illumination through a shadow
mask[60]

These approaches excite line source patterns on the specimens surface. Against
the more simple point source the line source enhances the signal and adds directivity
(see Fig. 3.13 ) to the wave forms [7, 43] and increases the signal to noise ratio[26].
The line focused source also enables the use of higher pulse energies without excit-
ing in the ablative regime [8] as the energy is distributed on a larger surface area.
Furthermore [6] reported an increasing wave magnitude of 20% by sharp lateral gra-

dients, such that the excited Rayleigh wave signal is increased by high temporal and
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lateral gradients of the thermal source.

Figure 3.13: Directivity of a laser line source (4mm x 1mm) on mild steel[75]

It shall be mentioned that the directivity of the waveform is not the same as the
directivity of the energy propagation[55]. Nearfield observations of [26] for thermoe-
lastic sources showed that the line source excites a monopolar Rayleigh wave in the
nearfield, while the point source waveform is bipolar. This agrees with the mathe-
matical modulation of the line and point source[4].

A regular line source excites a broadband signal. The narrow band signal is due to
several sources that are lined up resulting in a decreasing bandwidth for an increasing

number of source elements [23] as seen in Fig. 3.14.
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Figure 3.14: Decrement of signal bandwidth with number of line sources[23]
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To excite a narrow band signal in the desired frequency, f, the pattern parameters

are derived as

2
d=\p = ZCR:CTR

with the wavelength of the Rayleigh wave, Ag, and the Rayleigh wave speed,

(3.18)

cr(Fig. 3.12). These line array parameters essentially control the bandwidth of
the signal[20]. For a Gaussian illumination profile of a line source, the source is
about 1.65 times larger then the Gaussian radius. Using a diffraction device, the
important parameters to illuminate a pattern on a surface is the diffraction angle, 0,
and the distance L between the grating and the specimen’s surface (Fig. 3.15) . The
diffraction angle is determined by

nv”

n=012 . 3.19
5 (3.19)

sinf,, =

with the slit separation (pitch), p, of the optical grating[35] and the order of the
intensity maximum, n. For small angles sinf; < 1 = sinf; = d/L and the distance

between specimen and grating is

L=d— (3.20)
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Figure 3.15: Geometric principles of a diffraction grating[23]

3.2.6 Derivation of the Thermoelastic Source

The mathematical modulation of laser generated ultrasound is based on the sur-
face center of expansion theory[73] and is related to a pure mechanical source for
the thermoelastic regime. The work of Rose builds the basics for the point source
representation in an elastic half space using integral transform techniques[68] and a
modulation of a two dimensional line source representation was analyzed by Bern-
stein and Spicer[13]. A complete model of the laser source valid for near and farfield
[54, 79]was made by Spicer[79]. Approaches for a model for a source in the ablative
regime were made by [48, 58]. The following derivation of the thermoelastic point and
line source is according to Achenbach [4] and is based on the work of the mentioned
authors.

For a linearly elastic and isotropic solid, the governing equations for the thermoelastic

wave field are given as
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KV°T = pe, T+ TpB.V -1 —q (3.21)

and

pV*u+ (A + p)V(V -u) = pi (3.22)

with the heat conductivity, K, the actual and ambient temperatures, 7" and Tj, the
mass density, p, the displacement vector, u(z,t), x = [r1, x9, x3], where x,zo build
the surface plane of the half space and z3 is the positive direction normal into the half
space. The thermoelastic coupling constant is 8. = (3\ + 2u)«, including the lame
constants, A and pu, and the coefficient of linear thermal expansion, a. The specific
heat at constant deformation is ¢, and the deposited heat is ¢q. The second term on
the right hand side of eq. (3.22) is the heat produced by mechanical deformation and
can be neglected for laser generated thermal sources and the equation can be reduced
to:

KV - T =L (3.23)

PCy
with the thermal diffusivity, K = K/pc,. The heat deposition can be expressed as

q=EQ1—R)ye ™ f(r)g(l) (3.24)
with
_ L 2 oeym
f(r)= \/%Rée 2 (3.25)
and

(3.26)
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where I is the energy of a laser pulse, R the surface reflectivity and Rg the Gaus-
sian beam radius, v! the rise time parameter of the laser pulse and v the excitation
coefficient. r is the coordinate for the Gaussian distribution, represented as a disk
where the influence of the laser outside the Gaussian radius is neglected. With the
assumption that all energy is absorbed at the surface (7 — o0) and the limits v* — 0

and Rg — 0 the equivalent concentrated point source is

qg=FE(1 —R)§(x3)=—=5(t) (3.27)

A thermoelastic source in an unbounded medium can be modeled as an equivalent
mechanical loading in the form of three mutually orthogonal force dipoles[74]. For
the 2-D case and a spatial Gaussian distribution of the laser energy with respect to

the z1-coordinate(Fig. 3.16), the expression for the deposited heat is

o)\ etn

= X,

X,

Figure 3.16: Temporal and spatial Gaussian distribution of the laser beam for the
2-D case[8].

q = E(1 = R)d(x1)d(x3)9(1) (3.28)

with the energy in xo-direction per unit length. For a infinitesimal element with

length [, width x5 and depth [s3:
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0= B(L= R)7o(0) (3.29)

Using Eq. 3.29 and neglecting the heat conduction, which is according to section

(3.2.3) in contrast to Scruby an Drain (1990), reduces Eq. 3.23 to

. E 11
T = E(l ~ R o) (3.30)

Representing the temporal distribution by an integration of its harmonic compo-

nents,

g(t) = / g(w)e ™" dw (3.31)

and the harmonic components of the temperature

0T = 6T et (3.32)

with

Ea-pll (3.33)

PCy l l3

0T =

0T is the temperature increment leading to thermal expansion of the very thin
element with the harmonic components given by Eq. 3.32. In the following the term
with the harmonic components of 67 which can be derived from Eq. 3.32 will be
left out and reintroduced in the end. The element is located on the free surface and
maintains plain strain in xy. If the element is removed from its surroundings (Fig.

