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SUMMARY

Welding is one of the mostommonjoining processes in industryVeld penetration depth
(WPD) is a key measure of weld quatdiiyce it directlydeterminesthe weld joint strength It is
highly desired talevelopnon-destructivetechniques tcaccuratelyasses$VPs. The laser/EMAT
ultrasonic (LEUgchniquehasdrawn interests from industrior its noncontactoperation, which
enables thetechnique for online inspection®revious research hateveloped effective signal
processing method® predict WPDs in thick structuressing the LEU techniqué&he predidbn
is based on the measurement of time of flight (ToF) of lasereraed bulk and surface waves
following certain paths. However,as structure thicknessdecreases, the lasegenerated
ultrasounds becomé&amb wavesBecause of the way how Lamb waves propagiese is no
internal path to followtherefore,the ToF-basedmethod is not applicablen thin structureslt is
necessary to find other indicators in tlaequiredsignals toenable the LEU technique fwedict
WPDs in thin structures.

The objective of thisesearchs to developan effective signal interpretatiomethodto extend
the capability of the LEU techniqéer WPD inspection® thin structures.Two major challenges
need b be overcometo accomplish the research objective. First, the lageneratedLamb
waves arebroadband andtontainsmultiple modes, which areverycomplicated DifferentLamb
waves are overlapping in both time and frequency doraaieir traveling speeds are frequency
dependent. The waveforms of the acquired signals is sensitive to the distance from the laser
source to the EMAT receivehll of these facts make the acquired signe¢ésy complicated

Secondly, the interaction of lasegenerated Lamb waves with the weld joint is very complicated.

XV



ThereforeA (1 Q& R A Friewk idditzitals, whizh afe infriqative of WPDs, from the aegli

signals.

A systematic study is conducted in this researcint@stigate how to use the LEU technique
to measure WPDs in thin structureéBhe systematic studgonsistsof four main aspectsrirst,
LEU signals in thin structurese experimentallycharacterized toestablish a fundamental
understanding of the acquired signaldérd®@g Lamb waves present in the acquired sigraais
identified, andthe following study will only focus on these strong Lamb wavé&econdly
interactions of lasegeneratedLamb waves with a WPRiRlated defect are investigated by
measuringvave field signals close the defect 3-D FTof the wave field signals helps to separate
different Lamb waves andssesgheir sensitivities to varying WPDEhirdly,the possibility of
using transmission coefficients of Lamb waves to measure varying notch depths are investigated
both numerically and experimentally. An efficient method is developed to calculate transmission
coefficients of different Lamb waves in LEU signals, and trassmisoefficients of Lamb waves
show the potential to measure WPDs in thin structures quantitativElgally, real welds of
varyingWPDs are manufacturedusing gas metal arc welding (GMAW)test the sensitivity of
transmission coefficients of differemtamb waves23 lasergenerated Lamb waves are selected
and their transmission coefficients are used to develop a neural network to predict WPDs in thin
structure. Considerations regarding the implementation of the proposed method are also

discussed.

The fnal deliverable of this research isfast, efficient, accurate, norcontact, and non

destructive WPD prediction method in thin structuresusingthe LEUtechnique. This method

XVi



shows great potentials. Its implementation mputationally efficient which enable its
application in real time. Even though the method is developed us#lds produced bsMAW

it can alsdnspectweldsmanufacturedby other welding processes
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CHAPTER 1

Introduction

Welding is one of the mostportant joining processs in industry. @od weld quality is
essential toensuringstructural integrity and product safetyNeverthelessduring the welding
process, different defects may occur in welds Traditionallyin industry, weldedassembliesre
sampled anccut-checled to make sure that the welding setup and parameters are producing
satisfactory weldslf the cut-checlked g S R Rie& &g r@guirements, the production line
will be stopped to allowexperienced operatorto adjust the weldiig setup and parameters. The
unsatisfactory welds producepgreviously will be tossed awayhé& cut-checkmethod isvery
inefficient andcostly. It is highly desired thah nondestructiveweld inspection technique can

provide feedback control of the weldimyocessn real time

1.1 Defectsin Welds

Weld quality is relativeSandards of good weld qualityare established based on the service
requirements In fact, welding standards are different in different industries, even in different
companies.Therefore, he definition of weld defect is also relative. Weld defects in some
standards may be acceptable in other standards. However, some defects amocom all
standards, which include porosities, undercut, cracks €@tther defects are related to weld
dimensons,which include lack of penetration, lack of reinforcement, insufficient bead width, etc.
These defects are relativeifferent standards may have different requiremeras theseweld

dimensionsFailure to meet these requirements is treated as a weld dimenstated defect.

1



Fig.1-1 shows the crossection of a butt joint weld, which illustrase¢he commonweld defects

and important weld dimensions.

Crack Bead Width(BW)

Voids and

Reinforcement [

. Porosities
Height (RH) %
_I =
Undercut Penetration
Weld Bead Depth(PD)

Plate 1 Plate 2

Fig. 1-1: Cross-section of buttjoint weld

Among the weld dimensiongeld penetration depth(WPD)s most criticabecause it directly
determines the bearing stragth of the weldandtherefore a key measurement of weld quality
WPDis defined aghe depth at which the weld bead extesthto the base materialSince there
are so many dynamic factors affecting the welding process, WPD usually varieBiffdotnt
manufacturers havedifferent standardshat the WPD needs to be greater than a threshold value.
Smaller than the threshold value is treated as a lack of penetratlefect. Enforcing these
standards requires a reliable and accurate method to measure WIRidsresearchvill focused
on develop a nosestructive method to measure WBDf butt joint welds in thin structures.
The ultimategoalis to incorporate the developed method into automatic welding systems to

achieve a feedback control of WPIDgseal tine.



1.2 Non-destructive Testing of Welds

Different non-destructive testing techniqguebave been developedor inspectionof weld
gualities[2]. Some of them are very mature am¥yencommercialized. Some of them are still
under development.All of them have advantages and limitations. Théeston of these
techniques is really dependent on the specific applicati@8ose of the common nowestructive

techniques for weld inspectiorere summarizedelow.

1.2.1 Visual Inspection

Visual inspectiorfVl)is the simplest andmnost costeffective method to assure weld quality
[3]. Visual inspection can take place before, during and after welding. It requires little equipment
but a broad knowledge from the inspector. A gedodking weld apparance is sometimes
considered indicative of high weld qualitdowever, weld appearance alone assure nothing

about internal quality.

1.2.2 Radiographic Inspection

Radiographynspection (Rlisused to determine the internal quality of weldssed on the
ability of Xrays and gamma rays to pass through metal and produce photographic records of the
transmitted radiant energyn a permanent filn{4, 5]. Different materials will absorlifferent
amounts of radiant energy Therefore, Xrays and gamma rays can be used to show
discontinuities and inclusions within tiveeld. illed operators are Bcessary to interpret the-X

ray film to identify small defect].



1.2.3 Magnetic Partic le Inspection

Magnetic particle inspection (MPI) is a ndastructive testing process widely used for weld
quality inspection, especially for crack detectidiheinspectionprocessappliesa magnetic field
into the sampleand ferrous iron particles on #samplesurface The presence ofrgy surface or
subsurface discontinuityill produce amagnetic flux leakge areawhichthe particles will be
attracted to.Therefore, potential defects can leentified by looking forparticlebuild-up areas.
Thepotential defects care further evaluated to determine what it i7, 8]. There are already

mary standards established for the MPI process.

1.2.4 Liquid Penetrant Inspection

Liquid penetrant inspection (LPI) is a eeffective inspection method widely used to locate
hardto-see cracks in welds basegon capillary actionFig.1-2 shows themajor LPI step$9].
First, the inspected area is cleaned. Tllempenetrant s applied to the surface. Nexhe excess
penetrant is removed. Finally, the developer is applied to render the crack visii#enspection
procedure requires both pre and post inspection clieanlt also requires smooth sample surface
to allow excessie penetrant to be removed. It is only good for surface defect deteclitvere

are already many standards established for LRé process.

VAL




Fig. 1-2: Main LPI steps

1.2.5 Alternating Current Field Measurement Techn ique
Alternating Current Field Measurement (ACFM) is an electromagN&itechniquewhich
can both detect and size surface cradksan work throughhin coatings such as paint or rust
[10]. The ACFM probe induces a uniform alternating current in the area under test and detects
magnetic field of the resulting current near the surfagecrackwill disturbthe current around
the ends and faces of the crack. The ACFM instrument measures these disturbances and uses
mathematical mod#ing to estimate crack siz&his technique is at recommended for small
items due to thedisturbancedrom boundaries The techniquecan only measureracks longer
than 5 mm.Equipmentis bulky and expensive and requires trained operators to interpret

recorded data.

1.2.6 Eddy Current Inspection

Eddycurrent testing (ECT)s another widely used NDT technique for weld inspecfiblj.
Commercial portable ECT instrumeiatre available.When the probe, which haa circular coll
carryingalternatingcurrent, is placed in proximity to aample it generates changing magnetic
field whichinteracts withthe sampleand generates eddy current. Variatiooithe eddy currents
caused by discontinuities in the test specimen are detecidte ECT technigquequires the
inspected area to be accessible and is limited to detection of surface asdréabe defects. It is

only sensitive to defectthat lie perpendicularto the probe



1.2.7 Infrared Thermography Method

Infrared thermography (IRT) methdd?2] is primarily used as an online NDT methtod
monitor and control weld qualityit monitors weld quality based on the temperature distribution
at the welding poo[13, 14]. It is an indirect method and is not good at evalnginternal weld

quality.

1.2.8 Ultrasonic Testing

Ultrasonic testing (UT) is a family of NDT techniques. It is widely used for weld quality
inspection[15]. Traditional method applies transducers to emiidareceive ultrasounds, which
requires liquid couplant to be used between transducand the specimen. This makes the
traditional UT technique natuitable for inspecting moving samples and rough surfdeles, the

variation of couplant can greatly affect the received signals.

Table 1-1: Comparison of Different Non-destructive Weld Inspection Techniqus

Technigques Advantages Disadvantages
Vi 1 Simple 1 Require training
9 Costeffective 1 Not good at internal quality
RI 9 Good at internal voids and 1 Expensive
inclusions 1 Hazardous to operator
1 Reliable 1 Require training
1 Not suitable for online or in

serviceinspection

MPI 1 Good at cracks 1 Require precleaning
1 Mature 1 Require demagnetization
1 Sensitivity dependent on crac]
orientation
1 Need further identification of
defects
LPI 1 Costeffective 1 Require pre and post cleaning
1 Good at cracks and pores 1 Requiresmooth surface
1 Mature 1 Not able to detect internal

defects




ACFM 1 Able to locate and size 1 Not good for small item and
detect complex shapes
1 Able to work through thin 1 Can only detect cracks longel
coatings than 5 mm
1 Equipment bulky and
expensive
1 Require training
ECT 1 Instrument portable 1 Only good at surface and
1 Mature subsurface defects
1 Require close access to
inspected area
1 Sensitivity dependent on crac
orientation
IRT 1 Suitable for online 1 Indirect method
inspection 1 Not good at internal defect
uT 1 Mature 1 Require liquid couplant
1 Reliable 1 Require contact operation
1 Able to detect both surface 1 Not suitable for moving
and internal defects sample and rough surface
1 Not suitable for high
temperature environment

Table 11 summarizes the advantages and disadvantages of differenidestructive weld
inspection techniquesintroduced previously. None of them issuitable for reakttime
measurement of WPDs. The ultrasonic testing technique is most promising compaineat et
techniques because of its capability to detect both surface and internal defects. However, the
traditional transducers require the usage of liquid couplant, which greatly limit its application in

reaktime inspections.

