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ABSTRACT

This dissertation presents the developmeriatifjue crack detection techniqulegased on nonlinear ulti
sonic modulation. When two surfacgounted lead zirconate titanate (PZT) transducers apply low frequenc
and high frequency (HF) inputs to a structure, the presence of a fatigue crack can provide a mechanis
linear ultasonic modulatin and create spectral sideband componéimst, the binding conditions (BCs) for |
generation of nonlinear ultrasonic modulation specifically for a localized nonlinear source such as a fatic
are theoretically formulated. Thetie suitability of the BCareexperimentally validated considering both pi
agating waves and stationary vibrations. Additionally, the BCs for nonlinear modulation generation due 1
uted material and localized crack nonlinear sources are compéest.the main source of nonlinear module
is investigated through visualization of modulation componemntacrackedareaby a 3D laser Doppler vibron
eter (LDV) scanning Micro and macro cikks are visualizedand he main source of nonlinear modulatio
discussedy comparinghe fatigue crack visualization results and the microscopic imaged, the reference
free fatigue crack classifiefar online fatigue crack monitorirgre proposed. The spectral sidebaadsextracte
using a combination of linear response subtraction (LRS), synchronous demodulation (SD) and continuo
transform (CWT) filtering. Then, the best combinations of LF and HF inputs that amplify theindaciked spet
tral sideband amplides are identified using a spectrogram named the first sideband spectrogram (FSS
referencefree fatigue crack classifier usimgsequential outlier analysis without any baseline data obtainec
the structurén intact conditioris developedThe robustness of the proposed technique is demonstrateche
actual test data obtained from simple alumirmpiates anccomplex aircraft fittinglug specimens undesarious
temperature and loading conditions. The limitations of the fatigue craclkfielassing the outlier analysisre
found during the applications to variostsuctures Thus,a newclassifier usinga SkewnessMedian (SM) analys
is proposedThe modified fatigue crack classifier is validated through applicatiotiset@aluminum plas an
aircraft fitting-lug specimensindervarioustemperaturédading conditions and a real bridge structure. Th
wireless sensor node for fatigue crack detedsameveloped by implementirtge SM analysis based referes
free fatigue crack clasgf. In order to achieve low poweperationfor field applications such as bridges
buildings, all hardware components are seletiedinimize power consumptioifhe developed wireless sen
node isvalidatedthrough laboratoryestsandapplicationto Yeongjong Grand Bdge by comparing the dama

diagnosigesults obtainetly the conventional wired system

Keywords: Nonlinear ultrasonics modulation, Fatigue crack detection, Binding conditions, First sideba

trogram, Referenc&ee damage dettion Wireless sensor node
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Chapter 1. Introduction

1.1 Motivation

Fatigue Failure at
8 Improper Welded Joint

(a) (b)
Figure 1.1 Seongstbridge collapse occurred in 1994, South Kai@&people died and 17 were injured)

Thecollapsed bridggirderof Seongsu bridggb) Fatigue failure atheimproperweldedjoint

Fracture Surface due to Fatigue

@) (b)
Figure 1.2Eschederain disaster occurred in 1998, Germany (101 people died and around 100 were it
(a) The destruction of the rear passenger cars, (b) Fracture surface of the broken wheel tire due -

(Esslingeret al, 2004)

A crack is one of the primary culprits for the failure of metallic structures. It is estimated that up t
of failures of inservice metallic structure are the result of fatigue cracks (Campbell, 2008). A fatigue c

initiated from a damage precorsat unperceivable level (e.g. dislocation or micro crack in materials) whe



material is subjected to repeated loading. The precursor can often continue to grow to a critical po
alarming rate without sufficient warning, leading to catastmgbinsequences (Zhou et al., 20I)at is, a
fatigue crack often becomes conspicuous only after the crack reaches about 80% of the total fatigu
most metallic materials (Kiret al, 2011).For examplein 1994,as shown in Figure 1.1he centrhregion of
Seongsu bridge suddenly collapsed, which across Han River in Seoul, South Korea. 32 people died an
injured by the collapse. The maiauseof the collapse wafund thatan improper welded joint of the bridg
was filed due to fatigug-urthermore, in 1998, the Eschede train disaster, the worsshigd train derailmer
in history, occurred in Germany because a single fatigue crack in one of the train wheel tires was ur
and finally failed (Esslingest al, 2004)(Figure 1.2) Due to this disaster, 101 people died and around 100
injured.Therefore, for saving lives and materials friradisasters due tthe fatiguefailure of infrastructures
such as bridgg high-speed traisand aircraf$, it is necessary to develdatigue crack detectioar monitoring

techniqus which can detect aralarm before théailure.

1.2 Mechanism for Fatigue Crack Formation and Growth

Loading
r 3
I A O S N A
Stagel ;. Stagell
N =;: ... Plastic Zone
 Plastic Wake |  }_
: iz, “— Micro Cracks

Striations Crack Tip

A A

Figure 1.3 Mechanism of fatigue crack formation and growth.

