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Abstract

The Magnetic Flux Leakage (MFLjnethod is a wellestablishedbranch of
electranagneticNon-Destructive Evaluation (NDEextensiely used toassess the
physical conditionof ferromagneticstructures The main research objective of this
research work presented in this thesigshe detection and characterizationthé
MFL distribution caused byectangularsurface and fasurfacehairline cracks It
looks at the use dhedirect curent and pulsed curretgchniqus to investigate the
presence of hairlineracks in ferromagnetic steel pipelindsy comparinghe Finite
Element Modelling(FEM) techniquewith practicalexperimentsFirst, the expected
response of an MFL prolszanned across the area ohairline crackwas predicted
using the 3D FEM numerical simulation techniqué&he axial magnetization
techniqueis employed andhie characteristics dhe surface and fasurfaceleakage
field profile (||, || A|| ,) wassimulated.The gtimization of the magnetization and
sensing methodologies wer@ucial to ensuring accurate numerical resulthe
performance of the modelled MRhspectionsystem on detecting and characterizing
both surface and fesurfa@ hairline cracks was confirmagsing real low carbon
steel plateswith well-defined artificial hairline slotsThe experimental findings
showed that the MFL signals causedab®.2 mm deep surface and @ deep far
surface hairline cracks, with a constant width and lemd§t.2 mmand 10 mm
respectively is detectable.The transient responses in the tiraad frequency
domairs, yieldedinformation relatingto different cracks located at different depths
within the test specimermhe MFL sensor used was able to detect the inspected
harline cracks at 9 mm lifoff, which makes the newly developed system effective
and beneficial in applications where large-tiff distances are require@he pulsed
current inspection approach significantly reddcéhe power consuption and
thermal effets by 50%, compared to thalirect currentapproach Also, the

experimental results were within 10 % of the simulated results.
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Nomenclature

Symbol Quantity Unit
B Magnetic Flux Density Y
E Electric Field Strength. wié
H MagneticField Strength oxa
I Current 0
L Length of Flux Path. a
N Number of Winding Yol € i
R Resistance
S Magnetic Reluctance 0w
A Permeability of free spade4 p ). "Ord
A Relative Permeability
A Permeability A x A) ‘ora
A Conductivity W&

¥y = 27 Angular Frequency " )f i Wi

& Magnetic Flux 0 'QAOQI
) Inductive Reactance
VA Impedancd Y @)
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Chapter 1.  introduction
1.1) Introduction

This chapter provides an outline of the research work, the thesis aims, objectives and

achievements.

1.2) ResearchBackground

Non-Destructive Evaluation (NDE) refers to thevarious techniques used for
examining and evaluating materials, structures and assemblies for presence of
defects or variation in charatistics without causingny adverse effectso the
future reuse of such components. In contrast, other inspection tepes are
destructive in nature. éhce they areonly applied on a controlled number test
samplesrather tharon the actual material or structure that iggeut into useThe

NDE system of testing generally uses a probing mechanism to identify material
properties or to demonstrate the presencansimalies in a material (surface,-far
surface or obscured). That, ithe approach and procedure used computes the
physcal properties or the variatiam the physical properties of theaterial. The
technique can be utilized on a sampling basis for acpéati inspection or could be
employed for a complete assessment of a material or component in a production

quality control system.

There are severastablished electromagnetic NQE&chniques welkuited for the
evaluation of metallic components and adsk#s, inthe petrochemicaloil, gas,
nuclear, energy and ampace industries. This inclugleMagnetic Flux leakage
(MFL) method Pulsed Magnetic Fluxdakage (PMFLmethod Eddy Qurrent (EC)
method Pulsed Eddy @rent (PEC) method Magnetic Rrticle Testing (MPT)
method etc These methods are governed by the interaction between the conductive
samples under investigation angetelectromagnetic fields. TheleEtromagnetic

NDE (ENDB techniques are effective in applications involving the measurement of

1
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thickness conductivity flaw detection, proximity assessmentesistance,

thermoelectrigpparametersetc.

Also, different sensor types such; dlse Giant Magnetoresistive (GMR) B80s,
AnisotropicMagnetoresistive (AMR3$ensaos or Hall Effect sensarcan k& used for
magnetic field measurementdowever, a major disadvantage of these sensors is the
inability to be used for sensing large areas of a specimen. Hence, this has led to the
evolution of sensor arrays for magnetic field measurements and oagif. This

new sensor configuratioprovides a concurrent measurement of magnetic field at
different spatial positionandcan be used to develop the magnetic field distribution

images of the sample under test.

Presently, onef the major challenges of the NDiadustryis the need to produ@
accuratejuantitative estimation of components and adses. This is referred tsa
Quantitative NorDestructive Evaluation (QNDE). QNDEpresents various
approaches tdetect,estimate ad compte the extent of deterioration in terms of the
length, width ad depth of defecischaracterize distinct discontinuities well as
monitoring the life expectancy of materiatsver a period oftime. QNDE is vital
when investigating defective matals and components, thusvery aspectof the
measurement system addfectgeometries thatavea direct orsignificant effect on

the inspection output should be taken into accountaforaccurateevaluation
Progress in the accuracy of NDiethods is required in various applications such as
in pipeline investigationwhere high accuracy in flaw detection and characterization

can cut down needless highiced pipe replacement.

Steel materials are manufactured more each year than anyrathstrial metal. In

2015 the world production of crude steel and iron recorded a total of 199&

tonnes and59 p 1 tonnes respectively, with 66 countries accounting for
approximately 99% of the total world crude steel production and 14 countries
accounting for appoximately 90% of the worldtotal iron production [3, ¥ Thus,
economically, steel isegarded as one of the mastportantindustrial product
Moreover, steel is extensively utikzl as a constructional commodity for largelesca
designs and projects such as &igrage tanks, rail lines, bridges and pipelines, at the
same time being used for manufacturing of high strength structures and assemblies.

Therefore, there is an increasing demand for the inspection of steel comporents
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for the estimationof defects and irregularitiggesent, in order to improve its service

lifetime.