1.3 Laser/EMAT Ultrasonic Techniq ue
The LasefEMAT ultrasonic (LEU) technique has drawn significant attentifii® 17] for
measuring WPD3 he LEU techniquases a pulsed laser to excite ultrasounds in specimens and

an electromagnetic acoustic transducer (EMAT) to pick up signals.|aBeegenerated



ultrasoundsnteract with weldsandthe acquired signals contain information about weld quality

The technique is most attractive for its n@ontact operation

Essentially,te LEUechniquebelongs to the family of ultrasonic testing techniques. Thenefo
it inheritsall the advantages of traditiondl Ttechniques Plus both the laser generatiofi18-20]
andthe EMAT receptiorof ultrasoundsare norrcontact whichmakesthe technique suitable for
moving samplesharsh environmentsand automatc inspections Because of the broadband
nature of lasergenerated ultrasoundsthe complexity of acquired signals increasegeatly,
which makes it difficultto interpret signals On the other handthe laser generation of
ultrasoundgprovidesmore flexibility sincexcquired signalsontain different types of ultrasounds

which canpotentiallybe used to predict WPD

1.4 Motivatio n

Previous research has shown that the LEU technique sbdapo measure WPEeffectively
in thick structureg[21-25]. In thick structures,dsergeneiated ultrasounds argrimarily bulk
wavesand surface waveswhich propagate in all directionas shown irrig.1-3. WP3 can be
determined bytracing differentwave paths and measuring the time of fligfibF)f ultrasounds
followingthese pathd23]. The selected wave paths are closely interacting with the weldibea

WPDs havea closed form relationship with the measured time of flight.

EMAT

lLaser weld




Fig. 1-3: LEU technique in thick structures

EMAT

Laser weld

Fig. 1-4: LEU technique in thin structures

However, as the thickness of the structure decreases, Lamb j26&8] become dominant
in lasergenerated ultrasound$20]. Lamb waveibrate throughout the structure's thickness
direction[29], as shown irFig.1-4, therefore the raytracing and TB-basedmethodis no longer
applicable in thin structuredNew indicatorsneedto be found from acquired signals &pply the
LEU techniquéo measure WPBin thin structures.There exist two major challengdsirst, LEU
signals in thin structureare very complicated. Theultrasonicsignalscontain broadband and
multimodalLamb waveswhose propagation speeds are frequency dependent. The waveform of
acquired gynalsvaries at different laseto-EMAT distancesSecond, the interaction daser

generatedLamb waves with weldeads is unknown.

Previousresearchin our labdevelopedamethodcalledsuperimposed laser sourcedich can
create narrow band lasegererated Lamb waves. The reflection coefficients of selected Lamb
waves were used to developragressionmodelto predict WP in thin structures[30, 31].
However, the implementation of the method requires the laser source to move tens of times

normal to the weld seanm order to measureéhe WPDat a single locatiomlong the weldThe



signal complexityis reduced bysacrificing experimental time, which makes the method not
practical forweldinspections. The Lamb waves, whose reflection coefficients are used to develop
the regression model, are preselected withoutokving if they are sensitive tearyingWPDs.
Nevertheless, thipilot study does suggest that the reflection coefficients of lagenerated

Lamb waves may contain information of W&RDthin structures.

1.5 Research Objective

The objective of this researcls to develop a fast and effective method to use the LEU
technique to measure WPRDIn thin structures.A systematic study will be conductedto
accomplish the research objectii®m four major aspectdsFirst, LEU signals in thin structures
are characteried experimentally to establish laetter understanding olasergenerated Lamb
waves which will be discussed in ChapterS2condlyfull wave field signals of lasgenerated
Lamb waves areneasuredto study their interactions with a local lack of penetration defect
thin structures which will be discussed in Chapter®hirdly,transmission coefficients of Lamb
waves are investigated to see if thaye ableto predict WPDsquantitatively, which willbe
discussed in Chapter Einally, the transmission coefficients of sensitive Lamb wavessaaio
develop a neural network to predict WBID thin structures which will be discussed in Chapter

6.
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CHPATER 2
Background

2.1 Laser Generation of Ultrasounds

When a pulsed laser is incident orspecimen, the temperaturat the laser irradiation ara
increases dramatically. kén the pulsed laseris turned off, the elevated temperature will
dissipatequickly. Thiprocessnduces athermo-elastic stress whichserves as the sourad laser
generated ultrasound$32]. Due to theshort duration of laser pulses (~ 10 ns), tecited
ultrasounds are bradband in natureA pulsed laser can be delivered to specimens through either
optical lensand mirrorsor optical fibers. Wlike traditional UTprobes, the laser generation of

ultrasoundis noncontact and doegot require anycouplant.

Dependingon the power densityof the lasersource,ultrasounds can be generated in three

different regimes: thermeelastic regime, transition regimeand ablation regime.

2.1.1 Thermo -elastic Regime

Fig. 2-1: Laser generation ofultrasounds in thermoselastic regime
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exceedthe melting point of base material. In this regime, no damage is caused on the sample
surface, and only thermeslastic stess is induced, which @imarily parallel to the sample

surface, as shown iRig.2-1.

2.1.2 Transition Regime

The transition regime is between the thermekastic regine and the ablative regim&ecause

of the narrow range of laser powet,is not very useful in practice.

2.1.3 Ablative regime

In the ablative regime, the pulsed laser power is high enougtatse vaporizatioof a thin
layer of the top material The vaporized material appliesan additional normaktresson the
specimen, as shown Fig.2-2. Theultrasounds generated in this reginmave larger amplitudes
than in the two other regimesThis work will primarily use the ablation reginte excite
ultrasounds Even though this regime will leawa@inor marks orsamplesthey are acceptable in

most weld inspection applications.

Fig. 2-2: Laser generation of ultrasounds in ablation regime
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2.1.4 Directivity patterns of Laser -generated Bulk Waves

In thick structurespulsed laser excites bulk and surface wavHEse amplitudes of laser
generated longitudinal and shear waves atifferent in different directions. fie directivity
patterns of laseigenerated bulk waves in different regimieave been studietioth theoretically

and experimentally20, 33], as shown irrig.2-3 and Fig.2-4.

o _ 02

406 oo

OD

(a) (b)
Fig. 2-3: Directivity patterns of laser-generated(a) longitudinal and (b) shear waves in thermoselastic
regime
-90°—— T 2t 0553 530u S 02—t 5o ?o°
e\ | e e N S . I e
0° 0°
(a) (b)

Fig. 2-4: Directivity patterns of laser-generated(a) longitudinal and (b) shear waves in alation regime

2.1.5 Pulsed Laser Used in This Work
This work uses a Continuum Lasers IfildI-20 pulsedQ-switchedNd: YAG lasdp excite
ultrasounds. The wavelength of the output laser is 1064 nm. The repletion rate of the laser is 20

pulses/sec. The laser pulse energy can be tuned from 0 to 250 mJ/pulgeul$aevidthis about

13



7 ns.The laser has an external trigger whizlows thecontrol of the laser firingthrough an

external TTL signdtig.2-5 shows the photo of the laser used in this work.

Fig. 2-5: Photo of the laser

2.2 EMAT Reception of Ultrasounds

EMAT carbe used taboth generate andletect ultrasounds[34]. This work focussonly on
EMAT 'scapabilityto detectultrasaunds. A schematic diagram BMATdetectingultrasoundsis
shown inFig.2-6. Thereis a permanent magnet insidEMAT, whiclcreates a static magnetic
field in the specimen. When ultrasounds propagate in the specimen, the particle vibration (v)
interacts with the stat magnetic field (B), and a current dengityis establisheid the specimen

This induced current densitytisen detected by gickup coiin EMATthrough induction

14
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Fig. 2-6: Schematic of EMAT reception of ultrasounds

EMATreception of ultrasouds is a norcontact processEMAThas a larger detectioarea
than traditional UT probes or laser interferometatse to the size oits pickup coil The EMAT
used in this work is customiesigned to be mi@ sensitive to the iplaneparticlemotionsin the
specimenFig.2-7 shows the photo of the EMAT used in this workads two wheels, which allow
it to move easilyalong sample surfaces.dbntains fourpickup coilsso that it can acquire four
signals through its fouchannelssimultaneously. The EMAT comes with a preamp which has a
bandwidth from 0.5 MHz to 2.0 MHZzig.2-8 shows the layout of the four pickup coils in the

EMATused in this work

Fig. 2-7: Photo of EMAT used in this work
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Fig. 2-8: Layout of pickup coils in EMAT

2.3 Laser/EMAT Ultrasonic Technique

The laser/EMAT ultrasonic technique uses a pulsed laser to generate and an EMAT to receive
ultrasounds. Both the generation and the reception of ultrasounds areaontact which makes
the techniquevery attractive This techniquéelongs to the family of ultrasonic testing methods,
which use ultrasounds to interrogate weld quality. Therefore, it inherits all the advantages of
ultrasonic testing methods, such adiability and capability to inspect both internal and surface

defects.

2.4 WPD Inspection Using LEU Technique in Thick Structures

The LEU technique has been extensively studiedMi@bDinspectionsn thick structures. The
lasersourcegenerates bulk waves drsurface waves thick structureswhose paths from the
laser source to the EMAT receiver are traceablPD¥¢an be measurelly tracing differentvave
paths which closely interact with the weld bead. Te~of wavesfollowing these paths can be

used to eéetermine WPBthrough simple geometric calculations.
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2.4.1 RGLS Method

The Rayleigh Generation Longitudinal to Shear (RGLS) ni@#as one of the ToF methods
developed previously in our lab, whialeasures WPBby tracing a specific wave path as shown
in Fig.2-9. The RGLS wavetpaonsists of a shear wave reaching the bottom surface from the
laser source, a Rayleigh wawepagating along the bottom surface and the crack between the
two plates, a longitudinal wave converted from the weld bead root, and a shear wave converted
from the bottom surfaceand finally reaching the EMAT receivEne ToF of the waves following

the RGLS path has an analytical relationship with the WPD.

Laser
l Incident

EMAT

Location

Fig. 2-9: RGLS wave path

2.5 WPD Inspection Using LEU Technique in Thin Structures

Application of the LEU technigd@ WPDinspection irthin structures has been limiteoly the
complexity of lasergenerated Lamb wavesand the lack of effective signal interpretation
methods. The lasegeneratedLamb wavesre broadband andcontain multiple modes.The
particle vibration induced by Lamb waves is throughout the thickness direofi@tructures.
There is no internal traceable wave path timn structures,therefore the ToFbasedmethod

camot be used
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A method calledsuperimposed laser sours&vas developed by previous students in our lab
[31]. The method simplifiethe lasergenerated Lamb waves angesreflection coefficients of
preselected Lamb waves predict WPB. Fig.2-10 showshow the superimposed laser sources
method works. The laser beam is delivered though a cylindrical lens teecadae source on
the sample. Measurement of the WPD at each location along the weld reghgdsme source
to fire at a sequace of evenly gaced locationsn the direction normal to the weld seamh&
EMATreceives signals at the same locatiawhile the line source is movind@he received signals
are stored in PC for pogirocessingSgnalsgenerated at multiple line source locatiow#th same
intervals are shifted and added to obtain a narrow band Lamb wave signal. Chtegimigrval
sizecansynthesizenarrow band Lamb waves of different wavelengthise reflection coefficients
of synthesized Lamb waves are calculasedl usedto develop a regression model to predict
WPDB. There are a few drawbacks about this method. Fitee wavelengtls that can be
synthesizedreonly the multiples of the increment of the laser line souragkich is not flexible
Secondly, he wavelengths arpreselected without knowingf the synthesized Lamb waves are
sensitive to the varying WRDr not. Thirdly, the implementation of this method is nefficient
because the laser line source needs to move at multiple locations in order to maasuéPD

at a single location along the weld seam.
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Fig. 2-10: Diagram of supegimposed laser sources method

2.6 Lamb Waves
Lamb waves are elastic wavbst propagat in plate structure. Lamb waves can travel longer
distanceswith less attenuation than bulk waveand they are dispersive becausamb wavesf

different frequenciedravel with different speeds.