All metallic structures initiallyexhibit material nonlinearity such as dislocation and initial mi
crack/voids over the entire volume. Under repetitive loading, the stress is concentrated at damage p
and later dissipated by plastic deformation. With more cycles of loading) orecks are nucleated at the gr:
boundaries and coalesce and grow into a macroscopicwhéch can affect the structural integrity and stabil

(crack initiation)



Generally, fatigue crack propagation can be divided into three stiggts once therack is initiated
the fatigue crack propagates along shear stress plane (45 degseeyvn in Figure 1.3 Thi s i s Kk
Il 6 or the short cr aWlhenthestresschncentratedahtbeactadk tipgincreaseaag
sequencefo crack growt h, slips start to develop i
(long cracks). Hereas shown in Figure 1.8rack orientation is perpendicular to the loading direction while
degree orientation in StageAnimpor t ant characteristic in Stage
presence of ripples on the crack surfaces. Striations are not seen all engineeringsnhategskr, clearly see
in pure metals and many ductile alloys such as aluminum (T@®®8) At this point, micro cracks and a plast
zone, where stresses are highly localized, and are formed ahead of the crack tip as shown i3 FAquterd.
son,2005) As the crack continues to pr opaigcatvea k etch
crack surface and a new plastic zone is formed at the cradkngdly, the stress concentrated at the crack
reaches the strength of materthkcrack starts to grow unstakayd rapidly fracture¢iStage Il| final fracture.
Here, the crack growth is controlled by the micro structure of the material, load ratio and stress stat
stress or plane strainylacroscopically, the fatigue fracture surface can be divided into two distinct regic
shown in Figure 1.4. Onegion is related to the stable crack growth and the other region related to th
fracture. The portion of each regions depends on the level of applied loasisigown in Figure 1.4 (a), hig
loading levelresults in a small stable crack propaga@oea. On the other hand, the stable crack propag;

area is larger than theading levelcase when lower loadirigvelis applied as depicted in Figure 1.4 (b).

20mm

tion Initiation 120 { ion - Initiation

(a) Highlevel loading (b) Low level loading

Figure 1.4Fatigue fracture surface with different loading conditiffatten, 2008)



1.3 Fatigue Crack Detection Techniques

1.3.1 Linear Ultrasonic Techniques

Linear ultrasonic techniques have gained prominence for fatigue crack detectamdestructive test
ing (NDT) and structural health monitoring (SHHKI)e to their immense potential in periodic and continu
monitoring of inservice structures and their relatively large sensing rangeingag Lltrasonic techniqaeise
the linear éatures of ultrasonic waves, such as reflection, attenuation, and mode corseaséon for fatigue
crackdiagnosisThe timeof-flight diffraction (TOFD) which uses the arrival time of ultrasonic diffracted frc
the cracktip in a througkthickness diection, wageported(Shan and Dewhurst, 1993hn and Changlevel-
oped a piezoelectric sensor network for monitoring of fatigue crack growth in metallicupiatethe energy
reduction of the transmitted Lamb wave due to the scattering at the crébktgmd Chang, 2004%taszewski
et al. showed a wavefield imagehere the wave scattered at the crighising a 3D laser Doppler vibromet
(LDV) with spatial scanningStaszewsket al, 2007). However these linear features are reported to be

sensitive enough to detect fatigue cracks until they become visibly (Kigeet al, 2006)

1.3.2 Nonlinear Ultrasonic Techniques

Amplitude
A
Sub-harmonics Harmonics Modulations
: : : Frequency
[ ! 2 ! >
T 7
/2 ®Wa  Wq 2w, Wp— W, W, W+ w,

Figure 1.5 Nonlinear Harmonic, subharmonic and modulation components generated by defects.

To overcome the limitation dhe linear ultrasonictechniques, a body of research has gone into
development of nonlinear ultrasonic techniques, which look for nonlinear phenomenon created by
When ultrasonic waves or vibrations are applied tocalized crack (fatigue crack), the crack surface ca
alternating between open and closed (contact)

nonl i ne arliigkgon thaa mbhlinearity due to the crack opening/eigshas strong and localize



characteristic (Donskost al, 2001; Duffouret al, 2006). The contacts between rough crack interfaces car
occur locally while the crack is not completelyomerc | osed, t hatcoinst accalél g adv.
etal., 2000).

It has been shown that the sensitivity of the nonlinear ultrasonic techniques to defects is far be
that of the linear oneCantrell and Yost, 1994; Zaitsex al, 2006) Several nonlineaultrasonic technique:

are introduced andriefly summarized as follow@igures 1.5 and 1)6

1) Harmonic: Higher harmonic generation is the most classical phenomenon where the waveform of t
dent wave at frequendgy is distorted due to nonlinear sources and additional waves at frequencies |,

€ ar e g Eanadll and ¥odt, 2001)

2) Sub-harmonic: Similar with the harmonic, the sttarmonic occurs at a frequency range lower than th:
the input wave fregency. This phenomena is recently discovered comparing with other nonlinear phenc
(Solodovet al, 2004) When a wave at frequengy propagates through a media with a nonlinear source

additional component at frequeney is generated.