1.3) Pipeline Inspectionand Problem Statement

Pipelines are widely used in the petrochemical, oil, gas and power generation
industries. Theyonsist ofcylindrical steel shapesith wall thicknes ranging from

8 mm to 12mm, andare manufactured with precise specifications and requirements,
to make sure the users, public and environment are[Shf®ver time, external
forces can impair the pipeline to a state capable of causing a spill or rupture. A flaw
IS an irregularity or variance from the initial structure of the pipeline. This could be a
modification in the wall thickness due to missing metals or assaltrof the pipe

wall being deformed. Metal loss flaws develop due to a reduction in the pipe wall
caused byboth external or internal corrosioand cracksThis is because ¢hbulk

part of the pipeline is covered under the ground resulting in corrosimacksbeing

the main risk to the health of the pipeline.

A crack is a flaw type caused lilie stressinduced separation of thgipeline
material[6, 7]. Steel materials are made up of granules which are strongly bonded
together, however, different facs can result in these strong granular bonds
detachingfrom each other, resulting in @ack which grows over time. One such
factoris cyclic fatigue. This refers to the pipe stress that develops from the rise and
fall of the pipés operating pressure, wh causes a slight chga in the shape of the
pipe [§. Subsequently, thisanlead toa gradual weakening and cracking of the
pipe. Sometimes, during manufacturing, cracks are accidentally cregigzblinmes,
which are initially too minute anihsignificant to cause a breakdowiyt can grow

into larger cracks over time, capable of threatening the integrity of the @i [
Pipelines also suffer multiple alternating stress loads such as twist, pusangul
bend during drilling, andecome orroded by corrosivéluids like liquefiedO™Y

ot andm [9]. Subsequentlydents, corrosions anctacksgradually evolve in the

pipe,impairits health, as well as resutt fracture failure§10]. Therefore, t@revent
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economic losses and hazards, standard pipelines sheutstamined rigorously

before useysing tle NDEtechnologie$11].

Pipeline network consistof transmission lines, gathering pipelines and distribution
lines as shown in Fig. 1.1Pipeline operatar consistently make use of theline
inspection technologies in order to guarantee the integrity and safe operation of this
network Despite the use of so many NDEtchniques, the MFL methaeémains the
most popularfrequently usecand powerful NDEtechique It has been used for
extremelyproductivedetectionand characterizatioof flaws in different types of
ferromagneticsteelcomponent$12-24], especiallyin very elongatedtructuresuch

as steel pipe$25-30]. The MFL technology has beguroductively utilized in a
variety of applications such as for; tubing and piping inspection in gas and oil
pipelines, tank floor insmdéion and rail line examinationAlso, the recent
improvements in MFL technology have helped to prevent serious damagdess
breaking of pipelines, breakdown of reactors and wrecking of trdine. MFL

technique isrery fast and easy to implement.

However, establishing thecrack geometries from just the acquired leakéigkl
signal is difficult. The inspection accuraof/the MFL techniqués poor and in most
situations, the crack identification approach is different from the crack
characterization approh. Alsg measurement er®are usually encountered while
usingthe MFL technique, espedilin situations where therackexist both on the
surface under inspection and on ttewerse surfacefdr-surface regio)) as large
cracks on the fasurface regiorcould be mistaken to b&urface cracks (similar and
indistinguishable).

Transmission Lines

- -

v

Processing andior ~ Pipeline Pipeline
Compressor Stations ~ Valves Terminus

Gathering_ Lines Distribution Mains

Figurel.1. A schematic diagram @f gas pipeline systef9].
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There are three different techniques for MFL inspectibase are; Direct @rent
(DCMFL) technique Alternating Current (ACMFL) techniqueand Rilsed Current
(PMFL) techngue [32, 33]. The DQVFL approach employs the use of
electromagnets or permanent magnets to produce a static magnetization current for
the magnetization of the test gale The electromagnet based REL approachs

well suited for hardnagnetization materials, like steel pipelines, sitiee supply
current can be varied to provide the large currents required to generate a strong
magnetization fieldDepending on the excitan frequency selected, the MFL
method is usually sensitive to surface and near surface flaws dkie &ffect. Ths
method is wellsuited for detecting surface flaws, such as corrosions and cracks in
pipeline structuresFor the PMFL method, the probe aperated using a pulde
current, while the rich frequency componegenerateinformation from various
depths dudo skin effect. Also, with a good signal processing technique and data

analysis, further information such as flaw position and profile can be ascertained.

The use okimulationmodelshas aidedn the study an@nalysis of electromagnetic
NDE methods. It also allows NDgroblems to be studied at severaltidist levels

and considerationshis helps forbetterunderstanding ofthe different actions iad
interactions of several higlevel components of a systemdamencebetter furnished

to handle the complexity of the entire syst¢®4]. Simulationdataare used in
conjunctionwith experimental resultghe latter being used to validate the former
Simulation models also provide guidance in the design and sétegperiments

such asfor the determination of the beshaterial type and grade, besnsortype

and location suitable probe type andize as well asthe overall system
configuration These models can be grouped into two main categories, which are the
analytical and numericaolutions thabothma k e us e odquatibasq3kel | 0 s
Analytical modelsare used for simulating, analgg and generatingredictions
about componentsassociated with complex physical processes (canonical
geometries). They also have a closed form solution and easier to compute, which
means that the equations used to define changes in tlemsgsin be giveras
mathematicalanalytic functons (either arithmetic, trigonometric orogarithmic
functiors). However, Numerical models make use tifme-stepping operation to
attain the modé performance ovea period It is only an approximation under

certain circumstanseand they are easy to changéNumerical models are not
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restrained by material ndmearity orits geometry, whichmakes it best suited for
complexcrackcharacterizatiorNumerical analysis has aided greatly in the magnetic
flux leakage investigation foecracklocation and characterization by predicting the
output with great accuracy and ieféncy, at a rate comparableith that of the
experimentabhnalysig[36, 37. The numerical method is therefore preferred over the
analytical method (closed form solutipmjecause it provides accurate information
on the underlying phenomenon surrounding the interaction between the induced
magnetic field and the complex defect geometviich gives rise to the resultant
distribution pattern of the leakage fie]@86]. The nunerical simulation technique
also helpsto provide a good understanding, description and analysis of the test

result which is necessary for an accurate defdeiracterization anguantification

Much theoretical and experimental wohlasbeen carried out on the location and
evaluation of neasurface and fasurface crack that have a direct influence oreth
integrity of steel componen{88-40]. However little work and effort havebeen
invested inthe detection and quantitative adwaton of much smaller defect
precursors and imperfectignsuch asvery narrow rectangular hairline cracks,
especially deep below the surface mpeline structureqe.g. Stress Corrosion
Cracking (SCC)) The oil, gas and petrochemical industries have a lyagrdwing
demand for a powerful arefficient NDE system to quantitatively assess the aodas
metal loss caused by developintackson pipelines and storage tankehereby
prevening such defects from grang into huge and dangerouwsescapable of
cawsing an overall system failurer explosion. Therefore developinga well-
optimized MFL measuremertbol will help such industrieand the NDEcommunity

as a wholen monitoring the health and life expectancy of steaterials Moreover,
detectingsucharmomalieswould help tackle the inevitable problem of granular bond
separation, whicloccurs during manufacturing, leaving steel structures with tiny

cracks.
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1.4) Research Amsand Objectives