3.17), it will deform freely in the x; and x3 directions and

11 — /\(611 + 633) + 2,[1611 — BC(ST = O (334)
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Figure 3.17: Surface element for the derivation of a infinite line source with reaction
forces Fi* due to thermal expansion and the excited Rayleigh wave R[4].

733 — /\(611 + 633) -+ 2,[1633 - BC6T =0 (335)

yielding to

BT 3A+2u
€ = =
P9+ ) 200+ p)adT

with stress, 7, and strains, e. Putting the element back into the half-space i is

(3.36)

€11 =

compressed in x; direction with the amount of the strain, ¢;;. Using this and Eq.

3.35 the strain in x3 and the stress in x; are

O ABA+2p)
BTN WA+ 2p)

adT (3.37)

and

2
3\ + 2p)adT 3.38
A+2u( + 2u)a (3.38)

1 = —

The forces that are produced due to this stress that generate the ultrasonic wave

in the half-space in +x5 direction (Fig. 3.17) results in
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D
Ff=+ml; = +— (3.39)

These forces work at 4l,/2 with the dipole per unit length, D, defined by the

double force:

2 (37 4 2p)a-(1— R). (3.40)

D=
A+2p pCy

In the axial symmetric case for a finite point source of radius ry the volume ele-

ment has the shape of a thin disk (Fig. 3.18) and Eq. 3.33 is rewritten as

6T = —(1—R)—5— (3.41)

Figure 3.18: Surface element for finite point sourcel[4].

and for the radial strain of the free element

€ = €33 = €g = 0T (3.42)

Placing the disc back in the half-space and the application of the boundary con-

ditions yield to
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2 0T

— 3.43
€33 A+ 24 ( )
and
— A 3\ 4 2u)asT (3.44)
Ty = Nt ) )
and the radial Force
D
F,=— (3.45)
g

where D = D. Arias and Achenbach (2003) showed that for a set of point sources
(ro — 0) the surface tractions are equivalent to a set of orthogonal dipoles of magni-

tude D on the surface of the half-space (Fig. 3.19).

i

P e T
T
o

Figure 3.19: Schematic superposition of force dipoles for a line source[8].

A more general derivation for transversely isotropic materials was made by Achen-
bach (2005)[5].

From above we know that the radiated surface has an equivalent mechanical load-
ing of forces due to orthogonal dipoles and a set of body and surface waves are excited.
In sufficient distance only the surface disturbances are of any interest due to the faster
decay of the body waves[4]. The time harmonic forces Eq. 3.39 and Eq. 3.45 and
taking the displacements also with the time harmonic factor [¢(w)/(—iw)]exp(—iwt)

the boundary conditions at the surface x3 = 0 are
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l l

T33 — 0, (347)

and no heat transport across the boundary

oT
Ozs =0 (3.48)
The displacement and stress components depend only on z; and x3 with a still
omitted time-factor. For the solution the technique of reciprocity theorem for elas-
todynamics [3] connected with the virtual wave[l], where a surface wave propagating
on a free surface is represented by a carrier wave of motions of exponentially decay

for increasing z3. The displacements in terms of the carrier wave ¢(xy,xy) where

¢ = exp(—ikgrxy) for x; > 0 and ¢ = exp(ikgz) for 1 <0

1 0
uy = AEVR(Z'g)a—i(I'l, ZEQ), (349)
1 0
U2 = AEVR(.T:;)@—;;([BM [L’Q) (350)
and
Uy, = AW (23) (21, 29) (3.51)

with the wave number, kr = w/cg, and the Rayleigh velocity, cg. The condition
for the carrier wave is:
Pop ¢
— + =5+ krp=0 3.52
ox? + 0x3 * kd (3:52)

where VF and W# are determined by Eq. A.3 and Eq. A.4.

The elastodynamic reciprocity theorem for the half-plane, V|, with z3 > 0 with a
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boundary, S, which is defined by x3 = 0, and the lines x1 = a 1 = b and 3 — o0

(with no contribution) and two time-harmonic states, A and B, is

/V (ff‘uf — fJBu;‘) dV = /5 (Tgu;‘ — T{?uf)ni dsS (3.53)
with the outward normal donated by n. For the state A, surface waves are selected

such that propagate from the source into the positive and negative z; direction

uit(zy, 20) = £i AV R (15)eFFrm1) (3.54)

uy (21, 15) = AWE(z5)etkrm (3.55)

with amplitude A of the surface wave and the relevant related stresses

(@1, x5) = AT} (2)e 0o, (3.56)

i (x1, 13) = FIATE (2)ethrm1 (3.57)

with T} and T} defined by Eq. A.10 and Eq. A.11. For state B, the virtual wave

propagating in the positive x;-dirction and amplitude B is described by:

ub (21, 29) = iBV R (5)erm1, (3.58)
ug (x1, 29) = BW R (z5)er™t (3.59)
78 (21, 23) = BTE(2)e* (3.60)
521, 23) = i BT[(2)e*r™ (3.61)
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For this problem the reciprocity relation from Eq. 3.53 becomes

l l .