2.6.1 Rayleigh-Lamb Equation s

Lamb waveare governed byRayleigh_amb Equationsas shownn Eq. 21 and 22,

(Eq.2-1)

(Eq.2-2)

where Eis the half thickness of theplate, Eis the radian wavenumber,DandNare parameters

definedin Eq. 23 and 24:

n — 0Q (Eq.2-3)
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n — Q (Eq.2-4)

where) isthe radian frequencyA is the shear speedndA is the longitudinal speedEq. 21
representsthe equation for symmetric modes and Eq. 2 represents the equation for
antisymmetric modesThesetwo equationsdefine the relationships between the wavenumber
and frequency of waves that can propagan plate structuresBoth equationshave aninfinite
number of solutionswhich arepairs of wavenumber and frequencyhe realvalued solution®f
RayleigH_amb Equationsonstitutedispersive curves the frequencywavenumber domainFig.
2-11 shows the dispersive curves several low modes ia 2.5mm thick steel plateThe solid
lines represent symmetric modewhich are solutioa of thesymmetric equationThe dashed

lines represent atisymmetric modeswhich are solutions of the antisymmetric equation

1200
£ 1000
800!
600!
400/
200/

Wave-number (

Frequency (MHz)

Fig. 2-11: Dispersive curves in frequencywavenumber domain

Thegroup velocityof Lamb wavegan be calculated using Eg52Thedispersive curvesf

Lamb waves in a 2.5 mm thick steel platehe group velocitffrequency domairare shown in

20



Fig.2-12. For each Lamb wave mode, different frequencies propagatie different velocities,
which is the disperse property of Lamb waves. This is one of the reasons why the daser

generated Lamb waees are complicated.

w — (Eq.2-5)

6000,
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Frequency (MHz)

Fig. 2-12: Dispersive curves in groupvelocity-frequency domain

2.6.2 Lamb Wave Displacement Field
Each point ordispersivecurves defing a uniquedisplacementfield. The displacementsf

Lamb wavesire defined apelow.
For symmetric modes:
6 TOMATR no6 Al AP 1 0o (Eq.2-6)

o) no OEfe "ONOEfw Ad®a 1 0o (Eq.2-7)
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For antisymmetric modes:
0 N0I o Nd i Vo Qo 1 o (Eq.2-8)
0 o Wéfw NQNOERO QoD 1 o (Eq.2-9)

where6 stands forthe in-planedisplacement 6 standsfor the out-of-planedisplacemento |,
0 ,0 and0O are coefficientswhich must satisfyEq. 210 and Eq. A41. Fig.2-13 shows the

coordinate system useith this work

— (Eg.2-10)

— (Eq.2-11)

W

X
-h 1

Fig. 2-13: Coordinate system usedn this work

The exponentialterms in Eqg. 26 to 2-9 indicate hat Lamb waves propagaia directions
parallel tothe plate surface, which is why there is no internal wave path to trecthin structures
The amplitudetermsin Eq. 26 to 29 indicate that the displacement amplitudes of Lamb waves
are functonsof @, known as the Lamb wave mode shapgy.2-14 shows two example mode

shapesone for a symmetric mode, the other for an antisymmetric motible2-1 summarizes
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the features of mode shapes dbmb waves. The {qplane displacements of symmetric modes
are symmetric in the thickness direction, while the -@iplane displacements of symmetric
modes are inverse symmetric in the thickness directidime inplane displacements of
antisymmetric modes are inverse symmetric in the thickness direction, while thefelane
displacements of antisymmetric modes are symmetric in the thickness direGmapshots of

displacemenfieldsof two exampleLamb vaves are shown iRig.2-15.

Out-of-plan

In-plan

Along Thickness(mm)
Along Thickness(mm)
o

1 0 1 1 0 1
Normalized Amplitude Normalized Amplitude

(a) SO mode at 1.08/Hz (b) AO mode at 1.081Hz

Fig. 2-14: Example mode shapes of Lamb waves in 2rBm thick steel plate
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Fig. 2-15: Snapshotsof example displacementields of Lamb wavesin 2.5 mm thick steelplate

Table 2-1: Properties of mode shapes of symmetric and antisymmetric modes

In-plane displacement | Out-of-plane displacement

Symmetric modes symmetric Inverse symmetric

Antisymmetric modes Inverse symmetric symmetric

2.6.3 Effect of Structure Thickness on Laser-generated Ultrasounds

As mentioned previouslyasergenerated ultrasounds differ in thin and thick structurébe
effect of structurethickness onlasergenerated ultrasoundsan beviewedby plotting dispersive
curvesof Lamb wave modes of interest the group velocityfrequencydomain for different
thicknessesas shown irFig.2-16. At thinner thicknesses, the group velocitied several low
Lamb wave modegarygreatlywithin the frequency range of interest [0.5MHz, 2.0MH&$ the
thickness increases, the dispersp@tionsof Lamb waveare squeezednto the low frequenges
and evernually out of thefrequeng rangeof interest when the thickness is large enough

Therefore, at thin thicknesses, the dispersion of lagenerated ultrasounds is prominent within
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the frequency range of interest. As the thickness increases, the dispearkiasergenerated
ultrasoundswithin the frequency range of interesteduces and can be ignoreghen the
thickness is large enoughVhen the thickness increases to infinite, the group velocities of all

Lamb wavenodes converge to a constant value, whisththe Rayleigh waweelocity.
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Fig. 2-16: Effect of thickness ongroup velocities

2.6.4 Evanescent Waves
Rayleigh.amb Equationalsohavesolutions withcomplexvaluedwavenumbersWhen the

wavenumber is complex, can be written in the following form
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Q ® 00 (Eq.2-12)

Then the dsplacement field becomes:
6 00Q 0Q Q (Eq.2-13)
6 00Q 0Q 0Q (Eq.2-14)

where0'Q and0'Q representthe amplitude terms forthe in-plane and outof-plane

displacementsrespectively The amplitudes ofhese waves decrease exponentially with their
propagation distanceThey are called evanescent waves. Evaneseanesare very local and

difficult to be detected.

2.7 Continuous Wavelet Transform
Continuous wavelet transfornrCW1 uses inner products to compare the similarity between

a signal and the shifted and dilated versions of selected waviB$6]:

6 o . Qo o= *— Q0 (Eq.2-15)

where Q0 is the signalinder investigatiofy 0 is the mother Waveletandm—_r * — s the

complex conjugate of the wavelet shifted to positiaand dilated by scalé The scale haa

generalbut not precise inverse relationship with frequency. TéwculatedCWT coefficient
6 ofo provides a pseudo timérequencyrepresentation of the original signalhe choice of
motherwavelet dependonits capability to captur signal features of interesSWIATLAB Wavelet

Toolbox provides convenient functioasdwide options ofwavelets to perform CWT analysis.
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In this work, CWT provides an effective way to studiividual LEWignals. Different Lamb
wavespresent in LEWigralscan beseparatedin their time-frequency domain representation.
This work usesomplexvalued Morlet wavelet as the mother wavelet, which is defined in2eq.

16.

r o —0Q Q (Eq.2-16)

where the parameter E representsthe wavelet center frequency, and the parametes F
representsthe wavelet bandwidthn the time domain These two parameters are determined
depending on the features ofighalswhich are to be analyzedtig.2-17 shows plots of the

complexvalued Morlet waveletsvith different parameters.
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(c) Fc=1 and Fb4 (d) Fc =2andFb =1
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Fig. 2-17: Plots of complexvalued Morlet wavelet with different parameters

2.8 Multidimensional Fourier Transform
Fourier Transform (FT) converts signals frioia time or spatial domain tdhe frequency

domain. Multidimensional FT is the extensiortlod one dimensional definition:
O h h ] 8. Q 8 QOB o o'y 8 Qb (Eq.2-17)

where"(stands fora multidimensional signalOstands for the multidimensional FEbefficient
and n stands for the dimension. In this workD2and 3D FT will be use@-D FT is effective to

analyze Bscan signals, andB FT is effective to analyzes€an signals.

28.1 2-DFT

A one dimensional wavean be represented by

Yo  0Q (Eq.2-18)
where Arepresentsthe wave amplitude,Eis the wavenumberand) is the radian frequency.
The wave direction is determined by the sigrfs=andd . For example, iEandb are both

positive, the function representwaves propagatingn the positivex direction.2-D FTconverts
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signals of @ne dimensionalvave tocoefficients inthe wavenumbeifrequency domairi37, 38].
In digital signal processing, the calculatedD FT coefficientO'® is periodic in both
wavenumberand frequencydirections.Fig.2-18 showsthe cycle centered at the origifwithin
this cycle, he 2-D FTcoefficientis conjugate symmetric about the origivaves propagating in
different directions are automatic separated in the wavenumbequency domainThe2-D FT
coefficientslocated inquadrants | and Ill correspond twavespropagatingin the positive x
direction, andhe coefficientdocatedin quadrants Il and IV correspondwavespropagating in

the negativex direction.

1 \Y

Fig. 2-18 2-D FT coefficient in wavenumbeii frequency domain

28.2 3-DFT

A two dimensional wavean be represented by

“Yofufo  6Q (Eq.2-19)
where Arepresentsthe wave amplitude,E is the wavenumber in the x directiok, is the
wavenumberin the y direction andJ isthe radian frequencyThe wave direction is determined
by signof E ,E , andd . For example, & , E , andb are all positive, the function represents

waves propagatingn the positivex andpositivey directions.
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Fig. 2-19: 3-D FT coefficients in k - ky - ¥ domain

3-D FTconverts signals of a two dimensional wave to coefficients in®he’Q -] domain
[39-41]. In digital signal processing, the calculateD FT coefficiedO QRQRY is periodicin
all three dimensionsFig.2-19 showsthe cycle centered at the origilithin this cycle, the B
FT coefficient igonjugate symmetric about the origifwo dimensional waves propagating in
different directions are autorntic separated in théQ -"Q -1 domain.The 3-D FTcoefficients
located in different octants correspond to wavegropagatingin different directions. The

mappingrelationshipis summarizedn Table2-2.