Previously, many researchers have studied the theoretical (modelling) and
experimental method of examination of ferromagnetic industrial components using
the MFL technique of NDEeparatelyThis is because prior models were not well
equipped to handle the multiple daicomplicatedindustrial tasks However, this
work will provide a link between both technicuby first developing an optined

3D FEM simulation model to predict the leakage field sigraaised bysurface and
far-surfacehairline cracks followed by an egerimental validation of the predicted
resuls. The investigation will be conducteasing both the DCMFL and PMFL
approach.

This project will address the following:

1) An in-depth literature review on crack deteatiand characterization usirige
DCMFL andPMFL NDE methods.

2) Finite element computation &[CMFL and PMFLnhumerical models.

)] The magnetization and sensing methodologies of the MFL inspection system
will be optimized,in order to significantly improve the detection sensitivity
of the feeble leakagfield from both surface and faurface hairline cracks.
The magnitudeof the leakage flux needed to accurately detect, characterize
and quantify both surface and fsurface hairline cracks wilalso be
established.

i) The characteristics and featur@ld profile) of various surface and far
surface hairline cracks with varying width and depth sizes will be studied
using the 3D FEM simulation model, by acquiring fiedd response and
distribution pattern of the leakage field§.( ||.hl|,) prodiced.Also, the
effect of sample thicknessmagnetizerlift -off and sensor lifbff, on the
resulant MFL signal will be exploredn order to identify the limit of

detection of the various surface anddarface hairline cracks inspected.
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i) The acquired iformation will be used to provide a quantitative assessment of
the cracksin terms of itssize, orientation, shape and location within the
specima@. This will be achieved hya) Measuring the strength of the axial,
radial and tangentiadlomponents of théeakage field, emerging from both
surface and farsurface hairline cracks (b) Through an enhanced
visualization and 3D fast imaging of thresultantleakage field distribution
(c) Using the information contained in the time and frequedoynain
spectrum to provide additional crack characterization.

3) Experimental investigationsing both DCMFL and PMFL techniques

)] The magnetic field response to artificially fabricated surface ansuféace
hairline crackgmanmade cracksyvith different sizes will be investigated,
using the DCMFL and PMFL techniques.

i) Using the PMFL methodhe influence of excitation pulse period gnalse
width variationon the magnetic field distributiomwill be investigated and
how this affects the dection capability forhairline cracks located at
different depthswithin the specimenThen, thefeatures contained in the
static andransient MFL signalsvill be used to reconstruct the crack profiles
with respect taits shape, orientation, sizevidth and length and location

within the test plates

i) The dfects of sensor liftoff and neighbouringcracks on the detection
sensitivity, characterization and quantification of surfacel farsurface
hairline crackswill be investigatedThe thermal effectgheating) caused by
the newly developed DCMFL and PMFL inspection systems adb be
compared.

V) A quantitative approach based dCMFL and PMFL technique for
detecting and mapping out features of various hairline cracks will be
proposed for evaluatiorf éerromagnetic steel pipelinesd for QNDE
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V) Validation of the finite element numerical predictions using experimental

resultswill be performed

1.5) Thesis layout

This thesis is grouped into 7 chaptemshich includes the theoretical and
experimentabspets of hairline crack detectiorand characterizatigremploying the
magnetic flux leakage technique.

Chapter 1 presents the outline of the project background, tlep @ ct 6 s ai ms
objectives the major improvements, achievements dhd contributionsof this

research worko theMFL technology and thBIDE societyas a whole

Chapter 2 presents a general review on NB#ehnologyand a brief descriptionf
the most frequently used NDfethods in the oil, gas and petrochemical industries,
with more emphsis onthe magnetic flux leakage testing for crack detection and
guantification. Also, a section is presented the stateof-the-art in MFLNDE
method including the current trends the MFLNDE technologyfor crackdetection
and characterization. A conclion is presented at the end of the chapter, outlining
the major challenges and problemesognized to be a major part of this research

work.

Chapter 3 describes the #oretical background to MFLNDHEncluding a brief

i ntroduction t o AVigeneraleoverview othe dasa dquabonss .
governing the MFLNDEphenomenon are describéa order to understand the basic
theory in which the research methodology used in this project is established. Also, an
overview of the direction taken in this projectdathe contributions of the method
used in providing an enhanced crack detection and characterization capabilities
through modelling 3D imaging of the leakage field distribution due to cracksd
experimental validation of the predicted resutspresated Furthermorea brief
description of the FEM numeal simulation in solving MFLNDEproblems are
presentedas well as its benefitand superiorityover the analyticahpproach with
respect to crackwith nonuniform geometriesFinally, the researcimethodology

adopted in this work is described, outlining the modelling approach employed in

9
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tackling the forward problems as well as its implementation with respect to the

experimental design for an extensive hairline crack examination.

Chapter 4 will presentthe FEM numerical examinatn employed in this project, in
order to understand the MRIDE technique fordetecting anatharacterizing surface

and farsurface hairline cracks. The manner in which the m@ate®n and sensing
methodologiesaffect the inspection output is first investigated and optimized via
FEM simulation using the|,, || and || , leakagefield amplitude andistribution
pattern Then the research subsequently advances to the use of DCMFL method for
detecting and chacterizing surface and fasurface hairlinecracks with different
width sizes and depth locationsgithin the test sampleThis was accomplished
through an enhanced visualization and 3D fast imaging of the resultant leakage field
distribution. The feasibiliy of the FEM optimizedCMFL measurement probe
system is then verified experimentally, usingll defined artificially fabricated

hairline slotan low carbon stegblates

Chapter 5 will explore the usef PMFL inspection technique for the detection and
characterization of surface and-farrface hairline cracks with different depth sizes.
First, the FEM simulation approach will be used to investigate the influence of
excitation pulse period variations avell as the influence of pulse width variation on
the detectability and characterization of the various surface arsiffiace hairline
cracks located at different depth within the test sanmfligo, various surface and
far-surface hairline crackswith different depth sizesvill be inspectedusing the
PMFL approach and théatures contained in the time and frequency domain
spectrum will be used to providadditional information needed farrack depth
characterization. The practicality of the PMHRhspedion system modelled in
MagNet will be verified experimentally, using artifidiafabricatedhairline crack.