-

_I1 . 1 . 0 o0
iBD —e’le/Q——elle/Q] _ / Falor—s ds — / Faplomadzd  (3.62)
0

vV vV
=0 =2{ABI

with

A_B A_B B_A B_A

and I from Eq. A.15. The integrations along z; = a,0 < 3 < oo and z; =
b,0 < x3 < oo yield only contributions from counter propagating waves which is at
the present choice for z1 = a,0 < x3 < oo and for the limit of [ — 0 Eq. 41 turns

into

krBDVE(0) = 2iABI (3.64)

and the amplitude of the dipole force generated surface wave is

_ kgDVH(0)  dwVE(0) D

A = —. 3.65
() 201 cr I 2 ( )
Eq. 3.65 into Eq. 3.55 and reintroduction of the time factor gives
1 VE()WE(0) D , ,
’&3(371,@) - ( ) ( )_g(w)eilkalfzwt (366)
CR I 2

and by using Eq. 3.31 and assuming that the Rayleigh pulse has the same temporal
dependency like the laser pulse, the normal displacement at the surface results in:
1 VEO)WZE() D

uz(0,t) = —CRfig(t:Fxl/cR) (3.67)

For an array of lines it is assumed, it is assumed that the generated wave h(t) of

a single line source travelling in positive x5 direction scales in the farfield like
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h(t) o (z — cpt)e = /d (3.68)

with a frequency representation

H(f) o fem f*d/1ck (3.69)

where d is the characteristic width of the Gaussian distribution(intensity drops to
1/e of the maximum value). For an array of N lines with Gaussian distribution the

wave can be described in time domain as

N

g(t) = h(t —ndt) (3.70)

and respectively the frequency spectrum

G(f) = NH(f)S(f), (3.71)

with the propagation time between two successive line sources and

sin(m N fdt)

S = — . 3.72
(/) N sin(m fot) (3:72)
The fundamental frequency of the excited signal is fo = 1/dt with a signal band-
width of 2fy/N and for the array function (Eq. 3.72) principle peaks of narrowband

character at f, = (n + 1) fo[40].
3.2.7 Derivation of the Ablative Source

The most difficulties of the derivation of a mathematical model of the ablative source
are due to the effects during the interaction of plasma and laser beam[27] and the
fact that the thermal constants vary for high temperatures as well as for the liquid

and gaseous phase[10].
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As mentioned above the ablative source can be equivalent modeled as a force acting
normal on the surface into the material, mainly excited by the removed material. The
effects of thermoelastic strains can be neglected, when the absorbed power density I’

is above the critical power density

I. >2Qp\/K/T (3.73)

with the latent heat, QQ ,required to vaporize the solid and the stress resulting
from the repelled material can be calculated by Newton’s second law of motion as the

rate of the change of the momentum|[74]:

_ I¢
T Q10T —Ty)

(3.74)

with the vaporization and initial temperatures 7, and T, and the rate of removed
material (. The determination of ( depends mainly on the incident power and pulse

length 7[74]. For not Q-switched lasers with relatively long laser pulses (7 ~ 1073s,
(is

I/
= 3.75
and Eq. 3.74 results in
12
o (3.76)

T QT Ty

Eq. 3.76 takes only the influence of the free repelled material into account. How-
ever for short laser pulses, due to the probability of material getting ejected in the
liquid phase and influences of the plasma the derivation of the ablative source be-
comes complicated. The plasma puts pressure on the molten and vaporized phase
and prevents ejection but keeps inducing heat into the surface. Therefore material

is vaporized even after the end of the laser pulse[10] for a long time. The variation
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of the resulting stresses is between two limiting cases: The resulting stress has the
temporal form of the laser pulse (see Eq. 3.26) and a heavy-side unit-step function
H(t). [10] therefore describes the boundary conditions for a ablative source on the

surface at x3 = 0 for a point source as

s(r) | 0(t)

033 = f“# (3.77)
r

H{(t)

due to a force with amplitude f, varying in temporal form between pulse and step
shape.

Such the characteristics of the ablative source depend on laser intensity and pulse
width, the wavelength of the laser light and the plasma parameters, which essentially

determine the energy transport and the momentum on the surface[48]. [44] developed

a simulation model for the ablative regime.
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CHAPTER IV

EXPERIMENTAL SETUP

In section 3.2.5 four different techniques to generate a narrow band ultrasonic sig-
nal were presented. The diffraction optics and shadow mask techniques were the
most promising methods to excite the desired signal for harmonic generation and
investigation of the non-linear ultrasonic behavior of materials based on the avail-
able equipment. The technique should be able to excite wave signals of a frequency
above 1 M Hz. According to Eq. 3.18 the distance between two excitation lines of
a Rayleigh wave (f > 1 MHz) on common metals is smaller then three mm and
decreases with increasing frequency. Two different set ups had to be developed to

address different problems.