Table 2-2: Relationship between wave direction and D FT coefficient

. . 3-DFT Wave -
Wave direction . . . 3-D FT coefficient
coefficient direction
Positive x, Positive y Octant | and VII Positive x ssul:fr;aczesig?;?jdb?/yocéf;r:t\/l|Znn%lx
Positive x, Negative y Octant IV and VI Negative x Ssljrrff:ggssr;greez ?)3; (z)((::ttaar:t I\I/?nd dlllll
Negativex, Positive y Octant Il and VIII Positive y Sj?;iaecghsenzzjegybgcc;gnin\tl||| er]% I\I/
Negative x, Negative Octant lll and V Negative y ztrrfleiz SST;:ZZ tt)){/ (())((::ttzr:;l\l/l 2230
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CHAPTER 3

Characterization of Laser -Generated Lamb Waves

The first challenge which limits applications of the LEU technique to measure WPDs in thin
structures is that lasegenerated ultrasounds are very complicatdake to the broadband nature
of laserexcitation In thin structures, the LEU signals become more complicated. The laser
generated Lamb waves may contain multiple modes. Lamb waves are dispiiaivethewave
forms ofreceivedLEUsignalsvary atdifferent laser-to-EMAT distance The EMAT receiver used
in the LEU system masoaffect the receivedsignas sinceit is more sensitive to the iplane

particlemotions

The systematic study starts with charactergthe Lamb waveignals acquiredsingthe LEU
technique In this chapter, é-Scanprocedureis conductedon a thin plate, and the acquired
signalsreveala wealth of information abouthe Lamb wavegpresent in theLEUsignals.This
preliminary studyhelps toestablish abetter understandingof the acquiredLEUsignalsin thin

structures

3.1 Experimental Setup

TheB-scan procedurés conductedon a defectfree 2.5 mm thickA36steel plake. The material
properties of theA36steel platearelisted inTable3-1. The inspection procedure is shownHiy.
3-1. The pulsel laserrepeatedlyfiresat the same locationandthe EMATpicks up signals é51
evenly spacedbcationsat increments 000.4 mm. The laser pulsés delivered through a convex

lens and focusetb a point source with a radius of 0.4 non the plate surfaceThe laser power
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is tuned to 115 mJ/pulse which excites ultrasoundsn the ablative regimeThe sampling
frequencyis set to 12.5 MHz based onNyquistShannon sampling theorenAt each EMAT
location, the laser fires 16 timgand the acquiredignalsareaveragedaterto improvethe signal

to noise ratio (SNR)

Table 3-1: Material properties of A36 steel plate

, 2dzy 3 Qa | Poissonratig density | Shear speeq Longitudinal speec

200 GPa 0.32 7800 kg/m® | 3116.5m/s 6057.4m/s
| 27.6mm | 100mm |
[« > »
Laser EMAT N
THEHEHHEHEHEHEHEE
2.5mm HEEHHEHEHEHEHEE
_' | - By -y By S Bl Bl By By B

1 | Steel Plate

Fig. 3-1: B-Scanprocedure of defect free steel plate

3.2 Characterization in Wavenumber -Frequency Domain

Fig.3-2 shows the compilation dhe 25l1averagedsignaldased on their acquisition locations.
2-D FTconvers the B-scansignalsto the E- 5 domain[38, 42], and Fig.3-3 (a) shows the
calculated 2D FT coefficientsThe x axis represents frequency, and the y axis represents
wavenumber. The color represents theagnitudeof the calculated 2D FT coefficientssig.3-3
(b) shows hetheoretical dispersive curves of a 2.5 mm thick A36 steel itetiee E- 5 domain
Dispersive curvesf different Lamb waves arebserved in theplot of the calculated2-D FT
coefficient whichconfirms that the lasegenerated ultrasounds in the 2.5 mihick steel plate

are Lamb waves. Comparisanth the theoretical dispersive curves helps to identify the Lamb
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waves present in the received signads labeled ifrig.3-3 (a).Broadband and multmodal Lamb
wavesare generatedby laser in the steel platéAlong each curve iRig.3-3 (a), the color varies,
which indicatesthat for each observed.amb wavemode in LEU signalghe anplitude is not
uniform across frequencie3his can be explained by the facts that lagenerated Lamb waves
are not uniform andhat the EMAT is more sensitive to Lamb waves with largganemotions

at the plate surface.
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Fig. 3-2: Time-space representation oB-scansignals
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(b) Theoretical dispersive curves of 2

(a) 2-D FT of Bcansignals
mm thick steel plate

Fig. 3-3: Dispersive curves in vavenumberfrequency domain

Even though the EMATsedin this work has a nominal bandwidth from 0.5 MHz to 2.0 MHz,
Lamb wavedeyond thisfrequency rangere alsoobserved in theLEUsignals However,their

amplitudes arevery smallFuturestudywill onlyfocus on thestrong Lamb wave@bserved within

the EMAT bandwidthThey areA0, S0, Al, S1 and &bdes

6000,

Q SO S1

E

= 4000/

©

o

0]

> S PN AT .

a 2000

-] ]
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O
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0 0.5 1 1.5 2 2.5

Frequency (MHz)

Fig. 3-4: Group velocities of AO, SO, Al, S1 and S2 modes in 2.5 mm thick steel plate

3.2.1 A0 Mode

The wavenumbef A0 modewithin the EMAT bandwidth is frombout204 m!to 688.6 m
1. The corresponding wavelength is frabout 4.9 mm to1.5 mm.The corresponding group
velocitychangesrom about3185 m/s to3005 m/s. Therefore, the observed A0 mode in the LEU
signals are not very dispersivéhat is, the v OA G & R2Say Qi OKIy3S YdzO

frequencieswithin the EMAT bandwidthwhich can be seen froraig.3-4.
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3.2.2 S0 Mode

For mode, the wavenumber within the EMAT bandwidth is frabout97.5m™ to 674
1. The corresponding wavelength is frabout 10.3 mm to 1.5 mmThe corresponding group
velocity startsfrom about 4945 m/sdecreases to 1676 m/s, and then increases to 2798 a¥'s
shown inFig.3-4. Therefore, the observed SO mode in the Ligdals are very dispersiviig.3-3
(a) shows thatthe amplitude of SO mode is especially strong between 0.9 MHz and 1.3 MHz.
Across this frequency range, tiggoup velocity variesa lot. Therefore,and the SO mode in the

received LEU signalsll expandin the time domain as it propagates further distances

3.2.3 Al Mode
In 2.5 mm thick steel plat&y1 modehas a cuioff frequency of 0.636 MHzh& wavenumber
within the EMAT bandwidth is frod m™* to 491 m’. The corresponding wavelength is from
positive infinite to2 mm. The corresponding group velocitycreases from 0 m/s t8745 m/s,
then decreases to 2184 m/s, and finally increases to 22/&3 as shown irFig.3-4. Fig.3-3 (a)
shows that the strongst A1 mode appears at frequencies from 0.9 MHz to 1.3 MHz. Even though
the A1 modss very dispersivacross the entire EMAT bandwidth,G & 3INR dzLJ @St 2 OA (&
a lot within the frequency range where its strongest amplitude is observed. Therdfmrel

mode Lamb wavebserved in the received LEU signalsot very dispersive.

3.2.4 S1 Mode

In 2.5 mm thick steel plat&§lmodehas a cuoff frequency of 1.117MHzas shown irfrig.3-3
(b). Its wavenumberfrom the cutoff frequency to 2.0 MHz valudsom 0 m? to 370 m™. The
corresponding wavelength is fropositive infinite to2.7 mm. The corresponding group velocity

starts from a negative value, then increase to 4943 m/s, and finally decreases to 4575 m/s. The
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frequencyat whichthe group velocity changes from negative to positive is about 1.054 MHz.

fact, the frequency range where the group velocity exhibits negatiakies belongs to a
backward propagating mode, S2b, which is connected to S2 mode through a small imaginary loop
inthe. 01 0 [4B8LINIPtEe S1 mode Lamb waves with positive group velocities are observed
in the received LEU signals, as showifig.3-3 (a), which have wavenumbefsom 116 m' to

370 m!and corresponding wavelengths from 8.6 mm to 2.7 rrhmode is also very dispersive.

However,S1 mode is much weaker compared with the previous three modes.

3.2.5 S2 Mode

The S2modehas a cubff frequency of 1.273 MHz, from which to 2.0 MHz its wavenumber
values from0 m?to 278 m. The corresponding waveletiigis frompositive infinite t03.6 mm.
The corresponding group velocity increases from 0 m/s to 3228wileh is dispersiv&2 mode

is even weaker tha®1 mode

Table3-2 summarizes the properties of the Lamb wawaéservedin the LEU signals

Table 3-2: Properties of Lamb wavesobservedin LEU signals

Lamb wave mode Frequency rangg Wavenumber | Wavelength Groupvelocity
A0 0.5¢ 2.0 MHz | 204-688.6 m* | 4.9-1.5 mm 3185- 3005 m/s
SO 0.5¢2.0MHz | 97.5-674 m' | 10.3-1.5 mm| 4945-1676-2798 m/s
Al 0.636¢ 2.0 MHz| 0-491 m* b k-2mm | 0-3745-2184-2213 m/s
S1 1.504¢ 2.0 MHz| 116-370 m* | 8.6-2.7 mm 0-4943- 4575 m/s
S2 1.273¢2.0 MHz| 0-278 m* b K-3.6 mm 0-3228 m/s
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3.3 Characterization in Time -Frequency Domain

2-D FT is a very effectite characterizeLamb waves in the received LEU sigmasause
different lasergenerated Lamb waveare separated in the wavenumbéequency domain
However, it requires Elsignals acquired ahultiple evenly spacetbcations. Practicallyt would
be more helpful to identify Lamb wavdsom individual LEUsignals Traditional frequency
spectrum analysis is not suitable for LEU signals bedditfseent Lamb waves are overlapping
in the frequency domainCWT provides an effective way to analyze individual LEU s[gdals
45]. CWT converts temporal signalsthe time-frequency domain, in whictlifferent Lamb waves
are separatedecause of their different speed$he complexalued Morlet wavelets used as
the mother waveletdue tothe simiarity of its wavéorm to the LEU signalsrdper parameters

need to be selected to capture different Lamb waves in the LEU signals.

Fig.3-5 shows an LEU signal acquired when the EMAT receiver is 64 mm away from the laser
source.Fig.3-6 shows two versions of complasalued Morlet wavelets used in this work. The
waveform of the first wavelet is similar to the waveform observed at the beginning of the LEU
signal, which oscillates a lot in a short period. The waveform of the second wavsietilar to

the waveform observed later in the LEU signal, which is smoother anddstigg.

g o

Time (us)

Fig. 3-5: LEU signal acquired when EMAT is 64 mm away from laser source
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Fig. 3-6: Complex-valued Morlet parameters selected for CWT

Fig.3-7 showsthe CWTcoefficientsof the LEU signah the timefrequency domairusing the
two different versions otomplexvalued Morlet waveletsThe theoretical arrival timgof Lamb
wavesidentified in the previous sectioare calculated using Eq-Band superimposed to both

CWTplots.

Y — (Eq.31)

where D is the distance from the laser source to the EMAT regeine is the group veloity

of Lamb wavesThe superimposed dispersive curves help to identify different Lamb waves in the
LEU signals from the tirfeequency domainFig.3-7 (a) shows that lte first complexvalued
Morlet waveletis good at identifyingthe AO modeand that it can also identify the SO mode,
which arrivesafter the A0 mode Fig.3-7 (b) shows that the second complaslued Morlet
wavelet captures the AO mode poorly but is better at identifying the SO mwdtken compared

with the first complexvalued Morlet wavelet In the timefrequency domain the most
outstanding Lamb waves that can be identified are A0 and SO moHesotier Lamb waves

modesthat are identified in thewavenumberfrequency domairare not asoutstandingas the
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S0 and A0 modedhis is because th@avenumbeffrequency domain representation requires
LEU signals acquired at multiple locations. It contains both time and space information and
therefore has a higher resolutioMeverthelessthe time-frequencydomain representation is
derived from a sigle LEUsignaland therefore has #éimited resolution.In fact, dfferent Lamb
waves cannot be completely separated in the tiinequencydomain. For example, in some
regionsdispersive curves of different Lamb waves are clos# #venintersect witheach other

The other Lamb waves are not as outstanding because they may be obscured by the strong A0

and SO modes.
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(a) CWT using compleralued Morlet with Fb=1 and Fc=1
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(b) CWT using complewalued Morlet with Fbg and Fc=1

Fig. 3-7 CWT plots with dispersive curves superimposed

CWThelps to obtain a better understanding of the wavefoohthe LEU signah the time

domain. The short strongscillationprimarily corresponds to AO mode Lamb wawehich hasa

39



fast speed and is less dispersive. The d@asging gentle oscillation primarily corresponds to SO
mode, which travels slower than AO mode and is very dispersive. The waveform corresponding
to AO mode igelatively consistent as the laser-EMAT distaoe increases, while the waveform
corresponding to SO mode expands as the ledEMAT distance increasesghich can be seem

from Fig.3-2.