3) Modulation: When two waves at distinctive frequencies and] 1 ) are applied to a medi
with a nonlinear source, these waweutually interact and generate modulated component at freqgency
1 (Zaitsevet al, 2009. It is also known asonlinear wave modulation spectroscopy (NWMSan Den
Abeeleet al, 2000)or vibro-acoustic modulation (VAM{Sutin and Donskoy, 1998y nonlinear wave mixing

(Croxfordet al, 2009)

Amplitude Amplitude Loading
,\A 1 Increase
Frequency Frequency
(a) Intact structure (b) Damaged structure

Figure 1.6 Resonance frequency shift by applied loading



4) Resonance frequency shiffThe resonance frequenoya structures shifted as a function of the excitatic
level when the structure has a nonlinear so(Wisscheret al, 1991) That is, the resonangeak of astructure
with a nonlinear source is shifted horizontally as the level of the loading inc{&#g@® 16). This phenome-
non has been applied to characterization of concretes, fiber reinforced composites as well as metallic

(Payaret d., 2007; Mecet al, 2008)

The interest in applying nonlinear ultrasonics is that these phenomenon are enardaomiage materia
but nearly umeasurable in intact materials. Those are expected to be much more sensitive -tlamige
thanthe linearultrasonic technique@hang, 2009)

It is known that nonlinear ultrasonic modulation may result from not onlijottadizedcrack but also
the distributed material nonlinearifyhat is, a crystallographic defect, or irregularity, within a material agc
dislocation or interatomic potential distributed entire material also can be a source of nonlinearity. Addit
distributed initial micro cracks/vogln material also cause nonlinearity. These distributed material nonline
is known not localied (global characteristignd weaker than the crack nonlineafijazarovet al. 1988.
However, in some cases, thistributed materiahonlinearity can give nenegligible contribution to the ob
served nonlinear components for localized damage detextt@nas fatigue crackditsevet al.2009.

The binding conditions (BCs) which is necessary for nonlinear component generation due to the
uted material nonlinearity is well established by de Lima and Hamilton and many literatures use the
measuring the material nonlinearity, which is one of material properties (de Lima and Hamilton, 2003;
ever, the BCs for localized crack nonlinearity has not been formulated systematically and experiment:

dated explicitly considering both propaigat waves and stationary vibrations.

1) Synchronism condition In the propagating waves, the phase velocities of low frequency (LJand high
frequency (HF; ) inputs should be identical to the phase velocity at 1 . From the view point of vibra:
tion, the poirtwise multiplication of the linear mode shapesBfand HF signalbecomeshe vibrational mode

shape at 1

2) Non-zero power flux condition: From the wave propagation point of view, the mode shapt&goolinear
waves should be matched with the mode shape of the modulation wave in the thickness direction of the
so that the energy from the linear waves can be readily transmitted to the modulatiomypéatelike struc-

tures, it is theoretally and experimentally shown that nonlinear harmonics exist only for S mode, but r



A mode even harmonicg](, 1 , € )Srivéstave and di Scalea, 200Similarly, the first modulation compa
nent | 1 ) will not be generated when both LF and Hiputs are A modes. As for vibrations, the mc

shape should also be matched in the longitudinal direction in addition to the thickness direction.

1.3.3 Other Techniqus

Radiation Source

/? - = More Exposure
D = Less Exposure

Void ST N T
" Test Object ™.

X-ray Detector

Density varies

with amount of
%-rays reaching the
detector

Top view

Figure 1.7 Radiographic based NDT technique

Other NDT techniques are also actively applied to fatigue crack detdeitistpRadiographic techniqur
(RT) which uses X or Gamma ray well-known andwidely used\NDT techniqus for not only fatigue crack
detection but also other industries sucimaslical and securitifom 19309Figure 17). Recentlyfatigue crack
growth inanaluminumstructurehas been investigated using arsitu 3D X-ray (Williams et al,, 2013) How-
ever, because of the radiatiand high energy consumptioRT hadimitation for the application tdargereal

structures such as bridges and buildings

\\ T Primary field
Transmitting ] Baibgndan
el - fiold
Receiving
coil.
Field
distribution

= =~ Eddy
| Ferromagnetic material | ., rrents

Figure 1.8 Eddy current technique



Eddy current technique is particularly well suited for detecting surface cracks but can also be
make electrical conductivity and coating thickness measurements. When a circular coil carrying ct
placed in proximity to an electrically condivet (or ferromagneticspecimen, an alternating current in the c
generates changirtgemagnetic field which interacts with the specimen and gendtaeddy currentgFigure
1.8). Variations in the phase and magnitude of the eddy currents can beneising a second 'receiver' cc
or by measuring changes to the current flowing in the primary ‘excitation' coil. Zilbezstalirevelopedan

eddy current based sensor for monitoring of fatigue cfZitkersteinet al, 2001)