4.1 Laser

The used emission source is the Surlite I-10 from Continuum. An introduction to
laser principles was given in section 3.2. The Surelite 1-10 is a Q-switched Nd:YAG
(neodymium-doped yttrium aluminum garnet; Nd : Y3Al;0q2)laser and is used to
emit radiation of 1064 nm wavelength. The pulse width is 5 ns — 7 ns and the Rod
diameter of the Gaussian shaped beam is 6 mm with a divergence of 0.6 mrads. The
energy of the emitted laser pulse is 460u.J. The frequency for the flash lamp discharge
was bHz with a discharge voltage of 1.24 kV per discharge and the Q-switch delay
was 188 us for maximum energy output. The Surelite I-10 has a flash lamp discharge
divider, which allows the user to change the emission frequency of the laser without

changing the discharge frequency of the flash lamp as well as enables single shots.
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4.2 Diffraction Grating Set Up

The use of pattern generation by diffraction optics is based on the physical principles
of the diffraction of electromagnetic radiation (Section 3.2.5). There the incident laser
beam is diffracted and a theoretical endless pattern of the same spatial shape as the
incident beam is generated. This technique uses diffraction devices such as diffrac-
tion gratings, beam splitters and diffusers. The naming of this kind of optics does
not seem to be constant but depends on the manufacturer. To enhance the quality
of the generation and enable higher first harmonic frequencies, the laser beam has to
be manipulated in shape and intensity by the use of convex and concave, cylindrical

and spherical lenses (Fig. 4.1).

- Oscilloscope
Trigger-Signal

e “POS. Lens

Transducer-Signal

Grating/Splitter

S & pOS. Lens

—>

Specimen

Figure 4.1: Illumination pattern for narrowband signal excitation by diffraction
optics and different sets of focusing lenses. The signal is detected by a conventional
wedge-transducer

In Fig. 4.1 two different positions for additional optics are marked. Therefore it
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is possible to create spatial separated point and line sources with a sharp focus. The
additional optics are necessary to reduce the spot size of the emitted laser from 6mm
to a usable size, since the width of the illuminated feature on the surface should be
approximately half the desired wavelength \g.

In contrast to the set up of Huang et al. (1992) (Fig. 3.10), the manipulation of
beam diameter and shape was made after the beam got diffracted. This optical set
up design was necessary because of the experiments high energy pulse and the risk
associated with focusing, namely damaging the diffraction device by increasing the

power density of the laser pulse.

o fooooo| 1 1 1

Figure 4.2: a) Diffraction and focusing of laser beam for b) pattern of point sources
by a spherical lens and ¢) pattern of line sources by a cylindrical lens

Optics For the optical bench like in Fig. 4.2 the following optics were available
(Tab. 4.1). The distances between the diffraction optic and the specimen can be
calculated by Eq. 3.19 and Eq. 3.20. The distance between lens and specimen is em-
pirically optimized, as slightly out of focus alignment can increase the amplitude[30]

and is more gentle to the specimens surface, due to lower peak power densities.
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Table 4.1: Optics for diffraction and beam manipulation

Diffraction| Beamsplitter I | Pattern of 15 lined up dots. Full
Optics angular divergence is 2.7°. Made of
Si0s for a higher damage threshold.
Efficiency of 72%. (MEMS Optical,
Inc., Product number: 1017)
Beamsplitter | Pattern of 10 lined up dots. Full
11 angular divergence is calculated to
~ 5.7°. Made of SiOy for a higher
damage threshold.  Efficiency is
unknown. (MEMS Optical, Inc.,
Product number: unknown)
Diffuser Pattern of 25 lines. The diffuser is
made of Si0s for a higher damage
threshold. Full angular divergence
in horizontal and vertical is 10.7°
and the divergence of the lines is
0.2°. (MEMS Optical, Inc., Prod-
uct number: D056)

Transmission | Near IR Transmission Grating. 300

Grating grooves (lines/mm).  Size 50 X
50mm (Thorlabs, Product number
GT1I150 — 03)

Lenses Spherical lens | Focal length of ~ 12¢m (unknown

origin)

Cylindrical Focal length of 10mm (Edmund Op-

lens tics Inc., Product number: NT48 —
360)

4.3 Shadow Mask Set Up

The shadow mask creates a direct pattern on the specimen’s surface. The mask
parameters are determined in Eq. 3.18 and by the assumption, that the slit width
of the mask should be about half the wavelength Ar. According to [23] the optimal
slit width w of a shadow mask for laser ultrasonics for narrowband excitation in the