3.4 Attenuation of Laser-generated Lamb Waves
LEU signalattenuate asthe laserto-EMAT distance increasetheoretically, Lamb waves
R 2 yafdhuate in perfect linear elastic materials. heality, they attenuate but with a much
slowerrate than bulk wavesThereforethey canusuallyinterrogate larger areas than bulk waves
It is good to know how fast the Lamb wave signals acquired using our LEU system attenuate. The
B-scan signalsanhelp to estimate theattenuation rate of lasegenerated Lamb wave$hesum
of square is calculated for LESiginas acquired aeachlaserto-EMAT distancéo estimate the
signal energyFig.3-8 plots the signal energy versus the lasefEMAT distancewhich is noisy
due tothe presence obackground noises ithe LEU systenmA linear fitting isperformed to

estimate the attenuation rat®f the LEU signahs showrbelow.

O mWinpO ™ QYU (Eq.3-2)

where D is the laseilo-EMAT distance in mm, and E is the signal endtrggn beestimated that
the signal energy reduces at a rate of 0.4% per mm and thatEidsignal will die out aftethe

lasergenerated Lamb waves propagdte a maximum of 237 mm.
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Fig. 3-8 Plot of signal energy vslaserto-EMAT distance

3.5 Summary

The LEU system in our lab is used to inspect a defect free 2.5 mm thick steel plate with a B
scan procedureA wealth of information about the Lamb waves present in ttieUsignalsis
revealedthrough analys in the wavenumbefrequency domain and timérequency domain.
Due to its high resolution, the wavenumbfequency domain representation dhe Bscan
signals helps to characterize properties of different lagenerated Lamb waves. Even though
CWT of ndividual LEU signals cannot separate different Lamb waves as well as in the
wavenumberfrequency domain, it stills helps to establish a better understanding of the

waveform of LEU signals.
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The LEU signals acquired in thin structures contain broadbandnaitttnodal Lamb waves,
which are shaped by the laser excitation and the EMAT recdivem this preliminary study,
Lamb waves which are strong in thexeived signals are identified, and their properties are well

understood.The following stugkswill only focus on the interactions d@he identifiedstrongLamb

waves with weld.
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CHAPTER 4

Interactions of Laser -Generated Lamb Waves with Weld Penetration
Depth -Related Defect

In Chapter 3the lasergenerated Lamb waves have been chagsiged and the strong Lamb
waves in the received LEU signalee identified. The laseigenerated Lamb waves are shown to
be very complicated, which include broadbafiequencies and mulple modes. Another
challenge which limits applications of the LEU technique to measure WPDs in thin structures is
that interactions of lasergenerated Lamb wavewith weld beads arealso complicated. In
Chapter 4, the full wave field of lasgenerated Lemb waves will be measured t&tudy their
interactions with weldsince wave field signals contain tbempleteinformation ofLamb waveQ

propagationg46-51].

Thewave field signalsf lasergenerated Lamb wavedose to a WPDelated defectwill be
captured using & Scan procedurelhemeasured wave fieldignalshelp to understand how the

presence of the defect will affect the propagations of lagenerated Lamb waves.

4.1 Sample Preparation
Two 2.5 mm thick A36 steel plates are welded together using Gas Metal Arc Welding (GMAW).
A locallack of penetration defect is created by reducing the wire feed rate (WHB}-1 shows
the close look of the weld defect from both sides of thedeel sampleThe defect i$ mm long,
which isvery difficult to see from the front sidd.he objective is to determine if the LEU system

is able to detect the presence of thkefectby inspecting from théront side of thesample
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(b) Back view of weld

Fig. 4-1: Close look ofdefect

4.2 Inspection Setup

Theinspection setup used for-§can is shown iRig.4-2. TheLEUnspection systenm our lab
consists of an Nd:YAG pulsed laser, a custom designed EAiFeational movinggamplestage,
a high speed acquisition card, and a control uAitother lead screw is added to allow tsample
stage to move in two direction3he laser power is set to 118J/pulse. The sampling frequency
is set to 12.5 MHZThe sample is clippefitmly onto the stage with weld seam facing uprhe
laser beam is delivetkusinga convex lenand an optic mirroand focused to a poirdourceof
0.5 mm in radiu®n the samplesurface The EMAT is attached to the sample throitghbuilt-in
magnetand moves with the samplé’he movemenbf the samplestageallows thelaser to be

incident onmultiple locations on the samplurface
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Mirror K~ Lens

Laser beam
Sample .

X direction lead screw

Y direction lead screw

Fig. 4-2: LEU inspection system

4.3 GC-scan Procedure

Fig.4-3 (a)shows he Gscanprocedureused in this workTheEMATreceiverstaysstationary
relative to the sampleThe lasesourcemoves relative to the sampland fires at two 30 x 80
arrays of locationson the sample surfacen both sides of the weld defecthe pitchof the laser
incident poirts is 0.3mm in both directionsFig.4-3 (b) shows & alternative Gscanprocedue,
in which locations ofthe EMATreceiverand the laser sourceare reversed. The tw@-scan
procedures areequivalentwith regard to theacquiredsignals dueto reversibility of wave
propagations The first procedurés usedin this workbecausehe EMAT has a large probe area
anda high spatial resolutiois easier to achieve by moving the lagecident point Plus, the first
Gscan procedure can be performed wiaéhminimum modificationof the current LEU system in
our lab.However the second>scanprocedureismore intuitiveto interpret the acquired signals
Since thee two procedures are equivalent, the secaidcanprocedure will be used to discuss

the acquiredsignaldater.
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Plate 2

(a) Gscanprocedureused

Plate 1

Laser incident Defect

point  ......00 /...

EMAT locations

24 mm

y
X Weld

Plate 2

(b) EquivalenGscanprocedure

Fig. 4-3. C-scanprocedures

4.3.1 Background Noise in LEU System

A challenge to perform the Scan procedure is that a velgrong background noisés
observed inthe LEU inspection systenfrig. 4-4 showsa raw LEUsigna)] which isheavily

contaminated bythe background noisand therefore has a very lo&NR

0.06
0.04¢

0.02+¢

-0.02}

Amplitude

-0.04}

_0'060 10 20 30 40 50 60
Time (uS)

Fig. 4-4: Plot of a raw LEU signal

Fig.4-5 showsthe plot of a purebackground noisewhich iscapturedby blocking the laser
pulse from reaching the sampseirfaceduring inspectionThe signal haa low-frequencyripple
with superinposed high-frequencyrandom oscillationsThe background noise is believed to

originatefrom the preampcircuit of the EMATeceiver
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Fig. 4-5: Plot of a pure background noise

Usually the laser fires multiple times at the same location, and the acquired signals are
averaged to improve the SNRg.4-6 shows thesignalobtained byaveragng 16raw LEWsignas
acquired at the same location #ee signal irFig.4-4. The background noise is greatly diminished
and the SNRis improved however, at a costof compromisingthe inspection speedThe

averagingbased method to improve SNR is isoitablefor the Gscan procedure, since there are

totally 4800locations to inspect.
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Fig. 4-6: Plot of average signal froml6raw LEU signals

4.3.2 CWT-based Denoising

Instead, a CWibased methodwill be used tamprove the SNRwhich allows the lasdp fire

onlyonce at each locatiorkig.4-7 shows the CWDBf the raw LEU signah Fig.4-4 using Malet
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as he mother wavelet In the timefrequency domain the low-frequency ripple in the
background noisés located below 0.5 MHz, and the hiffequency random oscillations in the
background noise arscattered all around Lamb waves in the signal correspond to CWT

coefficientsof high magnitudesvithin the EMAT bandwidth
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Fig. 4-7. CWT plot of raw signal

The background noisean be removedrom the timefrequency domairin two steps First,
CWT coefficientbeyond the EMAT bandwid#éirereplaced by zera Secondy, within the EMAT
bandwidth anyCWT coefficiensmaller thara predeterminedthresholdis replaced by zer@he

modified CWT coefficientare then inverse transformed to reconstru¢he signal in the time

domain

A proper thresholdneeds to be determinedif the threshold is too smallsome ofthe
background noisewithin the EMAT bandwidthremains in the reconstructed signdf. the
threshold values too large some of the small CWT coefficiertsrresponding to Lamb waves

will be compromisedFig.4-8 showshow the selectedthreshold will affect theenergy ofthe
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reconstructed signalThesignal energy decreasésst because theébackground noisbecomes

less and then becaugke Lamb waves areompromised.
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Fig. 4-8: Signal energyvs. threshold

Fig.4-9 shows how increasing the number of averaging will affect the energy of the averaged
signal. The signal energy decreases and approaches a constant value asgmals are averaged.
Assuming the background noise can be completely removed when the averaging number reaches
infinite, the constant valueorresponds tahe energy of the noiséree signal.The thresholds

selected toyielda signaénergyequal tothe constant valueThe threshold is selected to be 0.007,

as shown irFig.4-8.
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Fig. 4-9: Signal Energyvs. Number of Averaging
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Fig.4-10 shows themodified CWT coefficientsising the selected thresholdand Fig.4-11
showsthe reconstructed signaComparison witlrig.4-6 shows that he CWbasedmethodcan
achievea SNRcomparable tahe averagingoasedmethod but without sacrificing the inspection

speed.
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Fig. 4-10: Modified CWT coefficients
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Fig. 4-11: Plot of CWT -denoised signal

4.4 Wave Field Signal Analysis
TheGscan procedureollectssignaldrom 4800 locationswhich aredenoised using the CWT

based method The 4800 signals arassembledinto two 3-D data matrces based on their
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acquisition locationsThe two 3D data matrices have the same sizhe firé data matrix consists

of signals acquired from the left side of weld, and the second data matrix consists of signals
acquired from the right side of weldkig.4-12 shows the diagram obne 3-D data matrix The

first two dimensionsof the 3-D data matrix correspond téhe coordinates of the acquisition
locations and the thrd dimensioncorresponds tdime. The Gscan procedure iifrig.4-3 (b) is
usedhereto interpret the 3D data matrixData on ¢ OK  anérindl © $hé time dimension
representthe wavesignal over the inspeet area atthe correspondingnoment. Plotting the

"slices" in time order allows the wave field in the inspected area¢wisualized50].

Y direction
(80 points)

esssssense Time

X direction
(30 points)

Fig. 4-12: 3-D data matrix

Fig.4-13 shows snapshots of the wave fislththe two inspected areaat 6 evenlyseparated
moments Thelasergenerated Lamb waves propagate towards righte left wave field When
their wave frants encounter the weld, some of them gegflectedand the rest transmit through
the weld to the rightwave field The left wave field contains the incident and reflected waves,

and the right wave field contains the transmitted waves.
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Fig. 4-13: Snapshots oforiginal wave fields
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In the left wave field, bcause of the different speeds of lasggnerated Lamb waves, the fast
Lamb waves get reflected sooner, and their reflections interfere with the Eeowbwaves.The
reflected waves are of more interebecausethey contain the information of theveld defect.
However, they are obscured by tlstrongincident waves It would be helpful to remove the

incident wavesand highlight the reflections in the leftave field

In the right wave field, the signals are cleaner becauginbarily contains the righigoing
transmitted wavesHowever, atthe very end of the wave field signals, reflections from the
sample edge are observell.would be helpful taooemove the edge reflections the rightwave

field.