Sensor Stgna‘l_‘j“P
l'f

Ly = R Acoustic Emission
= 3 Detection Instrument
£ @

Z i 3
24- (_005‘. . + o

= g 3

(o] \Na\le =

® <~ e

a 3

v (=

vy v

Figure 1.9 Acoudic emission (AE) technique

As shown in Figure 9, acoustic emission (AE) techniqueses anelastic waves generatedhen a fa-
tigue crack propagats (Fang and Berkovits, 1995; Roperts and Telebzadeh, 2883echniquesre mainly
useful for detectiorand localization of damages. With multiple transducers, the location of damage ¢
estimated using the arrival times of the signals. However, AE techniques are passive monitoring techn
the transducers should be on standby untilfBeoccurs Additionally, sometimes, the elastic waves from

crack can be fimissedod due to external noi ses

IR Camera
Data Acquisition Measurement

Computer
Defect

Synchronization

———
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o000
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Figure 1.10 Thermography techniqu&ock-in thremography)



Thermography technique using infrar@®) camera is also applied for fatigue crack detecfitigure
1.10). A hybrid ultrasonic/infrared technique for fatiguexck detection was introducéBavroet al, 2000)
Whenanultrasonic wave propagates to a fatigue crack, it causes heat at thewfaces results from frictiol
and crack opening /closinghtlis, the fatigue crack can be detected byrtiecedheat using IR camera. Las
lock-in thermography (LLT)which utilizes a continuous wave (CW) wave as a heat source foimldbkr-
mographytechniques developedAn et al, 2014) Through spatial scanning di¢ CW lasera fatigue crack

can be detected where the heat is blocked by the fatigue crack.

1.4 Research Objectives & Uniqueness

This study aims to develapfatigue crack detectidachniqueébased on nonlinear ultrasonic modulatic
When low frequency (LF) and high frequency (HF) inputs generated by two sunfagsted lead zirconat
titanate (PZT) transducers are applied to a structure, the presencdigfi@ ¢aack can provide a mechanis
for nonlinear ultrasonic modulation and create spectral sidebands around the frequency of the HFh&g

study provides;

1) The characteristics ofnonlinear ultrasonic modulation

First, theBCsfor the generation of nonlinear ultrasonic modulation specifically for a localized nonl
source such as a fatigue crack, are theoretically formulated. Then, the suitability of taeeBxserimentally
validated considering both propagating waves stationary vibrations. Additionally, the BCs for nonline
modulation generation due to distributed material and localized crack nonlinear sources are comparec

Secondlya complete noncontact fatigue crack visualization technique based on noolinesonic
wave modulation is developed and its effectiveness in detecting different stages of fatigue cracks is inve
Ultrasonic waves at two distinctive frequencies are generated by two ACTSs, and the corresponding u
responses are scanneder a target specimen by a 3D LDV, which has high spatial resolution and ve
sensitivity. Then, the spectral sideband components are extracted from the measured responses and
over the scanned area. Through this study, the different sibfgigue crack formations are visualized and-

main source of nonlinear modulation is investigated.

2) Development of referencdree fatigue crack classifiers
The crackinduced spectral sidebands are isolated using a combination of linear reqpunzsetion
(LRS), synchronous demodulation (SD) and continuous wavelet transform (CWT) filt€hieg, a spectro

gram named the first sideband spectrogram (FSS) is constructed to identify the best combinations of tt



HF inputs that amplify the cradkduced spectral sideband amplitudes. Nexieferencefree fatigue crack
classifier based osequential outlier analysighich identifiesthe crack presence without referring any base
data obtained from the intact atition of the structure is devagbed. The robustness of the proposed techn
is demonstrated using actual test data obtaired simple aluminum plates armplex aircraft fiting-lug
specimens under variotemperature and loading conditiori®or real applications, the outlier ansity based
referencefree fatigue crack classifier is applied various specimétisor without fatigue crack.

However, the limitations of the developed classifier is found andissifier is nodified using a Skew-
nessMedian (SM) analysis. The modifiedtfgue crack classifier is validated through applicatiorthé@lu-
minum plateghe aircraft fittinglug specimensinder tenperature and loading condition variaticargd a real

bridge structuresuch as Yeongjong Grand Bridge

3) Development of a wirelessensor node

A wireless sensor node for fatigue crack detectigrésentedy implementing th&M analysis baser
referencefree fatigue crack classifieEor field applications to such as bridges and buildings, a low pt
working strategy is developed and all hardware components are selected with a low powerTiegpedr-
mance of the developed sensor node is validated through lab scale test dadtfteidreongjong Grand Bridg

by comparing the damage detection results obtained by the conventional wired system.