Chapter 6 summarizes the present investigataord provideghe conclusions to the
simulation and experimental findings. Also, the contributiohghe researchotthe

MFL technology and the NDEociety as a whole are presented. Finally, possible
routes for future work are suggested based on the research findings, with the aim of

developing the scope of the research.

10



C1049450 Okolo. K.W. Chukwunonso

1.6) Chapter Summary

This chaptegavean introduction to theurrent project workwhich is base@n the
detection, characterizahoand quantification ofsurface and fasurface hairline
crackspresent in ferromagnetic pipeline structyneislizing the visualization an@dD
imaging techiques for QNDE The present requirement and demands in the oil, gas
and petrehemical industries for QNDEvere presented as the foundation to the
present study, which wagreceded by the project aims and objectives. Also, the

improvements and contributisrofthis work to the NDEociety wergresented.

11



C1049450 Okolo. K.W. Chukwunonso

1.7) References

1) H. M. Kim et al Btady on the Estimation of Defect Depth in MFL type NDT
Systend. School of Electrical Engineeringgusan National UniversityBusan, South
Korea,gspark@pusan.ac,K2014.

2) H. M. Kim, and G. S. ParkiiA Study on the Estimation of the Shapes of Axially
OrientedCr acks i n CMFL TIgBEd&rarsdoatibons $ryMagneti®2),

109112 (2014).

3) World Steel AssociatiorjCrude Steel Productiokonthly Data 199201%. [Online].

Available at: https://www.worldsteel.org/statistics/statistaschive/steebrchive.html
(2016).[Accessed 18 December 16].

4) World Steel AssociatioriMonthly Iron Production 1990 to 20&50Online]. Available
at:  https://www.worldsteel.org/statistics/statistemshive/ironarchive.htm!  (2016).
[Accessed 18 December 16].

5) M. Boat , N . Pear son, R. Li eb, FRhctorsfhatvi e s,
Affect the Defect Sizing @pabilities of the M gnet i c FIl ux Leakage
Silverwing (UK) Ltd (2012.

6) AAManni Cr ac ks i n SPreceeling $ftthe ingtitute of €igil&Engering
Forensic Engineerind64(l), 15-23(2011) [Accessed 15 November 17].

7 M. Kemppainen and |. Virkkunen, ACrack Ch
N D E dournal of Nordestrictive Evaluation30(3), 143157, (2011). [Accessed 15
November 17].

8 U.S Department of Transportation, nPi pe D
admi ni s.trat i on[@®nine]. Available at:
http://primis.phmsa.dot.gov/comm/FactSheets/FSPipeDefects.htm?nocache=9047
[Accessed 18 November 16].

9 J. Wu , A kift-Offalblerant iMagnetic Flux Leakage Testilethod for Drill

Pi pes at.Salusotdl7(h)e261¢2017).

10) D. Brondel,R. EdwardsA. Hayman,D. Hill, S. Mehta and’. SemeradfiCorrosion in
the Oil Industno. Qilfield Rev6, 4i 18, (1994)

11) API (American Petroleum InstituteJiAPl Spec 5BSpecificdion for Drill Piped 5th
ed.;APIl: Washington, DC, USA2002.

12)R. Shannon a iFldx LéakageJTasting épplied topBrationalPi pel i nes o
Materials Evaluationvol. 46, 15161524 November(1988.

13)D.L. At her t on, AfMagnetic Inspecti @handGas Key t
Journal vol. 87,52-61, August(1989.

12


https://www.worldsteel.org/statistics/statistics-archive/steel-archive.html
https://www.worldsteel.org/statistics/statistics-archive/iron-archive.html
http://primis.phmsa.dot.gov/comm/FactSheets/FSPipeDefects.htm?nocache=9047

C1049450 Okolo. K.W. Chukwunonso

14)D. L. At h e r tDevelgpmerits in magnetic inspectitne c hni ques for pi
CSNDT Journalvol. 2, 2835, January(1990.

15)R. J. Eiber, T. A. Bubenik, J. B. Nestleroth, S. WRust,VV. A. Maxey, and D. J.
J o n eGRI NofDestructive Evaluation Program: Pipeline Simulation Facility
Development (Annual &ort: GRI9 2/ 014 0) 0, Gag Resdarch Insttyte
Chicago, IL,(199)).

16) Y. Sun andY . Kang, ifnMagnetic Mechani s ors of M
Destructive Bsting Appl. PhysLett.103, 184104(2013)

17) P. Ramuhalli, L. Udpa anfl.S. UdpafiNeural NetworkBased Inversion Algorithms in
Magnetic Flux Leakage df+destructiveEvaluatiord. J. Appl. Phys 93, 82748276,
(2003).

18) T. Nara,Y. Takanashian¥. Mi zAiSenker Meaduring the Fourier Coefficients of
the Magnetic Flux Bnsity forPipe Crack Detection using the Magnetic Flux Leakage
Method. J. Appl. Phys109 (2011)

19)J. Wu,Y. Sun, Y. Kang and. Yang,fiTheoretical Aalyses of MFL Signal Affected by
Discontinuity Orientation and Sens@&canning rectiond. IEEE Trans. Magn51, 17,
(2015).

20)S. M. Dutta,F. H. Ghorbel andR. K. Stanley,fiDipole Modelling of Magnetid-lux
Leakage. IEEE Trans. Magn45, 1959 1965(2009)

21)F. Faster, i New Fi n deldnof Non-Destructivén Rlagrietic Leakage Field
Inspectiod. NDT E Int19, 3 14, (1986)

22)J. Ding,Y. Kang and X. WufiTubing Thread Inspection by Magnetic Flurdkagé.
NDT E Int 39, 53 56 (2006)

23) Y. Sun,S. Liu,Z. Deng, R. TangW. Ma, X. Tian, Y. Kang andL . WagreticiFlux
Leakage Structural Health Monitoring of Concrete Rebar using an Open
Electromagnetic Excitationeéthnique Strucural. Health Monibring: An International
Journal 1475921716684342017).