thermoelastic regime is

V2R

™

w = ~ 0.45\R (4.1)
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with the desired acoustic wavelength A. According to the different excitation
processes masks with different slit widths in the range of approximately g + 30%
were manufactured. The fabrication accuracy depends on mask material and feature
size. Different materials were tested in terms of permeability to the emitted radiation
from the laser (v" = 1064 nm) and manufacturability for the small feature sizes.
Among others polyethylene, plastic, colored acrylic plates, and cardboard were under
examination. For fabrication of the small slit pattern the IR-laser cutter from the
Georgia Tech Invention Studio was used. While the acrylic plate had the best cutting
performance it is opaque to the laser-light. Some plastics proved not to be ideal
since they were destroyed and melted after multiple laser pulses. The cardboard had
good laser absorbing properties without damaging itself too much. Furthermore the
Invention Studio had a lot of experience in cutting cardboard and the fabrication of
masks with a slit width of beyond 150 um, which corresponds to an excited acoustic
frequency of &~ 10 M H z in steel and aluminum, was possible. The quality check was
made by a metric measurement scale included in a magnification glass. Therefore it
was possible to examine the slit separation d but it was not possible to determine
the exact slit width w on this method. The calculated values for the two specimen
materials are d = 0.58 mm for aluminum and d = 0.6 mm for steel. The thickness
of the cardboard was about 0.8 mm. For a narrow band signal it is important to
maximize the number of lines in the illuminated pattern. This is made possible by
using higher frequencies and by expanding the laser beam (Fig. 4.3) . For this purpose
a beam expander (Edmund Optics Inc., Part-#NT48 — 360) was used. The expander
is variable and expands incident laser beams in the range of x1 to x3 and can also

be used as a focusing or diverging lens through special adjustments.
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—>

S | N YAG

Specimen

Figure 4.3: Tllumination pattern for narrowband signal excitation by a shadow mask.
The signal is detected by a conventional wedge-transducer

4.4 Specimen

The specimens used for the experiments were dog boned shaped steel specimens (A36)
and an Aluminum (Al 6061) plate. The A36 steel specimen and the aluminum plate
were used for basic investigations of the characteristics of the excited signal in ther-
moelastic and ablative regime. Walker et al. (2011) used in previous experiments the
A36 specimens to detect fatigue damage in steel by the use of non-linear Rayleigh
surface waves. An increasing non-linearity with number of fatigue cycles was shown
[78]. These specimens were used to compare the results of the non-linearity mea-
surement by contact excitation with those by the new non-contact laser generation
method.

In the experiments the specimens were clamped to a linear actuator with their surface
perpendicular to the incident laser beam. While the incident angle of the laser beam
has no influence on the energy absorption[64] misalignment can lead to uneven illu-
mination for diffraction techniques and reduction of linewidth due to the thickness of
the mask material in the mask technique. The measurements for the signal behavior

against the distance were performed by moving the specimen by the actuator. For
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repeated measurements on the steel specimen a surface treatment and polishing is
necessary between every set of measurements. The aluminum plate was large enough

to perform several measurements.

4.5 Signal Detection

While for a complete non-contact method the detection can be realized by the use
of optical detection methods, EMAT transducers or air coupled transducers (Section
3.1) the focus of this work was on the non-contact excitation. Therefore the ultrasonic
signal was detected by an piezoelectric wedge transducer (Tab. 4.2) . A piezoelectric
transducer (Tab. 4.2) was attached to a Plexiglas wedge with angle § = 70° + 1°,
which depends on the linear characteristics of the material and can be derived by

Snell’s-law in the form

sin 91 C1

= 4.2
sin 92 Co ( )

and results in 0 guminum ~ 68° and Ogep ~ 65° for a longitudinal wave speed in
Plexiglas, cflmglas = 2720 m/s. The center frequency of the receiving transducer
twice the excitation frequency is necessary to sense the second harmonic component.
The detected signal was stored by an oscilloscope (Tektronix TDS 420) with a sample
rate of 100MS/s. For some of the measurements an additional high pass filterwas

used. The oscilloscope was externally triggered by the laser control unit and the

signal’s output is in Volts.

Table 4.2: Piezoelectric Transducers

Transducer Characteristics

Panametrics A109S (# 527408) | Narrowband transducer (5 M H z center freq.)
0.5” in diameter

Panametrics V112 (# 823918) | Broadband transducer (10M Hz center freq.)
0.25” in diameter
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4.6 Signal Processing

Fig. 4.4 shows the time domain signal of the excited 5M Hz tone-burst. Due to
the small number of cycles and the Gaussian shape of the burst signal, no further
windowing techniques are applied and a fast Fourier transform is performed on the
signal. In the resulting frequency spectrum the first harmonic and second harmonic
components (A; and Aj) are determined. In terms of non-linear wave propagation the

non-linearity parameter g is determined and plotted against the propagation distance.
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0.006 H e
0.004 ” B

0.002- i
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-0.006
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Figure 4.4: 5M Hz Narrowband tone-burst signal by mask illumination
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CHAPTER V

EXPERIMENTAL RESULTS

The goal of the research is to develop and characterize a noncontact harmonic excita-
tion method for Rayleigh surface waves using the laser described in section 4.1. Two
possible approaches are introduced in sections 4.2 and 4.3. In the experiments it is first
determined, which technique is capable to generate a harmonic narrowband surface
wave signal, that is sufficiently strong to observe material nonlinearities. Then the
more suitable shadow mask technique is used to excite harmonic signals to measure
the expected increasing nonlinearity parameter for increasing propagation distance

(Section 2.3).

5.1 Harmonic Signal Generation

For the determination of the necessary pattern parameter for both specimen materials
(Section 4.4) and as verification that the measured signal is the Rayleigh wave, the
speed of the generated wave is measured. For this purpose a pulse train of signals
is generated by focusing the beam on the specimens surface using a cylindrical lens.
Averaging from seven measurements and ¢ = As/At results in c4* = 2940 m/s.
This is in good agreement with the literature value for aluminum, c4* = 2930m/s.