1.5 Dissertation Organization

This dis®rtation is organized as follows. In Chapter 2,lihekground®f nonlinearultrasonic modu-
lation such as basic working principle and its advantages comparing with nonlinear ultrasonic harmon
nique.Chapter 3 describeébe BCsfor nonlinear component generation for the localized crack nonlineaumity
the investigation of @in source of nonlinear modulatioising fatigue crack visualizatio@hapter 4provides
the hardware configuratisrfor the fatigue crack detection based on nonlinear ultrasonic modulegézhin
this dissertationThen,the developed referendeee fatigue crack classifier using outliner analysidascribed
in Chapter 5 Fatigue cracks on aluminum plate and aircraft fitlungy specimens are successfully detec
under various temperature and loading conditidlext, the fatigue crack classifier is improved usthg SM
analysis an@éxperimental resulti® laboratory and fielére reported iChapter 6The developed fatigue crac
classifier is implemented to a wireless sensor node. Schematic design, system speciizhtvalidéons
through lab and field testre presented in Chapter Finally, the summary and conclusiane provided in

Chapter8.
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Chapter 2. Backgrounds of Nonlinear Ultrasonic Modulation for

Fatigue Crack Detection

2.1 Working Principle of Nonlinear Ultrasonic Modulation for Localized Crack

For longitudinal plane waves propagating through an intact (linear) structure én tvection, the gov-

erning equation is written as

o} o}
o2 Lo 4 2.1)
Tw To
where6 ,” andO are the particle displacement, the d

respectively. When two wave® and & at distinctive frequencies and] 1 )are applied to the

intact structure, the solution becomes

6 !'Agml o1 060 "Ag®ml o 1 o (2.2)

whereé ,” and’O are! and" arethe amplitudes)l andll are the wavenumbers of wavésand
& respectively.

When the waves) and & are applied to a structure with a distributed/localized nonlinear st
the binding conditions (BC@re matched, the solution for the total particle displacement after passing th
linear source,0 , can be approximated as the summatiotheflinear responsed , harmonics,6 , and mod-

ulations 6  due to the interaction betweamves ¢ and &

0 6 o o} (2.3)
where
6 'Agml w1 0o "Agm o] o0 h (2.4)
o] I Agedl & 1 o " Agedl ® 1 o (2.5)
and
o] 0 6 Agml I o ] 1 0 (2.6)

where! and" arethe amplitudes)l and |l are the wavenumbers of wavésand ¢ respectively.!
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and! are the amplitudes of the linear component at and the nonlinear harmonics gt  due to the non-
linear source, respectively. and" are defined similarly.0 0 is the amplitude of the first spectr
sideband (modulation) at 7  due to the mutual interaction of the linear components due to the non
source

When two waves propagating in the opposite directions are superimposed by reflections at s

boundaries, the waves create standing waves, eventually convergingtmn modes (Giurgiutiu, 2008)

) of 6 AT ®@ I wAgbPQ 1 o (2.7)

where 61 0 is the vibration amplitude at 7 , which can be interpreted as the frequency respi
function (FRF) af 1 ,andAT @ I & isthe corresponding vibration mode shape of the struc

For simplicity, the higher order harmonic and modulation components are omitted from the nonlinear sc

2.2 Advantages of Nonlinear Ultrasonic Modulation

When it comes to fatigue cradietection, the nonlinear ultrasonic modulation is more advantageou:

the harmonic technique for the following reasons:

1) Less influenced by system nonlinearityThe nonlinear features such as harmonic and modulation may
not only due to the statural nonlinearity such as fatigue crack but also due to the nonlinearity of the ele«
systems such as PZT transdugceéita acquisition (DAQ) systems and bonding conditions (couplant) of t
ducers. These system nonlinearities can causedidses irrelevant to target damages. Therefore, for the
cessful adoption of nonlinear ultrasonic techniques, the unwanted system nonlinearities should be prel
identified. In general, the nonlinear modulation technique is less influenced by unwegstieah nonlinearitie:
than the harmonic technique. For example, the harmonic technique can be affected by the system non
coming from function generator, actuator, sensor, digitizer to name a few. Meanwhile, the sources of th
nonlinearites for the nonlinear modulation technique are limited to sensor and digitizer, because the mo
occurs only due to the interactions between LF and HF inputs. Thus, the modulation technique is less ai

the system nonlinearities and more atirecfor fatigue crack detection.
2) Easy selection forinput frequendes As mentioned above, the nonlinear components are generatec

when the binding conditions are matched for a damaged structure. Because of the diapdrangdtimode

natures of Lamb waves in platéike structures, it is challenging to meet the binding conditions using only a ¢
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frequency input. On the other hand, it is relatively easier to satisfy the binding conditions using the mo

technique since there are two distive input frequencies at our disposal.