4.4.1 Remove Incident Waves and Edge Reflections Using 3-D FT

The collected wave fielsighalsessentiallyaretwo dimensional wavepropagating ima plane.
3-D FTcan be usedo remove the incident wavein the left wave fieldandthe edge reflections
in the right wave field52]. In the left wave field, lecause the incident anthe reflected waes
propagate inopposite directions, theyare automatically separated in th&® -Q -1 domain
when 3-D FT is applietb the 3-D data matrixof the left wave field According toTable2-2, the
left-goingreflectionscorrespond to 3D FT coefficients i@ctants I, 1ll, V and VIII, and thght-
goingincident waves correspond to-B FT coefficients i@ctants I, IV, VI and VIIThe 3-D FT
coefficientscorresponding to the incident waves are replaced by zefgg4-14 (a) shows the
remaining 3D FT coefficients in th -'Q -] domain Theremaining3-D FT coefficients are
inverse transformed to reconstruct th@ave fieldsignals in the time and spatial domalin.the

right wave field, he transmissiongnd the edge reflections propagate in opposite directions.
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Therefore, the samenethod is used taemove the edge reflectionsFig.4-14 (b) shows the

remaining3-D FT coefficients in th@ -Q -] domainfor the right wave field

1w W
I K Lk

[ v
kX kX

y

Vil VI

(a) Left wave field (b) Right wave field

Fig. 4-14: 3-D FFT coefficientsselectedfor extracting reflectionsand transmissions

Snapshots ofhe two wave field after the incident wavesand edge reflectionsare removed
are shown irFig.4-15. Onlythe left-going reflections are observed in theft wave field and only
the right-going transmissions are observed in the right wave figlee presence of thaveld
defectisclearlyindicated bythe reflectedwave fronts and the disconnections in the transmitted
wave fronts The lack of penetration defect in the weld causes stronger reflections and weaker
transmissions.Becausethe lasergenerated Lamb waves contain multiple modebgir
reflectionsand transmissionare overlappingvith each other It would be helpful to separate
reflections and transmissions different Lamb wave modes so th#teir interactions with the
weld defect can be viewed separately ah@mb wave modesensitve to the defect can be

identified.
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Fig. 4-15: Snapshotsof wave fields after incident waves and edge reflections are removed
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4.4.2 Separate Different Lamb Wave Modes

Dispersive curves of Lamb waves in the wavenunfitegruency domain extend to dispersive
surfaces in theE -E -5 domain Fig.4-16 shows the dispersive surfaces of several modes in
theE -E -5 domain The dispersive surfaces are cesteaped surfaces which are obtained by
rotating the dispersive curves in the-k domain around thed axis.After 3-D FT converts the
reflection and transmissiorfield signals tahe E -E -5 domain different Lamb wave modes
fall on these surfaces and aseparatedautomatically.Different Lamb wave modesontained in
the reflection and transmission fieldsan be separatedby extracting @ FT oefficients

corresponding to different Lamb waves modes inhe E -5 domain

Fig. 4-16: Dispersive surfaces i - © domain

The reflection field signals will be used to demonstrate how to separate different Lamb wave
modes.Thdr 3-D FT coefficientsasshownin Fig.4-14 (a), can bedivided into slices perpendicular

to the 5 axis. Each slice intersects with the dispersive surfaces at circular curves of different
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radius.Fig.4-17 shows a slice of-B FT coefficients Octant V corresponding t60.98877 MHz,
whose intersections with dispersive surfaces are plotted, too. Becausahaute value of the
frequency is below the cuff frequency of S1 mode, only three circular curves are plotted, which
correspond to A0, SO, and A1 mod@se circularcurveshelp toidentify the 3D FT coefficients
corresponding to different Lamb wave modétigh3-D FT codicientsin the sliceare located
close to theE axis This isbecausehe decomposition othe wave propagationdirectionin the

measured wave fieltlas a largex component, which can beeenfrom Fig.4-15.
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Fig. 4-17: 3-D FT coefficients on aslice corresponding to-0.98877 MHz

The3-D FT coefficients corresponding to different Lamb wave modes are extracted from each
slice with the help of the intersection curvethe extracted3-D FT coefficients are inverse
transformed to reconstruct theeflections of different Lamb wave mode3he same method can
be used to separate different Lamb wave modesthe transmission &ld. Shapshots of

reflectionsand transmissionsf AQ, SQ and AImodes, which are the strongest Lamb wave modes
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identified inLEWsignalsare shown irFig.4-18, Fig.4-19andFig.4-20, respectivelyBecause each
Lamb wave mode contains broadband frequencies, their interactions with the weld defect are

still verycomplicated.
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Fig. 4-19: Reflection and Transmissionof SO mode
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Fig. 4-20: Reflection and Transmissionof A1 mode
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4.4.3 Separate Different Frequencies of Each Lamb Wave Mode

Different frequencies of each Lamb wave mode can be furtleparatedby extractingtheir
corresponding-D FT coefficientand inverse @ FT. Observing their reflection and transmission
FAStRA KSfLJA (2 dzyRSNBRGFYR K2g¢g (GKS RSTFSOG 6A
frequencies of each Lamb wave mode are sensitive to the presence of the weld dtact.
fields oftwo sensitive Lamb waves, AO mode at 1.5 MHz and SO mode at 1.1 MHz, are plotted in
Fig.4-21 and Fig.4-22, respectively. They have different interactions with the weld defEot.
the AO mode Lamb wave of 1.5 MHhetweld defectcausesstrong reflections and creates
disconnectiosin the transmitted wave fronts. For the SO mddemb wavef 1.1 MHz, the weld
defect creates strong wavé&onts in the transmitted field, which may be caused by mode
convesions occurring at the defecthese twoLamb waves show the capability detect the

presence of the lack of penetration defesither with their reflection or transmission field.
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Fig. 4-21: Reflection and Transmission of AO mode at 1.5 MHz
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Fig. 4-22: Reflection and Transmission of SO modat 1.1 MHz

4.5 Summary

The wave fieldsignalsof lasergenerated Lamb waves close toVéPDrelated defect are
captured using a-8can procedure. A C\ABRsed method is used to improve the SNR of LEU raw
signals, which greatly reducéise experimental time3-D F¥based filtering is used to remove
the useless incident waves and edge reflections in the wave field sifhalteractions of laser
generated Lamb waves with the weld defect are complicated because they contain multiple

modes and broadband frequencid3ispersive surfacés theQ - Q-] domainhelp to separate
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wave field signals correspdimg to different Lamb waveNot allLamb waves in LEU signais
sensitive to the presence of the defe®@ifferent Lamb wavemay havedifferent interactions
with the defect Sensitive Lamb waves in the LEU signals can be used to detect the presence of

the lack of penetration defedtased on theireflections or transmissions
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CHAPTER 5

Measurement of Varying Notch Depths Using Transmission Coefficient

of Laser-Generated Lamb Waves

In Chapter dinteractions of Lamb wavgwesentin LEU signals with a local lack of penetration
defect are investigated, and the LEU technigh®ws thepotential to detect varying WPD#
thin structuresqualitativelybased on reflections or transmissionsseinsitiveLamb wavesThis
chapter will move one step further tmvestigateif the LEU techique is able to measure WPDs
in thin structures quantitatively using transmission coefficients of lggsererated Lamb waves.
Transmission coefficients of Lamb wavase selectedo SOl dzaS A G Q& Sl &ASNJ

transmission coefficients than reflectiooefficients

This chapter wilfirst use varying notch depths tevaluatethe capability of transmission
coefficients oflasergeneratedLamb waves for two reason&rst, notches of varying depths are
easier tomanufacturedue to its structural simplicity. Secondly, notches of varying depéms
roughly simulatewelds of varying penetration depthas shown irFig.5-1. Assuming that the
weld face and rooareflat andthat the weld bead and the base material have the same material
properties, a butt joint weld can be approximated by an isolated surface ndtchhis
approximation, he plate thickness minus the notch degs equivalent to the simulated WPD
Investigation of the capability of the LEU signals to measure varying notch depths can help to

determine whether they can be used to measure varying WPDs.
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Notch is a very important struatal feature in NDT, whichas been extensively studied with
respect to its interactions with Lamb wavgs3-55]. However, previous studies mainly focused
on its interactions with narrowband fundamental Lamb wave modes generated using traditional

ultrasonic transducergs6, 57].

Weld face

Weld bead Weld reinforcement / Flat weld face
I T
Penetration Plate S\mula‘Fed I‘\\ L Plate
depth penetration “~
i 4 —_—
Weld root depth | PF\at weld root

(@ (b)

Fig. 5-1: Simulated weld penetration depth: (a) butt joint weld, (b) isolated notch

In thischapter finite elementanalysi{FEARNd experimental measurement are usiedstudy
how Lamb wavesransmitacrossvaryingnotch depths Only the strong Lamb waves identified in

LEU signalsiWwbeinvestigated.

5.1 Finite Element Study

Finite elementanalysidgsfirst usedto investigate howaryingnotch depthsin a thin platewill
affect transmission coefficientsf lasergeneratedLamb wavesSimulatingthe laserexcitation
of Lamb wavess complicated andime-consumingand therefore not suitable fathe parametric
study of varying notch depths. Instead, a simghal efficientFEAmodel is developed tguickly
simulate how individual Lamb waves propagate in thin plates and how tha&ysmit across
varying notch depthsFor the different Lamb waves identified in the LEU signals, their

interactions with the varying notch depths will be simulated separately.
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5.1.1 Finite element model

Displacement
loading area

e a— w—
y sl }
L1 L2 L3 L4

Fig. 5-2: Finite Element Model

y 200 surface nodes

Figure 52 shows the2-D FEA modelised in this workwhich is a plane strain analysis using

the PLANE182 element in ANSM& model simulates25 mm thck steelplate with a notch on

its bottom surface. The two ends of the plate are completely constraifedach run an
individualLamb waves excited inthe plate by applying a proper loading condititmthe red
zone Theloading condition is divideaio two stepslinloadstepl, the theoreticaldisplacement
field of the Lamb wavevhich is to be excitetsappliedto the red zoneas a displacement loading
Inload step 2the displacement loadinigremoved toallowthe excitedLamb wave t@ropagate
freelyin the plate Changing the notch depth makes it possible to study the effect of the varying
notch depths on thetransmissiorof the excited Lamb wave. Changing the displacement loading

makes it possible t& (i dzZR& | RA T F S heRagfion wlthlthévaryirgho@isdepshs A Y

In practice, he applied theoreticaldisplacement field of Lamb wavs are shapedto avoid
abrupt change®f the loading conditiorat the boundaries of loading area and at thr@nsition
between thetwo load steps TwoHanning windowsas defined in Eq.-b and Eq. 2, are used

to shape the displacement loading in the tidemainandthe space domain, respectively.

W ™ p wé+ (Eq.5-1)
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W ™ p wéE (Eq.5-2)

where'Ois the duration ofoad stepl, and0¢ is the length of thalisplacementoading areaas
shownin Fig.5-2. Fig.5-3 shows the plots of théwo window functions used when the SO mode

Lamb wave a®.9771 MHz is to be simulated.