Similarly for steel: c3? = 3003 m/s(Lit.: ¢3¢ = 3000 m/s).
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Figure 5.1: Measurement of Rayleigh wave speed on aluminum. Seven measurements
with distance As =5 mm

5.1.1 Signals Generated by Diffraction Optics

For Beamsplitter I (Tab. 4.1) the calculated distance (comparable to Fig. 3.15) is
L = 178 em. In Fig. 5.2 the diffracted beam is focused with the spherical lens
(focal length ~ 12 ¢m) on the surface of the specimen. The signal has a length of
fifteen cycles as expected. Slight out of focus alignment can increase the magnitude
of pulse signals[30]. In Fig. 5.2 b) the lens is moved that the specimen is out of
focus for ~ 1.5 mm. As a result the signal pattern seems to be more uniform besides
the maximum caused by the center point of the excitation pattern then the in focus
signal. Further out of focus alignment increases the amplitude but distorts the signal’s
shape(Fig. 5.2).

It is not possible with the described set up to excite a signal without the strong
pulse in the signal’s center. The reason is the energy distribution during the diffraction
process. Unfortunately MEMS Optics is not able to provide any product information
about the energy distribution of the beam splitters. According to [24] the energy
distribution of beam splitters is ~ 25% to the diffraction maximum of 0-th order and
~ 25% on the maxima of first order. The use of Beamsplitter II (Tab. 4.1) with a
even number of spots showed a strong anti harmonic behavior in the signal’s center.

The reason therefore could be that the grating diffracts only part of the incident
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Figure 5.2: 5 M Hz Narrow band signal excitation by Beamsplitter on steel a) in
focus, b) 1.5 mm out of focus, ¢) 5 mm out of focus.

beam and transmits the other part undiffracted. For an odd number of maxima spots
produced by the diffraction device, the center spot coincides with the Oth-order max-
imum, while for an even number of spots the undiffracted beam is between the two
maxima of first order. Using a cylindrical lens (Fig. 5.3) enhances the ratio between
the center maximum and the rest of the cycles. Furthermore the excited signal looks

more like a chain of mono-polar pulses, as compared to the signals in Fig. 5.2.

Aplitude [V]

i i i i i i
25 26 27 28 29 30
Time [us]

Figure 5.3: 5 M Hz Narrow band signal excitation by Beamsplitter line focused on
steel with a cylindrical lens.
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The use of the Diffuser (Tab. 4.1) did not improve the signal at all. The illu-
minated line pattern behaves as a source that is assumed to be thermoelastic and

excites a signal on top of a strong pulse (Fig. 5.4)

Aplitude [V]

Time [ps]

Figure 5.4: 5 M Hz Signal excitation by Diffuser (no additional focusing optics).

The use of the Transmission Grating (Tab. 4.1) did not result in any harmonic
excitation. Due to the fine pitch (~ 3.3 mm) the diffraction angle was very large and
the linearization for Eq. 3.20 is not valid any more. Furthermore the threshold of the
grating was too low for the power density of the laser pulse and a damage was visible

on the gratings surface.
5.1.2 Signals Generated by Shadow Mask

For the diffraction technique, the wavelength of the excited signal determined by the
distance between grating and specimen, while the amount of line and point sources
depends on the diffraction device itself. For shadow masks, the amount of line sources
depends on the amount of slits that are illuminated by the laser while the excited
wavelength is unique for every mask. One way to increase the illuminated number
of slits is to expand the spatial profile of the laser beam. Another way is to use
smaller mask feature sizes d and w (Fig. 3.12) that will excite a higher frequency.
In Fig. 5.5 the mask parameters are d = 1.5 mm and w = 0.75 mm. The laser

beam is unexpanded. The excitation source has a spatial spread of 4 —5 wavelengths.
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The propagation distance was very short (2 — 3 c¢m). The signal was detected by

a narrowband transducer with center frequency at 5 M Hz (Tab. 4.2) and the high

A
excitation of the second harmonic with a ratio of — = 7.8 in the nearfield for an
2

ablative source coincide with observations of [75].

Aplitude [V]

Aplitude [—]

i i i i
0 1 2 3 4 5 6 7 8 9 10
Frequency [M H z]

Figure 5.5: 2 M H =z signal excitation by shadow mask and a beam diameter of 6 mm.

To increase the number of cycles, the parameters of the masks are changed to
d = 0.6 mm and w =~ 0.3 mm corresponding to a excited frequency of ~ 5 MHz.
Furthermore, the laser beam is expanded by a beam expander (Tab. 4.1) to double
the spatial diameter. In Fig. 5.6 the signal is detected in the nearfield with a 10 M H z
broadband transducer (Tab. 4.2).
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Figure 5.6: 5 M Hz signal excitation by shadow mask and x2 expanded laser beam.