2.3 Literature Review of Nonlinear Modulation Techniquefor Crack Detection

Nonlinear ultrasonic modulation technique wiffh and HFsignals is used to detect cracks in welded
joints in a nuclear power pla(®utin and Donskoy, 1998This work demonstrated that the modulation am
tudes are linearly dependent on the amplitude of the HF input sigwals found that cracks in corete beams
generate significant modulation components when a LF sweep sgmat (Didenkulovet al 1999).The de-
pendence of HF input frequency on the modulatomplitude wasbserved by Duffouet al. (Duffour et al,
2006). This frequency dependenwasalso note by Courtnest al.even whertheHF input signal is adjusted t
give a constant response amplitude (Courgtegl, 2008). They concluded that the modulation component
tured at a location away from the crack is dependent on the angptifutie vibration at the crack and, con:
quently, both the LF and HRputss hou |l d b e c¢ hthexmak appropridiety.¥ar the ievéstigation
frequencydependencen nonlinear modulation based crack detectiorixedffrequency LF an@ sweptHF
signals weraised to find an optimal combination of the LF and HF inputs that can amplify the modulatiol
(Yoder and Adams, 2010iere, a fixed LF signablver than 500 Hz wagenerated by a mechanical shaker, i
a swep HF signal from 20 to 6RHz wasproduced bya piezoelectric stack actuattiralso has been shown th
the high amplitude of the ntinear ultrasonic modulation @btained when the HF inpsaignal ismodulated due
to the crack motion induced by the LF input signal (Klepkal 2011).A fatigue crack in an aluminum plat
was detected using a piezoelectric stack actuator for generation of a LF signal lower than 1 kHz and ¢
mounted piezoelectric transducer for creation of a HF signal around 60 kHz (Parsons and Stex@yski,
very high voltage about 400V LF signal below 2 kHz and a10V HF signalkround 30 to 750 kHz weresed
here.Croxford et al. detected a fatigue damage introduced in aluminum alloy and investigated the no
parameter with respect to the number of fatigue cycles using two ultrasonic waves propagate opposite
(noncollinear mixing) (Croxforcet al, 2009).

Nowadays a kind of hot issuefor nonlinear ultrasonic techniquese (1) imaging (visualizationpf
nonlinear ultrasonic characteristics, which enables easy localization of damdg@®) norcontact excita-
tion/senang using laser ultrasoundlectromagnetic acatic transducerssMATSs) andair-coupled transducer
(ACTs) to overcome the nonlinearity due to bonding(couplant) condition between transducers and st
(Jhang, 2009). For example, Ballatlal. developed aoncontact damage visualization techniquesimulated
defects in a thin plate (Ballagt al, 2004). Two focusedCTs with scanning equipment were used for hi

frequency ultrasonic excitation and sensing. For low frequency excitation, a mechanical shaker or eve
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speaker was used.

In spiteof recent developments of the nonlinear ultrasonic modulation techniques, there are still te
hurdles that need to be overcome before these techniques can make transitions to real SHM applicat
study attempts to tackle the following two paular issues. First, spectral sidebands generation are continu
altered by environmental and operational conditions of the target structure such as temperature and loe
generation of spectral sidebands heavily depends on the dynamic cligtiestef a host structurgroder and
Adams, 2019Klepkaet al 201, and loading and temperature have significant influences on its dynamic
acteristicSohn, 2007; Kess and Adams, 2007; An and Sohn, 2@E2pnd, the existing nonlinear ultrasol
modulation techniques detect craokluced sidebands by comparing the amplitudes of the spectral side
obtained from the baseline and damage conditions, but these techniques are susceptible to false alai

signal variations unrelated to the dgfe

2.4 Chapter Summary

In this chapter, theoretical backgrostahd previous researcti®r nonlinear ultrasonic modulation based
fatigue crack detection is presentéhen two waves at the distinctive frequencies are applied to a structure with
a localized nonlinearity such as a fatigue crack and the binding conditions are m#tekedyaves mutually
interact and generate modulated component. The fatigue crack dateb&d by extracting the modulation com-
ponent. The nonlinear ultrasonic modulation technique takes advantageous than other nonlinear ultrasonic tech-
nigues such as harmonics because (1) less influenced by system nonlinearity such as PZT tralasdaceus
sition (DAQ) systems and bonding conditions (couplant) of transducers which can causéafafseirrelevant
to target damages, (2) easy selection for input frequenciesatohimg the binding conditions.

Nowadays, a kind of hot issues for nonlinalirasonic techniques are (1) imaging (visualization) of non-
linear ultrasonic characteristics, which enables elgction andocalization of damage and (2) noontact
excitation/sensing using laser ultrasouBMATs andACTs to overcome the nonlinetyidue to bonding condi-
tion between transducers atadigetstructuresFurthermorein spite of recent developments of the nonlinear ul-
trasonic modulation techniques, there are still technical hurdles that need to be overcome before the application
to realstructures due to (1) the variation of spectral sidebangditudesiue to the environmental and operational
conditions of the target structyi@) most of techniques detect fatigue crégkcomparing the amplitudes of the

spectral sidebands obtainedrr the baseline and damage conditions.
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Chapter 3. Investigation of Nonlinear Ultrasonic Modulation

Characteristics for Fatigue Crack Detection

3.1 Nonlinear Ultrasonic Modulation Binding Conditions (BCs) for Localized Crack

3.1.1 TheoreticalDerivation

A
E

Figure 3.1 The modulatonoffoung6s modul us due to a sinuso

closing.