24) S. Huang an®V. Zhao, iMagnetic Flux Leakage: Bhnor i es and | magi ng Te
Walter de Gruyter GmbHBerlin, Germany(2016.

25)W. Jianbo, F. Hui , W. Ji e aomUhiforkd.WallYi hua,
Thickness on MFL &sting for aSteel Pipé Insight 57, 703 708 (2015)

26)Y . Kang, J. Wu and Y. Sun, NfThe Use of Mac

Apparatus for SteeliPp eater. Eval 70, 821827, (2012)
27)Y . Sun and Y¥SpeeKMageticluxildakagd Technique and Apparatus
Based on Orthogonal Magnetization for Steel® ater. Eval 68, 452 458(2010)

13



C1049450 Okolo. K.W. Chukwunonso

28) T. A. Bubenik J. B. Nestleroth, R. J. Eiber aBd. F. Saffell, AMagnet
(MFL) Technology for Natural Gas Pipeline Inspe i d'opital Report Battelle
Memorial Inst: Columbus, OH, USA(1992.

29) M. Yil ai, L. Li, G. Po and G. Xuan, Al mpr ¢
of Drill Pipe by UsingB | e Plnsight 840489492, (2012)

30) Y. Ma, R. He and . C h ®ethodfdi lnproving SNR of Drill Pipe Leakage Flux
Testing Signals by Means of Magnetic Concentratihgf Ee IEEEGTtans. Magn51, T
7, (2015)

31) K. Hwang,i3-D Defect Rofile Reconstructia from Magnetic Flux Leakage Signatures
Using Wavelet Basis Function Neural Mtwork®. Electrical Engineering
(Communications and Signal Proces$iRgD Thesis Lowa State Univers{8000)

32) A. Sophian, G Y. Ti an, Bursedd M@netic ElaxiLeakage TBchniquegrf
CrackDetectionandC h a r a c t eSense and Aatuatars A: Physicdl25@), 186
191, (2006)

33)G.Y. Tian, J. Wil®n, M. Morozov, D. O. Thompson and D.E. Chimenti,
ACompl ement ary EDestr ambagu.dlPEenh Naeadingso n o
13351), 12561263,(2011)

34)B. Rag A MagnkEuwiLe akage Te c h.nJounaleof NoRlessuictives 0
Testing & Evaluation11(@3), 7-17, December (2012JAccesse®1 Septembel6].

35)J . C. MaTxeatisel oh Electficity and Magnetisnb.ondon: Clarendon

36) Electromagnetic TestingiNondestructive Testing Handboak .3rd Edition, Vol. 5.

ASNT Press, ISBN-67117116-9, (2004).

37)M. Tanaka and H. T saddl of NaturafiGfacknin Eddy Chriemt me n t
Test i ng.I|PBEdJransaetions on Magnetic376), 31253128(2001)

38)W. S. Singh, B.P.CRao, S.Vaidyanathan, TJ ay ak umar DetectioB & Raj ,
Leakage Magnetic Flux from Ne&ide and Fafide Defects in Carbon Steel Plates
Using a Giant Magnet®esistive S e n s tOP ¢publishing Ltd Non-Destructive
Evaluation Division, Indira Gandhi Centre for Atomic Research, 17 Dece20@r).

39) F.I. Al-Naemi,J . P. Hal | and A.J. Moses, AFEM Model
LeakageTy pe NDT f or Fer r oma doursal of dMagietisentad | n s p e
MagneticMaterials 304, 790793 Sept (2006).

40) W. Singh, S. hirunavukkarasu, S. Mahadevan, B.P.C. Rao, QM#khopadhyay and
T. Jay ak u-Dimensiondl Hinite EBememifiodelling of Magnetic Flux Leakage
Technique for Detection of Defects in Carbon SteelePtalion Destructive Evaluation
Division, Indira Gandhi Centre for Atomic Research, Kalpaki@i8102, Tamil Nadu,

(2010).

14



C1049450 Okolo. K.W. Chukwunonso

Chapter 2: Literature Review
2.1) Introduction

The NDEfield is very large, thusa high testing standard hasen put forward to
ensure the reliability of the NDHEnspections and to avoid errors due to wrong
application of the method used, skill danexperiece of the operator and
misinterpretation of test resulf$, 2]. Numeroussteel structures need thorough and
detailed inspection durg manufacturing and operation, avatious NDEmethals
are availablefor pipeline inspection and evaluatiomhe most frequently used
inspection techniquesnclude magnetic flux leakage inspeati, eddy current
inspection, ultrasonic inspectiohiquid penetration inspectiorand radiographic
inspection Each method has itsown merits and drawbacks,osthe choice of
selection of each depends on the structure and properties of the materiabussid

as the type of defect being considerede to the lengthy nate of pipelinesthe test

is usually carried out from the inside of the pipe. The magnetic flux leakage
inspection, eddy current inspection and ultrasonic inspection aneasiEgommorty
used inspection techniques for estimating the integrity of pipeliegretic flux
leakage testing technigug one ofthe most reliable and widely used technique for

crack detectiomnd characterizatiototh on the circumferential draxial direction

This chapterfocuses on the literature review of the most commonly used and well
established ncdestrutive testing methods, with more emphasistba nmagnetic
flux leakagetechnique. Therinciples,typical applications, merits and drawkaof

the diffarent methods are also discussed.

2.2) Visual Testing

This is theoldest and simplest NDinethod.It involves using the naked eye to
search for defectand imperfection®n a piece of material. It requires no special
testingequipmentonly the nakedyes ofan experienced operator areeded This
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method can only be used for surface examination of a range of equidro#dnt
internally and externally. It can be used for the inspectigoipslines, storage tank
floors, ral lines and bridges$or defects suchsa welding flaws, cracking, dents and
improper finisheslt is straightforward and not as technologically advanced when
compared to other inspection techniques. Notwithstanding, it has so many
advantages over the more technologically improved technidliesre are two
frequently used visual testing techniques, which are the Liquid Penetrant Testing and

the Magnetic Particle Testing.