Figures 5.5 and 5.6 show recordings of single shot measurements. Since the small
signal amplitudes in laser ultrasonics the signal for nonlinearity measurements is av-
eraged. Fig. 5.7 shows a typical signal used for the detection of the second harmonic.
The signal was recorded with a 10 M Hz broadband transducer and averaged for 32

separate laser shots. The signal-to-noise ratio is SNR ~ 9.6
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Figure 5.7: Averaged signal to increase signal to noise ratio

5.1.2.1 Thermoelastic and Ablative Regime

Nondestructive evaluation strives to evaluate a structure or material without damag-
ing it. Depending on the technique, minor damages to the specimens can be necessary

and is often admitted. It depends on the specific application, if these are acceptable
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or not. While thermoelastic excitation is known to be nondestructive, excitation in
the ablative regime can be compared to laser drilling. After excitation in the ablative
regime a visible damage on the specimen with the spatial form of the laser source
is visible. Fig. 5.8 shows a photography of the surface of a the steel specimen after

ablative excitation.

Figure 5.8: Ablation damage on steel a) for 1.) a single laser pulse, 2.) 256 pulses,
3.) 32 pulses. b) microscope picture (200 x magnification of the damage after 256
pulses.

For thermoelastic excitation, neutral phase filters are used to attenuate the in-
tensity of the laser beam. Unfortunately the signals measured in the thermoelastic
regime were very low with a hardly detectable second harmonic. For the diffraction
optic set-up, it is possible to increase the signal by using an oil coating. Due to the
unsteady thermal expansion of the oil it is not possible to have repeatable results. In
order to detect the second harmonic high laser power is used. The resulting signal

excitation is ablative. The amplitude of the excited signal is about ten times larger
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then the thermoelastic signal but has several drawbacks, described in section 3.2.4.
Furthermore due to the removal of surface material the surface conditions change.
This results in a material dependent change of the absorption ability. The signal
strength increases about twice from the first to the second shot and develops cumula-
tive for every further shot. In Fig. 5.9, the amplitude of the first and second harmonic
increase with increasing number of shots and decreases after about 200 — 250 shots

again. In the area of ~ 150 — 250 the source produces constant signals in A; and As.
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Figure 5.9: Excitation behavior of the first and second harmonic component against
number of laser pulses on steel.

The behavior is different in aluminum. The amplitude increases almost constantly.
In Fig. 5.10 the behavior of the ablative source on aluminum shows a linearly increas-
ing behavior for the first harmonic amplitude. The signal is averaged for 16 signals for
which the amplitude are almost constant. For the second harmonic the curve is differ-
ent as the excitation of the second harmonic seems to increases strongly after ~ 200
pulses. Measurements on aluminum should be taken and averaged for 1 < n < 200
and should stay in a relatively small range for averaged signals. Most of the results
presented in the next section are averaged for 32 signals, starting after 2 — 5 laser

pulses.
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Figure 5.10: Excitation behavior of the first and second harmonic component against
number of laser pulses on aluminum.

5.2 Measurement of the Nonlinearity of materials

Aluminum-Specimen The nonlinearity of the material is measured by excit-
ing the Rayleigh wave signal in different propagation distances from the detecting
wedge transducer which was clamped on the far side of the specimen. For aluminum
specimen (Section 4.4) the nonlinearity parameter 8 showed an increasing trend with
increasing propagation distance in all measurements for averaging on the first 32
signals. For the nine measurements taken on the same aluminum plate in similar
conditions about 70% show an increasing second harmonic component in the signal.
It shall be noticed that the difference to the other measurements can result from the
difficulties in attaching the wedge transducer onto the plate in central positions.

For 7 out of ten measurements on the same aluminum plate the second harmonic
amplitude is cumulative against the propagation distance in the farfield. In Fig. 5.11
the second harmonic starts to increase after about 9 em. The slope of the Ay /A%-plot

is the indicator for the nonlinearity of the material.

Fig. 5.12 shows the results from a single measurement procedure for several av-
erages with different number of shots. The slopes of the best linear fit for the mea-
surements is in a narrow range for the three measurements for consecutive averaged

signals and confirms expectations from the results in Fig. 5.10. Measurements on
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Figure 5.11: Development of the nonlinearity parameter and the first and second

harmonic amplitudes on aluminum.

aluminum for averaging in a range of higher number of pulses (Fig. 5.10) did not

show an increasing second harmonic anymore and can be described with the noncon-

stant excitation behavior after about two hundred pulses. The slopes vary between

8.66-107* and 10.5 - 107%.
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Figure 5.12: Nonlinearity measuerment on aluminum averaged for different number

of pul
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In Fig. 5.13 the best linear fit for different measurements which were taken in con-
stant conditions are shown. For the different measurements the receiving transducer
was moved. This explains the differences in the absolute values for the measurements
of the nonlinearity parameter and is not of further importance, as the nonlinearity
of a material is described by the slope of the linear behavior of A;/AY against the
propagation distance. All the measurements had cumulative second harmonic wave

forms and the slopes are within the range of 3.6 - 10~* and 12.4 - 10~* (Tab. 5.1).
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Figure 5.13: Best linear fit for nonlinearity measurements showing similar slopes.