When a localized fatigue crack is introduced to the structue and it is assumed thétte average
Youngos modul usO itosOared utclee ifmotmant an©)ats fiMouates
around this reduced Youngés modul us (Figueldrlppor t

. - Te o 10

000 O'l—. O |1® ® 0 (3.1)

w T w
where' is the nonlinear elastic constaht (| 1@ @ O, m | p),0Oi s the average
after fatigue crack formationab (O p | 1w w O .Here,|] and] w w are the nonlinear co
efficient and the Diracdlelta function for representing the nonlinearity due to the localized fatigue crack, r¢
tively (Donskoyet al 2001; Zaitsewet al 2009. By substituting Eq. (3.1) into Eq. (3,1he weltknown gov-
erning egiation for a nonlinear wave is obtained.
T o T o 161 06

" n!l & ‘ N Fve v 32
OT(b 5 |7 ® mOde(b (3.2)

Eqg. (3.2) can be solved by dividing into linear, 6 , and nonlinear,6 , componentg
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6 6 o (3.3)

where

6 o6 o (3.4)
0 can be obtained by solving the following equation

o2 L% o (3.5)

And, 6 can be obtained by solving the following equation

T 0 T o To1 O
A_°- .Y . e 3.6
OT(b 5 B wOT T (3.6)

Here, forthe nonlinear components generation, the right side terms should {zenwoii hat is,

T 16 w0
—. T T WEQ— 1 (8.7
o7 w T W

—a

1) Crack perturbation condition: The strain (or displacement) at the crack location should be fluctuat:

both d input waves (or vibrations) (dynamic crack motion). That is, the crack is located at the node of

input waves  — 1), the nonlinear components are not generated. However, in wave propagatic

condition is not needed to considercause the node/amtbde is varied as the wave is propagated. (Zagse

al. 2009).

2) Mode matching condition The crack motion induced by one of the input ultrasounds should modula

other ultrasound at the crack location. For example, when a LF shear horizontal(i.er, — 1) and a

HF longitudinal (.,e.— 1, — 1) wavesare propagated in thexdirection through a structure with a I

calized crack whose crack surfaces are perpendicular to the wave propagating direction, the HF wa
modulated by the shear horizontal crack motion due to the LF wave. In this casmlthear modulation is na
generated even the crack is oscillated by the LF wave. The previous investigations also show that the
plitude of the nonlinear ultrasonic modulation is obtained when the ultrasonic signal is modulated du

crack maion (Klepkaet al 2011).
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3.1.2 Experimental Setup

Thickness: 3 Unit: mm

(a) Geometry and dimensions of the specimen (b) A closeup of the fatigue crack

Figure 3.2 An aluminum plate specimen
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Figure 3.3 Phase velocity dispersion curve of the specimen: LF input was selected between 50 ~ 60 |

HF input between 150 ~ 200 kHz and 450 ~ 500 kHz considering the synchronism condition.

An aluminum (6064T6) plate specimen with 3mm thicknesas fabricagéd as shown in Figure 3(a).
80,000 cycles of 4 ~ 40 kkR=0.1) tensile loading with a 10 Hz cycle rate was applied to the specime
introducing a fatigue crack. The fatigue crack initiated from the hole at the center of the specimen and
to26 mmlongand 1& m wi de as s32wkive tenticaFRZgsy + O mm, t = 0.5 mm) manu
factured by Haiying Group were installed on the specimen. A pair of PZTs labeled as-A@mdlt2 were
collocated but placed on the opposite sides of the specimen for LF input excitation of selective S ansl.

(Kim and Sohn, 2007 Similarly, a pair of ACT 2L and 22 were installed for HF input generation. The respao
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was obtained at SEN. For data acquisition, a NI PXI system consisting of two arbitrary waveform genere
a high speed digitizavas usedDetail description for the data acquisition system is presenteeddtiord.1. LF
and HF inputs had peak-peak voltages of 40 V and 24 V, respectively. The inputs were converted to ¢

signals with a 5 MHz conversion rate, and the responses wersuned simultaneously at a 5 MHz sampli

pm/s
250 250
‘ i
-250 ‘ ‘ -250

(a) 46 kHz S vibration mode (b) 50 kHz A vibration mode

rate with 10 times averaging.