2.2.1) Liquid Penetrant Testing

The Liquid PenetrantTesting (PT)is one of thanostcommony used visual testing
methods[3]. There are two common methods udeere which are the colour
contrast and fluorescent dyeethodg4]. Thesetwo methods make use of the same
basic procedure. First, a penetrant soluimm@pplied to the surface of an already
cleanedtest specimen then an absorption time is allowed to enable suitable
penetration of the solution into the surface defeftscond, excess penetrant is
carefully extracted from the defect using a solvent or water. Third, a developer is
used to pull theérappedpenetrant remaing within the defegtand this provides a
visual indication of thesurfacedefectif present The three procedures are followed

by the analysis and interpretation of ttest result. The detection technique is
slightly different for the fluorescent dye and colour contrast. The colour contrast
method relies on the clear variation between tkecaour of the penetrant solution
and the white colour of the developer shieffithe surface of the specimerhel
assessment dhe result here isarried out with just a normal lighHowever,the
fluorescent dye technique requires the extra use of an ultraviolet light to brighten the
fluorescentdye which helps for propeanalysis of the resu[tl]. Some advantages
and disadvamiges of liquid penetra testing are listed in table1?2 while Fig 2.1

showsa diagram illustratinghe principle ofPT [1].
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Table2.1 Liquid Penetrant Testing (PT).

Method Advantages Disadvantages

Liquid Penetrant Testing Suitable for ferrous and ner Limited to surface defects.

(PT) ferrous materia Not suitable for porousnd rough
Few equipment required. materials.
Easy and straightforward. Requires gtical surfacepreparation
Not expensive. before test.

Inspects large area of | Requires pst cleaning to remov
material. chemicals.
Environmental issues.

Results cannot be recorded digitally

e
i =2

v v v W

Figure2.1. The Liquid Penetrant Testing (PT)][1

2.2.2) Magnetic Particle Testing

The Magnetic Particle testingVIPT) is another commonly used visual inspection
technique This method is used for detecting discontinuities and defects such as
cracks pits, voids,etc. at thesurface or neasurface of ferromagnetic materials and
components such as; iron, cobalt, nickel and ggdellt is mainly employed in the
industrial sector to investigate metallic components such as oil and gas pipelines,
storage tank floors and othfarromagnetic machinerie® avoidfuture breakdown

and hazards. A few of the industries that make use of the magnetic particle testing
include structural steel, petrochemical, aerospace and automotive industithes.

first step is themagnetization othe test samplajsing a permanent magnet or an

electromagnetthis generates magnetic field ihe test sample The presence of a
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crack or any other discontinuitpn the magnetized sample will change thisal
direction of flux lines due to an increademagnetic reluctance caused by a drop in
the magnetic permeability at the defective regidbhen ferrous iron particles are
appled on the surface of the sampléhe iron particles will be attracted to the
defectiveregionand form clusterswhichis the area where the magnetic field lines
are beig interrupted, hus providing a visibléendication of the defect. Since visual
examination is a vital aspect of this method, there are a variety of magnetic particle
testing techniques that could be enyeld, and the type used is highly dependent on
the colour and shade of the metal sample being investiggitethle most frequently
used iron particle is the yellow or recide particles or the black iroparticles.
When working with a very dark samplewahite paint is used to create a thin coat on
the sample to give a clear and bright contréle test object is then examined with
an ultraviolet light in alark room to give a clear and bright indication of the defects.
Some of the advantages and disatixges 6 MPT are listed in table.2, while Fig.

2.2 showsa diagram illustrating thprinciple of MPT [1.

Table2.2 Magnetic Particle Testing (MPT)

Method Advantages Disadvantages

Magnetic Particle Testing Detects surface and near surfg Inspects ferromagnetic materig

(MPT) defects. only.
Few equipment required. Large curent is required for ¢
Relativelyinexpensive. large sample.

Inspectscomplex andarge area of Demagnetisation is crucial.
a material. Impurities like paint seriously

Surface  preparation is leg influences sensitivity.

important. Cannot quantify defest
Flux leakage Indicating
- — particles
N 7 \\
ol i amlitie, | N e
_________ N === = =
________ Pl S S

Flux lines

Figure2.2. The Magnetic Particle Testing (MPT) [1
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2.3) Eddy Current Testing

Eddy Current Testing (€T) is very beneficial for several different applicasmsuch

as; for assessment of coating thickness, measuring the electrical twrtgiuaf a
material, evaluationof metal loss due to erosioand corrosion,detection of
anomalies such as cracks, deaisq pits It can also be usefr material sorting in

terms of their magnetic permeabilities and electrical conductivikesew of the
industries that make use of ECT are; aerospace, marine, automotive and
manufacturing industriesThis is a very attractiveNDE technique for detecting
surface and suburface diects especially when itfcation and orientation has been
establishedThe test setup reqid for ECT includes; a magnetg coil connected

to analternating current source, a voltmeter to read the voltage variation across the
coil and a conductive samp|&]. The first stage inECT is the excitation of a
conductive sample by passing an alternating current throagh, avhichis in close
proximity to the sample being investigatddhis generates a varying magndtedd,

which induces a current flow through the sample cor di ng t oofFar ada
electromagnetienduction These induced currentseaknown as eddy currents,dan

they travelin closed loop. The eddy current also produces its own secondary
magneticfield, which opposes the initial field generated by the ecbii e t o Len z &
law. The interaction between the two fields can be measured using an appropriate
magnetic feld sesor or a simple pick up coilhe information acquired from the
sensor can nowe procssed to give an indication regarditig position and nature

of any defect presenis well as any changes ihet material property such as

conductivity[8].

Thesignal measured by the picip coil is he coil impedancé€Z), whichdepends on

the difference between the initial and secondary fluefgective linking flux G ).