Table 5.1: Measurement of nonlinearity of the aluminum plate

Measurement Set | Slope [107*/cm] | Deviation of average
Aluminum? 8.65672 1.892142
Aluminum4 3.64437 -3.120208
Aluminum6 12.4407 5.676122
Aluminum8 4.39689 -2.367688
Aluminum9 4.68421 -2.080368
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Steel-Specimen For the measurements on the steel specimen it was not possi-
ble to detect an increase in the second harmonic. However for some measurements a
cumulative nonlinearity was detectable. The lack of repeatability of the results may
be explained by the fact that the the ablative source on steel is not constant enough
(Fig. 5.9) or by the different surface conditions between each set of measurements
when a surface treatment is necessary after the damage by ablative excitation. Fig.
5.14 shows the results for cumulative nonlinearity. Even though some measurements
showed an increasing linearity it was not possible to detect a general trend of the
materials behavior. In conclusion, the excited signal is too low in amplitude to de-

tect the materials nonlinearity on steel compared to conventional contact transducer

techniques[78].
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Figure 5.14: Nonlinearity measurement on steel. Shown is the development of the
nonlinearity parameter and the behavior of the first and second harmonic amplitude.
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CHAPTER VI

CONCLUSION

The results in the previous chapters show, that with the available optical equipment
it is possible to excite a narrowband surface wave for nonlinearity measurements of
materials. The set-up for diffraction optics enable the excitation of a narrowband tone
burst with a very high center amplitude due to a non uniform energy distribution of
the energy maxima on the specimen’s surface. The use of a more advanced optical
set up is questionable. [40] excited narrowband harmonic signals in the thermoelas-
tic regime, which is found to excite insufficient signal strength for the purpose of the
nonlinearity measurements considered in this research. While the pulse energy for the
diffraction set up is limited by the power density damage threshold of the gratings,
the use of lenticular arrays might be more conceivable due to the higher power thresh-
olds of this optical method. Shadow masks offer the possibility for almost unlimited
optical energy use, and are simple to align. Using cardboard as mask material offers
a sufficient basis for the mask prototypes which are used in the experiments for the
nonlinear measurements. However it is very likely that more precisely manufactured
masks made of a more suitable material will increase the quality of the excitation and
the repeatability of the optical source. Masks made of ceramics might have a better
resistance against the damage from the laser illumination than exhibited by the card-
board. Furthermore, ceramics are very stiff and can be fabricated very accurately
for small feature sizes, while cardboard tends to deform when formed in small thin
structures.

This research shows that the harmonic source in the ablative regime excites a pre-

dictable nonlinear signal in the nearfield of the source. This conclusion matches

71



those of other authors[75, 39, 28]. At larger distances in the farfield from the source
(~ 8 =9 cm), the measured signal is useful for making nonlinear measurements.
The measurement results made on a plate of aluminum showed good repeatability
of the characterization of the material’s nonlinearity. The ablative source on alu-
minum showed a consistent character for a wide range of laser pulses. After about
200 — 250 laser pulses the excitation of the second harmonic frequency increases, and
the sources are repeatable and consistent enough to be used for nonlinear measure-
ments. However, the ablative source on a steel specimen showed variations in the
excitation of the first and second harmonic amplitude. This inconsistent character of
the optical source in steel gives unacceptably high variations in the measurement of
the nonlinearity parameter.

According to these results, it is questionable if the laser generation in the ablative
regime can be adapted for field measurements. The material dependency and surface
damage restrict the application to distinct materials and structures. The main reason
to choose an ablative excitation regime is the high ultrasonic signal amplitudes when
compared to those from the thermoelastic regime. Several authors discussed ways
to increase the signal strength of the ultrasonic signal from a laser source without
damaging the surface. This signal can be increased by applying an absorbing layer on
the specimen[6, 76, 72, 18]. Laser illumination of the sacrificial layer will evaporate
the layer material and the resulting normal force can excite an elastic surface wave,
stronger then the thermoelastic excited wave. But even for the ablative regime, the
excited ultrasonic signal is relatively low in general. The literature discusses several
ways to increase the signals strength of laser ultrasonics in general. Constraining the
source surface [22] increases the amplitude as well as the use of laser radiation of
short wave lengths [74] and acousto optic modulation[65].

Another way to improve the laser excitation possibility might be the excitation of

a larger amount of sources. The laser beam could be divided on a large amount of

72



optical fibers, which are only capable of low laser powers[23, 43, 42]. These could be
used to form a uniform pattern for narrowband generation with a very high number

of cycles.
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Appendix

Divergence Theorem

/Tkmde:/Tkl,de (Al)
A 14

Kronecker-Delta

1, forj=1
0ij = (A.2)

0, else

Additional equations for the derivation of the thermoelastic source[3]

VR(ZE3) == d1€ + dge_q$3 (A?))
WH(x3) = dse + e79* (A.4)
with
Lk +4¢* . ¢ 1
dy 3 knp dy = 57053 = W (A.5)
k%
and
w? w?
p=ki— 5. =ki— . (A.6)
€L Cr

A defines the amplitude of a surface wave, the relevant stresses are

R K R o
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733 — AT£($3)¢ (Ag)

where
TE(z3) = p[dse ™3 + dse™ 73] (A.10)
T;Z;(ILB) = pldge " + dre” 173 (A.11)
TE(23) = pldse™™* + dge™ 1] (A.12)
with
1 20" + kg — ¢° K+ ¢ k3 + ¢° 1 (K}, + )’
dy = (A4 ——L L 4y = —2¢,dg = & d» = —_R de— ——\V"RT T )
4 2(R+Q) el , a5 q, de P 7 e 8 2 2
(A.13)
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0

Substitution of the expression for the relevant displacements it follows

I'=pJ (A.15)

with the negative constant J[3].
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