(node at the crack) (antinode at the crack)

(A

L -250 s -250
(c) 170 kHz gvibration mode (d) 181 kHz A vibration mode
(node at the crack) (antinode at the crack)

Figure 3.4 Modal analysis of the aluminum specimen using 3D Lased Doppler Vibrometer (LDV) scal

For vibration generation, a sine signal with 200dugation was applied to ensure steathte vibration
response. For wave generation, a tboest signal with 2 ms duration was applied. The durations of the 1
burst input was determined so that the reflections from the boundaries did not overldye \fiigt arrival wave
packet. The measured responses were analyzed in the frequency domain by applying a fast Fourier
(FFT) for vibration and a short time Fourier transform (STFT) for wave propagation up to the first arriva
packet.In addtion, for vibrations, the responses are normalized with respect to the multiplication of amp

of HF and LF inputs. For waves, the multiplication of péakeak amplitudes of HF and LF inputs is used
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the normalization of responses.

Before the vatlation of the BCs for nonlinear modulation generation, dispersion curves for phase
ities were experimentally obtained from the specimgshown in Figur8.3. Based on the dispersion curve
LF input was selected between 50 ~ 60 kHz, and HF inmitgeen 150 ~ 200 kHz (HF1) and 450 ~ 500 k
(HF2) were selected considering the synchronism condition. In the HF1 input frequency range, the sync
condition is matched for S mode. For A mode, the synchronism condition matched in the HF2 inpatyre
range.

For the validation of the crack perturbation condition, experimental modal analysis was conducte
3D Laser Doppler Vibrometer (LDV, Polytec PSV400) scanning for determination of specific input freque
With scanning capability, LDV cavisualize propagating ultrasonic waves and vibration modes with high s
resolution.Detail explanations for 3D LDV are providédSectior4.3.2.

A 3D LDV was installed 0.9 m apart from the specimen and ultrasonic responses were measure
2.56MHz sampling rate. VBD9 20mm/s/V internal decoder, which has a maximum sensitivity of 20 mm/s,
to 1 MHz, was used for velocity measurement. A 12.8ms duration linear chirp signal with the frequency
selected from the dispersion curves was apphesugh the PZTs on the specimen. 30 mm x 30 mm square
with 1.5 mm spatial resolution (20 x 20 scan points) near the center hglecahens as shown in Figuse
(b) was scanned. To improve the sigt@hoise ratio, the responses at each scarpoings were measured 2C

times and averaged in the time domain.

Table 3.1Input frequencies determined by experimental modal analysis

Case # Input Frequency Mode Motion at Crack
1 LF 44 kHz So Anti-node
2 LF 46 kHz So Node
3 LF 50 kHz Ao Anti-node
4 LF 53 kHz Ao Node
5 HF1 169 kHz S Anti-node
6 HF1 170 kHz S Node
7 HF2 465 kHz S Anti-node
8 HF2 461 kHz S Node
9 HF1 181 kHz Ao Anti-node
10 HF1 183 kHz Ao Node
11 HF2 482 kHz Ao Anti-node
12 HF2 485 kHz Ao Node
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Figure 34 shows results of the experimental modal analysis. For the validation of the crack pertu
condition, the input frequencies were determined where the crack is located at the node anddlde afithe
input vibration modes. For example, as one Bfibhputs, 46 kHz was selected where one@gh&e dominant
resonance frequencies and the crack is located at the node of the vibratioasnsbdarin Figure 3.4 (a). As
one of HF inputs, 181 kHz was selected where one,ofddle dominant resonance freqeies and the crack i
located &the antinode as shown in FiguB4 (d). Other input frequencies were determined with lsirmanner

and listed in Table 3.1

3.1.3 Experimental Results

(a) Crack is located at the antodes of both LF (44 (b) Crack is located at the nodes of both LF (46 ki
kHz) and HF (465kHz) vibration modes and HF (461kHz) vibration modes

Figure 3.5 Experimental validation of the crack perturbation condition. The modulation occurs only wh

crack is located at the antbdes of both LF and HF vibration modes. Here, both LF and HF modes

modes, and the synchronism condition is avoided to minimize the effect of distributed material nonlin

To validate the crack perturbation condition, two statiosémysoidal vibration inputs are applied to t
specimen and the generation of the modulation components is examined. Here, LF and HF input freque
selected so that onlyo$nodes are generated at both frequencies, and the synchronism conditioiclésl ao
minimize the effect of distributed material nonlinearity. As shown in Fig&réa3, the modulation occurs whe
the crack is located at the antides of both LF and HF vibration modes. However, as shown in Figbrés),3
3.5 (a) and 3.6 (a), lmere the crack is located at least at one of the nodes of LF and HF vibration moc
modulation does not occiWhen the crack is located at one of the vibrational nodes, the crack is not osc
by the applied vibration mode (i.e. no crack motianjl the other vibration mode or wave is not modulatec
the crack.

Additionally, in the case of vibration, it is experimentally shown that the amplitude of the modt

component is further amplified when the modulation frequency coincides with dine igfsonance frequenci
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