The existence of a defect in the sample will alter the eddy currents conducting path
resuting in a distortion in its flow and variation in Z and | A common ECT
technique is to adopt the differential probe systeethod which involves using two
similar coils butwound in opposite direction®]. When both coils are brought in
close proxinty to a nondefective sampleas shown inFig. 2.3a, the signals

emanating from both coils will cancel each otloert, resulting to a zer@mutput
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( = a < 0). However, if both coils are placed above a defective saag#hown

in Fig. 23b, the defect will alterthe eddy current flow andhe linking fluxes

( » a < 0)[10]. This change cathenbe seen irthe form of a variationin the
real and imaginary parts of the impedance as displayed inZ8gsand 23d. Since
ECT makes use ddn alternating current for its operation, the eddy current density
will decrease exponentially with increasing de@tdwn the sampleThis is referred

to as the skin effecZ]. The excitation frequency used for the coil caffiedifrom a
few Hz up to theMHz level. The levebf frequency to be selected is dependent on
the nature of the material used and the depth of the defect being consktered.
surface defect detectiowery high frequency levels anereferable to ensure an
optimum resolution and besensitivity. However, for suburface defects, lower
frequency levels should be used to obtain rthech needed penetration deptbut
this lowers the sensitivity of detectiofor surface and near surface defects
Moreover, very high conductive ferromagretamples will require a much lower
frequency to achieve the optimum penetration deptime of the advantages and
disadvantage®f ECT are listed in table.2 while Fig. 23 shows a diagram

illustrating the principle of ECT [11].

Table2.3 Eddy Current Testing (ECT)

Method Advantages Disadvantages

Eddy Current Testing | Detects surface and sshrface| Inspects conductive samplesly.
(ECT) defects. Limited penetration depth

Can be contactless Requires skill and training

Used for more than defeq Impuritiesinfluences sensitivity.

detection Suffers lift-off effects.

Fast and reliable

Suitable for coated samples.

Wide range of frequency usage.
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c) -

..., 0 (Phase)

Imaginary (Omhs)

Imaginary

Real (Ohms)

Figure 23. An Eddy Current differential probe placed dirg@bove a) non defective sample abjl
defective sample displayg the EC flow distortion. A plot of theignal output emanating from an EC
differential probeillustrating the existence of a defed) loop on a complex plane adjithe

impedance real and imaginary parts as a function of time [11].

2.4) Ultrasonic Testing

The Ultrasonic testing (UT)is a very attractive technique faharacterizing the
properties of materials in terms attenuation and sound velocity. It is also used for
locating surface and stdurface defects in several different materials such as;
woods, metals and plastids is mainly utilized in industries wht product lines that
are investigating stress corrosion cracking and other types of corrobenypes of
defects that can be detected whising this method includes; deformations,
cracking, wall thickness variation, laminations (sloping), weld charatts,
internal and external metal loss, et€he conventional UTmethod uses a
piezoelectric transducer to convieigh frequencyltrasonic sound pulsesith short
wave lengthsto the sample being investigatetihe transmitted pulses are then
reflectedby voids in the sample due to the presence of defects sualelds, dents

or cracks as displayed in Fig.4a [3]. The reflections transmitted and received by
the same transducer are then anatyzo differentiate between the reflections from

the samplesides ad edges and the reflections caused byd#fects [3. This mettod
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requires the use of a couplicpannel such as a gel or wateracoustically couple
the pulses from the piezoelectric transducah&sample under test. The need for a
coupling liquid makesthe UT inadequate in certain circumstancbecause of the
need for surface preparati@md therisk of missing out flaws in areas where the
coupling liquid is absenMoreover, despite the ability of the UT method to detect
defects all throulg the volume of theestsample, it is challenging to differentiate
between reflections from the sample surf&ead reflections from the surface and
subsurface defects

Presently, a lot of effort has been invested on the application and developnient of t
Electromagnetic acoustic transducer (EMAT) metHod an efficient NDE, by
exploiting ultrasonic sound waveSMAT is a type oftransducemwhich is designed

to useelectromagnetianechanismdo generate and receive soumdthout being

limited to electrially conductive samplefl2, 13. The major advantage of this
technique is that it does not require contactcoupling medium to transmit
ultrasonic sound waves to the test sample, since the sound generation is done directly
within the sample andlose to the transducerhis makes the EMAT method more
effective and suitable for inspections in a wide variety eovironments and

conditions [14.

The EMAT process makes use of two componeng,magnet (permanent or
electromagnet) and an electdoil. The magnet is used to generate a static magnetic
field, known as the initial magnetic fieldt the internal surface of the test piece.
Then an alternating current with a frequency betweeKHz and20 KHzis passed
through the coi[14]. This inducs a current (eddy currengt the internal surface of
the test piece, resulting Lorentz forcesUltrasaundwaves ar¢ghengenerated in the
test piece when placed within close proximity to the EMAT, due to the interaction
between the initial magnetic fieand the magnetic field produced by the cohe
mode and type of ultrasound produced as well as its natun@pégation through

the samplas dependent on the structure and type of transducerfLUSEEMAT is
mainly useful in industries such as the oil and gas pipelines, pressure vessels, metal
manufacturing and processingAlso, it is used in applications such as;
characterization of material propgrthickness measurements, waldpection and

flaw detetion.
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Some of the advantages and disadvantafésT are listedn table 24, while Fig.
2.4a and 24b showsthe diagrams illustratinghe principle of O and EMAT

respectively
Table2.4 Ultrasonic Testing (UT)
Method Advantages Disadvantages
Ultrasonic Testing Very reliable for defect sizing Requires more skill than an
um (high accuracy) other method
Detects internal and extern| Roughness and poor surfa
metal loss finish can affect result
Measures linear and direct wg Often requires a refereng
thickness. sample
Superior penetration depth thi Surface need to be acséde to
any other methad both probe and coupling liquid
Can be wused for materi
characterization.
Transducer
Q
(a) DO
Back Surface lT
g 2~ Crack
«— |
0 24 68 1012 Plate
(b) Piezoaelaectric UT EMAT UT

Lorentz Force

-
e ddvu Magnetic Field

%U!ﬁ-usonl:
WA we

-J__-.
A EMAT Coil
Couplant g Shecoi
B pr
T

Figure2.4. Showing @ the Ultrasonic Testing (UT) [&andb) Electromagneti acoustic transducer
(EMAT) [14].
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2.5) Radiographic Testing

Radiographic Testing (RT) is usually conducted in industries to evaluate the
properties of a material without damaging it, and to make sure that the material is
free of any errors and impurities. It also helps in identifying the nature and size of
disconthuities, which are then evaluated according to acceptance criteria to
determinetheir consideration as defect§his technique usesigh frequencyshort
wavelength electromagnetic radiatigenerated by a radiation sourte examine
materials for embeddeflaws. The radiation source could be either aswray
generator or a radioactive soufgedustrial sources of gamma rays ae;60 Ir-192

or Cs137). X-ray radiography is used to inspect a variety of-nutallic parts for
porasity, water entrapmentracks, etc.tlcan also be used to inspect other classes of
metallic products such asvelds, casting and forgingas well asfor locating
discontinuities in fabricad structural assemblies likénclusions, debris, loose
fitting, corrosion, rivets, crds and other variation§&samma raysre the emissions
from disintegrating nucleaof radioactive substances. Gamnag radiography has
advantages of simplicity of operation, compactness of radioactive sources and
independence from outside sources. It isdum engine components requiring high

energy levels Were acess is difficult.