0.5 . 0.5
% 1 2 3 4 5 6 %0 10 0 10 20
Time(us) X coordinate(mm)
(a) Time domain window function (b) Space domain window function

Fig. 5-3: Plots of window functions used when simulating SO mode at 0.9771 MHz

Inthe FEAmodel, he notchwidth is fixed to bel mm. Other parameterssuch aghe labeled
lengths, element size, and step sja¥eset to be functions of thexcited[ I Y6 ¢ | igdqT) &
2NJ g @St Sy 3(irkTabfes1 Thisgaramefrid desigh#s two advantages. Firghe
FEA model can be easily modified to simulate different Lamb sv@exondy, the number of
total elementsin the modelis controllable when Lamb wavessmall wavelengtlare simulated
The duration of load step 2 and the plate length are properlgcted toavoid reflectiondrom
the endsof the plate.The material properties iffable3-1 are usedso that the simulation results

can be experimeraily verified later.
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Table 5-1: Dependent @rameters of FEA model

Parameters Value Parameters Value Parameters Value
L1 25 9 L4 20 @&| LoadStep1l 6T
L2 10 3 Elementsize (x) 1/ 20 Load Step 2 120T
L3 25 g Elementsize (y) 1/ 20 Substep 1/20T

5.1.2 Validation of Finite Element Model
The finite element model will be validated first to make sure that it excites only the expected
Lamb wave in the plataVhen the notch depth equalsero, the model becomes rotch-free
I Olj «

plate. The excited waves in the model can be characterized asiagO | y ¢ aA Iy f &

a series of equallgpacedsurfacenodes

Theexcitation of theSO mode Lamb wave at 0.97NHzis used tovalidatethe FEA model.
Its theoreticaldisplacement field is applieds the displacement loading, and the notch depth is
set to zero After themodel is solvedtransientin-planedisplacements of 20@djacentnodeson
20 0 -A QT i K Fagk-dshows a

the plate surface, as shownFig.5-2, areextractedii 2

the compilationofi KS&a @L yé¢ aAir3ayltta ol aSR 2y (KFighs 022 NR
shows one of the 200 signatsthe time domairand its frequency spectrunihe excitedwave
has a peak frequencst 0.9771 MHz2-5 C¢ O2 y @SOIwE (XK SWsienumberi 2 G K S
frequencydomain, as shownin Fig.5-6. The theoretical dispersive curve tdie SO modeis
superimposedto the 2D FT plat andthe excited wave falls on the dispersive cyrwich

confirms that the FEA model only excites the expected Lamb wave in the plate
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Fig. 5-6: 2-D FT of surface node signalsvhen notch depth equals 0 mm

Thein-plane and outof-plane displacemerns of nodesalong the thickessdirection of the
plate are also extractedo study themode shape®f the excitedLamb wave in the FEA model
The maximundisplacementamplitudes are normalizednd plotted inFig.5-7. The theoretical
mode shapes 050 mode Lamb wave at 0.9771 MHz are also plottédgrd-7. The sinulated
and theoretical mode shapes match very well, wiigfther confirmsthat the FEA modedxcites
a clean Lamb wave in the platEhe excited Lamb wave in the FEA model is very simple, which

makes it easy to study how it interacts witie varyingnotch depthslater.
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Fig. 5-7: Comparison of theoretical andsimulated mode shapes
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5.1.3 Effect of Varying Notch Depths on Transmission Coefficients

After the FEA model is validatedhet notch depthis changedto investigate the effect of the
varying notch depths on the transmissiooefficientsof the excitedLamb waven the plate Fig.
5-8 shows the 2D FT of thex -& O I si§ralsof the same200 surface nodeswhich are located
on the right of the notchwhenthe SO mode Lamb wave at 0.97NMHzis excitedandthe notch
depth equals 1.5mm. The theoretical dispersive curves of the A0, SO and A1 modes are
superimposedn Fig.5-8. In addition to the excitedamb waveAO andAl modes of the same

frequencyareobservednthed -a O y ¢ bécAuleyof thie @node conversions occurringhe

notch.

Wavenumber (1/m

Frequency (MHz)

Fig. 5-8: 2-D FT of surface node signals when notch depth equals 1.5 mm

The transmission coefficient of thexcitedwaveis calculatedusing
o} 0 70 (Eq.5-3)

where! is theamplitude of the2-D FT coefficient ahe excitedLambwave when the notch
depth equalsh and! is theamplitudeof the 2D FT coefficieraf the excitedLamb wavavhen
the notch depth equals zerolhe theoretical dispersive curve in the wavenumbrequency
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domainis used to locate the D FT coefficienbf the excited Lamb wave The notch depth
changedrom 0 mm to 2.25 mm at increments 0f25 mmto calculate transmission coefficients
of the excited Lamb wave at different notch depthEhe relationship of the transmission
coefficient versus the notch depth can be establisliedthe excited Lamb wavelhe loading
conditionis changed tamodel different Lamb waveg&lentified in the LEU signal3ransmission

coefficientsof selected Lamb wavegrsusthe notch depthare plottedin Fig.5-9.
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Fig. 5-9: Relationships between transmission coefficiergand notch depth from FEA simulation

5.2 Experimental Study

Experimentsare conducted to verify theelationships between the transmission coefficients
and the varying notch depths establishegingthe FEA studyA 1 mm widenotchis machined
on a 2.5 mm thickA36 steel plateThe notch depth changes fro@25 mm to 2.25mm at
increments of0.5mm, as shown irFig.5-10. Each depthis 40 nm long. The LEU technique will
inspect from thebackside of the plate to investigate how the varying notch depths will affect the

transmission coefficients afifferent Lamb waves in the LEU signals.

- 8 TR B R
 0.25mmdeep 0.75m

40 mm

Fig. 5-10: Close look of notch with varying depths

5.2.1 Inspection Setup and Procedure
Figure 511 shows he setupusedto inspect thesample plate The plate is fixederticallyon

the sample stage with back side facing the EMAT and the.|3%er notch on the plates

75



orientatedhorizontally The EMAT imountedon a stand which has a slider tallowit to attach
to the plate through its buiin magnet. The EMAT stand is fixed otite experimental bench
The laser beam is delivered through a convex lens and éstois point source on the platavith

a 0.5 mm radiusThe pulsed laseis set to bell5 mJ/pulse which excitesultrasaundsin the

ablative regime The sampling frequencysst to bel2.5MHz.

Laser beam

""""

Fig. 5-11: Inspection setupfor measuring different notch depths

Figure 512 shows the inspection procedur&he laser and the EMAT doeatedon the side
of the plateoppositefrom wherethe notchis located The laser source excites ultrasounds on
one side of thenotch, and the EMAT receiver picks up signals on the other side of the notch.
During the inspection, the plat®moveswith the sample stage horizontallwhich allowshe laser
and EMATpair to nspect at different locations along the notchhe laserto-EMATdistanceis
kept constantat 64 mm, and the EMATo-notch distance is kept constant at 47 mFor each
notch depth, 16 locationsat increments of 1 mm are inspected time center region At each

location, the laser fires 16 times, and the aggd signals are averaged to improve t8BIRA
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reference signais acquiredwith the same laseto-EMAT distancé&om a location where there

is no notch. The reference signal will be useddtrulate transmission coefficientter.

Fig. 5-12: Inspectionprocedure for measuring different notch depths

5.2.2 Calculation of Transmission Coefficients Using Continuous Wavelet Transform

AT each location along the notch, only one LEU signal is available. Therdddrd, @annot be
used here to calculate transmission coefficients. As discussed in Chapter 3, CWT of individual LEU
signals campartially separate different Lamb wave@WT conwertsindividual LEU signais their
time-frequency domainrepresentations Since the dserto-EMAT distancels known the
theoretical arrival times aflifferent Lamb wavesan becalculated anduperimposed taghe CWT
plots. Thesuperimposedheoretical arival timeshelp to identify different Lamb wavesn the
time-frequency domain For the acquired LEU signale this work CWT coefficients

corresponding tdifferent Lamb wavewiill be used to calculattheir transmission coefficients.

Thetransmission coefficients of Lamb waves in the LEU signals are calculate&qsbdg

0 0 0%0 O (Eq.5-4)
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where#! is the VT coefficienamplitudeof a Lamb wavevhenthe notch depth equal#\, and
#! is the CWT coefficienamplitude of the same Lamb wavén the reference signalin
implementation the root mean square of local CWT coefficient amplitudes is used to calculate

the transmission coefficient of each Lamb wave of interest.

The complewalued Morlet wavelet is used as theother wavelet.As discussed in Chapter 3,
different versions of complexalued Morlet wavelet are good at identifying different Lamb
waves in theLEU signals. Thereforproper wavelet parametersare selected to calculate
transmission coefficientior different Lamb waved-or example, the transmission coefficients of
anyAO modelLamb wave will bealculated using the wavelet Fig.3-6 (a)becausat has a better

capability to captureghe AO modeLamb waven the LEU signals

Fig.5-13 plots the relationshipf the calculatedtransmission coefficients afelectedLamb
waves versusthe notch depth Table 5-2 lists the wavelet parametersused to calculate
transmissiorcoefficientsfor these Lamb wave&or each Lamb wave of intere&g transmission
coefficients corresponding to 16 locationsre fotted for each depth The transmission

coefficients of these Lamb waves calculated fieEAsimulation are also plotted.
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(e) S1 at 1.1681Hz

Fig. 5-13: Comparison of experimental and FEA results
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The experimental andhe FEA results matcpretty well excepta few discrepanciesThe

discrepancies are believed to be caused byesal reasons First,using ONT coefficientso
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properties used in the FEA model and used to locate the CWT coefficients may be slightly
different from the real material properties of the sample plafhirdly, because of the low

resolution in the timefrequency domain and the convolutiorature of CWTmode conversions

may affe¢ their nearby CWT coefficients in the received signals.

Table 5-2: Wavelet parameters used to calculate transmission coefficients

Lamb wave mode Frequency (MHz) Wavelet Parametersused
A0 0.9771 Fc=1, =1
S0 0.9771 Fc=1,Fb=6
Al 0.9771 Fc=1, =1
{0 1.142 Fc=1,Fb=6
S1 1.163 Fc=1,F=1

Transmission coefficientsf some Lamb waves shasensitvity to the varying notch depths

whichmeans thatthey can be used tpredict the notch depth# thin structures

5.3 Discussions
Mode conversiosarenot consideredvhen calculating the transmission coefficients using the
CWT coefficientbecausethe convertedwaves propagate at differenspeedsfrom the original
incident waveand therefore will arrive at different timem the received signal§he distance
between the laser and the EMAS ] SLJ0 Oz2yadlyid a2 GKIFG GKS S¥
attenuation on the calculated transmission cdiefents can bediminished. Neither of the two
selected wavelets can perfectly separate the differeammb waves ithe LEU signals'herefore

transmission coefficients diamb waves located around intersectionsdifferent dispersive
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curvesare not calculated Thein-planedisplacements of the surface nodesthe FEA modelre
used to calculate transmission coefficientssing the outof-plane displacements will yield the
same results Plus the EMATeceiverused in this work is more sensitivettee in-planeparticle

motions.

5.4 Summary

Transmission coefficients alifferent Lamb waves in the LEU signals are calculated umitly
FEA simulation and experimental method. For the FEA simulatarsmission coefficients are
calculated basedonR FR F-adO.l y¢ aA3dylfta FTNRY Ydz GALIX S &dzNF
method, the transmission coefficients are calculated based on CWT of individual LEU signals. The
relationships of thecalculated transmission coefficients using the two different metwersus
the varying notch depthsnatch very well, which proves that CWT provides an efficaermt
effectiveway to calculate transmission coefficients of Lamb ward<£EU signal Transmission
coefficients of some Lamb waves in the LEU signals showigénso the notch depth, which
suggests that it is possible to usansmission coefficients afensitiveLamb waves in the LEU

signalgo predictWPDsdn thin structures
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CHAPTER 6

Measurement of Weld Penetration Depth in Thin Structures Using

CWT-based Transmission coefficients of Laser -generated Lamb Waves

Chapter 5 shows that transmission coefficteonf some Lamb waves in the LEU signals have
the potential to predicéWPDsdn thin structures. It also shows that CWfTindividual LEU signals
can be used to calculate transmission coefficieatsdifferent Lamb waveswhich is very
attractive becausdt enables the LEU technique to inspect WPDs quiCkigpter 6 wiluse real
welds toinvestigate ifCWThasedtransmission coefficients dasergeneratedLamb waves can
predict WPsin thin structuresFirst,welds ofvaryingpenetration deptts will be manufactured
using gas metal arc weldin§econdlythe welded samplesvill be inspectechon-destructively
using the LEU techniqué&hirdly,the welded sampleswill be cut-checked to measure their real
WPDBs. Fourthly, CW®basedtransmission coefficients ofifferent Lamb wavesre calculatedo
selecta set of Lamb waves whose transmission coefficients are sensitive to the varyireg WPD
Finally, tansmission coefficients of the selected Lamb wawdb be used totrain a neural

network to predictWPDBin thin structures

6.1 Sample Preparation

Gas metal arc weldingGMAW)is the most conmon industrial welding proceskr its
versatility, speed and the relative ease of adapting the process to robotic automasoshown
in Fig.6-1, the welding process formen electric arc between a consumable wire electrode and
the work piecemetal, which heats thevork piecemetal, causingt to melt and join. Along with
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the wire dectrode, a shielding gas feeds through the weldioigh, which shields the proces
from contaminants in the aiThere are four primary methods of metal transfer in GMAW, called
globular, shorfcircuiting, spray, and pulsespray depending on differentvelding parameter

settings

Welding torch

~~ —

Arc

Welding pool Electrode

r/\

P Shielding gas

S

Workpiece

Fig. 6-1. Gas metal arc welding

Fig.6-2 shows the welding system used in this woFkvo workpiecesare positioned butt to
butt on a moving stageA welding torch isield perpendiculaly abovethe workpiecesWhen the
stage movedeneaththe weldingtorch, a weld can be produced along the butt joint between
the two workpiecesA Miller Pulstar 450 welder is used in this systdime welder provides an
interfaceto control two welding parameters through external analog signals duhiegatelding
process. They arhe arc voltge and the wire feed rate (WFR) of the consumable electrdtie
arc voltage is controlled by an analog signal ranging from 0 to 10 V, which corresponds to 0 to 50
V arc. The WFR is controlled by an analog signgimg from O to 8 V, which corresponds to 0 to

800 in/min WFRA microcontroller module developed by a previous student, Matthew Rogge, is
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used to control thetwo welding parameters during the welding procesghe microcontroller
module also controls thetart/stop actions of the weldefThe moving stage is driven by a step
motor and a ball screwlhe step motohas a resolution of 0.78 degrees per step. Given the lead
of the ball screw, this corresponds to a linear resolution of 6 um per Stee.microcontroller
module also controls the start/stop actions of the step motor and its spédier the welding
parameters are loaded to the microcontroller, the welding process is fully automated by the
microcontroller.Welds ofdifferent penetration cepths can be produced lghanginghe welding

parameters and the stag@ovingspeedduring the welding process.

Fig. 6-2: Welding system

Totallysix 8 inch long butt jointvelds aremanufacturedusing the wéding systemEach weld
is produced by joining two 2.9 mm thick A36 steel plai®g set of weldhg parameterprofiles

are designedo control the welding process'he welding parametergary during the welding
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processto produce welds oflifferent penetration depths Thetwo set of welding parameter
settings are pretested to produce a wide range of different \&WMRy.6-3 showsthe first set of
welding parametersThe arc voltage ramps from 22 V to 16 V for the first Inaif, and then
ramps back to 22 V for the second half run. The wire feed rate steps from 240 in/min to 100
in/min for the first half runat increments of 20 in/minandthen stepsback to 240 in/mirfor the
second half runFig.6-4 showsthe second set of welding parameteifhe arc voltagestays at 16

V initially, then ramps to 22 V, and finally stays at 22h€.Wire feed rate steps from 100 in/min

to 240 in/min at increments of 20 in/min.

W
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Fig. 6-3: First set of welding parameters
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Fig. 6-4: Second set of welding parameters

Error! Not a valid bookmark selfeference.summarizes the parameter settiafpr producing

each weld. In fact, the first 4 welds are manufactured first, which will be used to develop the
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neural network. Weld # 5 and 6 are manufactuedter the neural network is developeavhich

canprovide additional test of the developed neural network.

Table 6-1: Parameter setting for each weld

Weld #| Length| Stage spee¢ Welding parameters
1 8inch| 25in/min 15t set
2 8inch | 22.5 in/min 15t set
3 8inch | 22.5 in/min 15t set
4 8inch| 25 in/min 1stset
5 8 inch | 22.5 in/min 1stset
6 8inch | 22.5 in/min 2nd set

6.2 Inspection Setup

After the welds are manufactured, they are ndastructively inspected using the LEU
technique so that the transmission coefficients of Lamb waves in the LEU signals can be
calculated.Fig.6-5 shows the setup to inspect the welded samples, which is very similar to the
setup used in Chapter $he welded sample feeld verticallyon the sample stage with weld bead
facing the laser and EMAThe weld seam is oriented horizontallihe laser bearis focused to
a point source above the weld sedmexcite ultrasoundsand the EMAT igceiving ultrasounds
below the weld seaniThe laseito-EMAT distance is 64 mm, and the laseweld distance is 47
mm. These distances are kept constdnaring the mspection, the sample moves with the stage,
andthe laser/EMAT painspectsat 91 locations with an increment of 2 matongthe weld seam
At each location, the laser fires 16 timesd the acquired signals are averaged to improve the
SNR The laser poweis set to 115 mJ/pulsélhe sampling frequency is set to 12.5 MHhe

received LEU signase stored in P@r signal processinigter. A referencesignal is acquiredn
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a 2.9 mm thicldefectfree steelplatewith the same laseto-EMAT distance. Theference signal

will be used to calculate transmission coefficielat®r, in the same way as in Chapter 5.

- <
XY 2 =
i

i

Fig. 6-5: LEU setup for inspectingwelded samples

6.3 Cut Check of Weld Penetration Depth

After thewelded samples are inspected using the LEU techniquedestructively, the weld
are cut alongthe middle lineof the weld seansto measure the reaWPDB. Due to the width of
saw blades, it is very difficult to cut accurately along the middle line of sedahs. In practice,
the welds are cut along a line 2 mm off the middle line, and the rest is grinded off using grit 80
sandpapers. Thiwaymakes surg¢hat the real WPDsan bemeasured accuratehAfter grinding,
the crosssectionsare etched using 5% Buric acid to make the boundaries between the weld
material and the base material clear to see. After etching, the samples are placed in air for about
10 minutes and then scanned using an optical scanner with a 1200 dpi (dot per inch) resolution.

Fig.6-6 shows the scanned images of thigwelds.
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ThelmageToolbox in MATLAB is used to measure WPDs at each inspected location along the
welds. Fig.6-7 plots the cutcheck measured WPDs along each weld, Bigd6-8 shows the
histogram plots of the cutheck measured WPDs from each weld. The predesigned welding
parameters successfully produce varying WPDs in the six welds. Weltiedvér a wide range
of WPDs from 0 mm to 2.9 mm, whiahe suitableto be used to develoghe neural network to

predict WPDs in thin structures.
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(c) Weld penetration depth along weld # 3
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Fig. 6-7: Cut-check measured weld penetration depths
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Fig. 6-8: Histogram of cut-check measured weld penetration depths

Selection of Lamb Waves

CWT converts thacquiredLEUsignals to thaime-frequency domainThe CWT coefficients

corresponding to different Lamb wavese used to calculatéheir transmission coefficients, as
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discussed in Chapter Bwoversions ocomplexvalued Morlet waveletscmorl-1 andcmor6-1,
areused as thenotherwaveles because of their capabilities tapturedifferent Lamb waves in
the LEUsignalsFig.6-9 shows the reference signaFig.6-10 showsits CWplots using the two
different mother wavelets. Theoretical dispersive curves corresponding to arrival times of

different Lamb wavesra superimposed to the two CWT plots.

0.1
, 0.05 :
o
= 0
g2
£ -0.05 :
0.1} | | O
10 20 30 40

Time (us)

Fig. 6-9: Reference signal
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(a) CWT of reference signal using cmor (b) CWT of reference signal using cmor
1 1

Fig. 6-10. CWT plots of reference signal using twalifferent mother wavelets

The objective is to use transmission coefficients of Lamb waves to predict WPDs in thin

structures. The LEU signals contain broadband and multimodal Lamb wtasgesecessary to
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select Lenb waves which are sensitive to varying WPDs to calculate their transmission
coefficients.Preliminary check diow CNT plots ofLEU signalare affected bydifferent WP
helps to selectn initial set 0f 38 Lamb wavesTable6-2 lists theinitial set of selectedLamb
waves and the wavelets used to calculate their transmission coefficidms.initial set of
selected Lamb waves apdotted as black doté Fig.6-10 (b) and (c), whickhow thatthe initial
set of selected Lamb waves cover the majority of the stiosmgb waves in LEU signiglentified

in Chapter 3.

For the 364 LEU signals acquired from weldd# ttansmission coefficients of the initial set of
selected Lamb waves are calculated and investigated against theheak measured WRDFig.
6-11 shows scatter plots of the calculated transmission coefficients versus thecloeitk
measured WPDBs. Some of he scatter plotsexhibit certain patterns, such as the ones
corresponding tcAO modeLamb waveat 0.4586 MHz and A1 modeamb waveat 1.161 MHz
which means le transmission coefficients abrrespondingLamb waves are sensitive to the
varyingWPDs. However, for some Lamb waves such as SO mode at 0.9061 MHz, no pattern is
found in their scatter plts, which means the transmission coefficients of these Lamb waves are
not sensitiveto the WPD After the screeningprocess 23 sensitiveLamb waves ardinally
selected, which arkighlighted inTable6-2 andplotted inFig.6-12 as black dotg-or some Lamb
waves, theitransmission coefficients exceed 1, which canriierpreted by mode conversions

occurring at the weld.
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Table 6-2: Initial selection of Lamb waves for calculating transmission coefficients

Lamb Mode| Frequency(MHz)| Wavelet Used Index
0.4586 cmorl-1 1
0.667 cmorl-1 2
0.8362 cmorl-1 3
AO 0.9776 cmorl-1 4
1.144 cmorl-1 5
1.411 cmorl-1 6
1.686 cmorl-1 7
0.6157 cmorl-1 8
0.6474 cmorl-1 9
0.6871 cmor6-1 10
0.7122 cmor6-1 11
0.766 cmor6-1 12
0.9061 cmor6-1 13
0.9315 cmor6-1 14
SO 0.9713 cmor6-1 15
1.006 cmor6-1 16
1.05 cmor6-1 17
1.119 cmor6-1 18
1.154 cmor6-1 19
1.233 cmor6-1 20
1.353 cmor6-1 21
1.556 cmor6-1 22
0.9211 cmorl-1 23
1.161 cmorl-1 24
1.309 cmor6-1 25
Al 1.396 cmor6-1 26
1.433 cmor6-1 27
1.493 cmor6-1 28
1.757 cmor6-1 29
0.9891 cmor6-1 30
0.9921 cmor6-1 31
1.009 cmor6-1 32
1.013 cmorl-1 33
S1 1.022 cmorl-1 34
1.03 cmor6-1 35
1.04 cmor6-1 36
1.061 cmor6-1 37
1.078 cmor6-1 38
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Fig. 6-11: Plots oftransmission coefficients of selected Lamb waves wgeld penetration depth
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(&) CWT of reference signal using cmor (a) CWT of reference signal using cmor

1 1

Fig. 6-12: Plots of selected Lamb waves in timérequency domain

In addition to transmission coefficients of the 23 selected Lamb waves, the LEU signal energy
calculated using sum of square is found to be also sensitive to varying WPDs, as skayvn in
6-13. The transmission coefficients of the 23 selected Lamb waves and the LEU signal energy will

be used to predict the WPDs in thin structures.

Fig. 6-13: Scatter plot of sighal energy vs. weld penetration depth

Thescatter plots of transmission coefficients of @JectedLamb waves and the signal energy

versus the WPD aneoisy, as shown ifig.6-11 and Fig.6-13. The noises in the collected data
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