The main principleof RT is that it utilizes penetrating radiation that is guided
towards a tesspecimenon to a photographic filnfusually placed in a cassette)
resutingint he i mage o finternal strucupe édang reemdad she film.

The specimen is positioned between the film (detecting device) and the radiation
source.The specimen willabsorb some of the radiatiomhe amountof energy
absorbed by thespecimendepends on its thickness andnsigy, thus greater
proportion of the absorption will occur at the thicker and denser sections of the
specimen[16]. The energy not absorbed by the object will cause exposure of the
film. Since themagnitude of theadiation absorbed is dependent on the material
thickness and densitgiscontinuities such as cracldents and welds presentthre
specimenwill causevariations in the radiation intensityransmitted 17]. The
variation in absorption iszgistered on film or electronically (computed radiography)

[18, 19. The shade of the film will differ with respect to the magnitude of radiation
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reachingthe film via the test objeatvhen developedLighter sections of the film
demonstratéower energyexposurewhile darker sectiondemonstratéigherenergy
exposure After processingan image is obtained showing up as density changes in
thefilm. These developed images providéormation abouthe thickness variation

of the specimenncludingdefect indicatioron or within the specimefdark areas)

The accuracy of RT depends on the capability of the operator to interpret the
radiographic imagesThe RT technique has sensitivity limitations for crack
detection. The xays view a crack as a tbknessdeviation and the greater the
deviation, the highethe chances of detectirsgcrack. A crack may not be visible if

the pathway of the-ray is not parallel to the crack, causing a reduced thickness
deviation. The orientation of a crack must be atamed prior to using the RT
technique for inspection, since the angle between the crack and the radiation beam is
so vital.RT is generally used to determine the integrity of welds, by locating internal
defects such as inclusions and porqsaty well aggauging the thickness of objects.
cracks must be at least @ of the section thickness for detectitmnoccur[1]. For
example a sample with a thickness of bim, the least defect that can be detected
would be 0.3nm in dimension, and for a sample with a thickness of 30 mm the least
defect that can be detected would be 0.6 mm. Therefore, detection capability
decreases with increasing sample thicknkgor benefits of using RT is that can
effectively detect bdt surface and internal discontinuities, significaariations in
composition carbe checked, very few material limitations, hidden areas can easily
be inspected, minimum preparation is required and a permanent test result is
obtained. Its only major dismdntage is that radiations can hazardous to the
operator andahearby personneSome of the advantages and disadages of RT are
listed in table 25, while Fig. 25 showsa diagram illustratinghe principle of RT

[20].
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Table2.5 Radiographic Testing (RT)

Method Advantages Disadvantages

Radiographic Testing Detects surface and intern Radiations can be hazardous.
(RT) discontinuities. Detection capability decreast

Permanent test result is obtaineq as specimen thickness increass

Hidden areas can hespected.

Very few material limitations.

Minimum preparation is required

RADIATION SOURCE

SPECIMEN

Arinling

—— FILIM

PLAN YIEVW OF THE FILM

DARKER AREAS (AFTER PROCESSING)

Figure2.5. The Radiographic Testing (RT) [RO

2.6) Microwave Testing

The Microwave Testing(MT) is a noncontactNDE technique used for inspecting
norrconductive samples such; alelectrics and compositassed inaircrafts, ships
cars, building and bridges [2]L The MT method hasseveralunique attributes,
which makes it more attractive/er other NDEechniques These attributes incluge
goodpenetration depthetatively inexpensivesuperior resolution, and the numerous
features of the antenna used floe sensor system. The parameters oredsby the
MT technique are;loss factors, dielectric constants, reflection coefficients,
transmission coefficients and the complex permealpdiya function of tengrature

and frequency [Z2 The maerial parameters of concern (e@prrosion, cracks,
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moisture content, dents, etc.) can then be associated to the parameters measured

using relevant and acceptable calibration and modelling techniques.

The principle of MT involves transmittinghigh frequency electromagnetic wave
into the sample being inviégated Then a receiver is used to map out the amplitude
and phase characteristics of the transmittedrefielcted wave, thereby produciag
image of the sample under te28]. In several applicationsnore modernized, much
lighter, much stronger andmore durable materials such ;aslielectrics and
composites are replacing metallic componeHt®wvever these new materials need a
different inspection techniqu&he conventional electromagnetic ND&ethods used
for inspecting metiic components may notebwellsuited to inspect such materials.
This is usually as aesult of the comparatively thiek nature texture, attenuation,
and reduced electrical conductivitf composites In contrast microwave NDE
methods are more convenient for inspecting suchemads This is because,
microwave signals can readily penetrate through low loss dielectric struanuaes
can be used to inspect roanductive specimern4], as well agnspections under
paintwork[25] such asceramics, plastics and glasgthout undergoing any serious
signal attenuation. Alsanicrowave testing methodould be integrated witbther
NDE techniques such aghe eddycurrent methd to achieve the best result possible
[26]. Some of the advantages and disadvantages of Mlisted in table 2.6while
Fig. 26 shows an image of a painted steel sample with a corrosion (uddk
section)obtained using the MT meth¢d7].

Table2.6 Microwave Testing (MT)

Method Advantages Disadvantages
Microwave Testing Non contacttechnique Microwave Rrdiations canbe
(RT) Good penetration depth hazardous.

Good resolution

Relatively inexpensive

Suitable for Inspecting nen
conductive specimens.

Suitable for inspectian under

paint work.
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(a) (b)

Corrosion| o —

area

Figure2.6. Showing;a) a picture otorrodedsteel andb) intensity image of the corrosion patch on

the painted steel obtained using Microwave Testing (MT) [27].

2.7) Thermography Testing

ThermographyTesting (TT) is an NDHechnique used for measuring and mapping

out surface temperatures. The thermal and infranedsurement approach makes

use of the thermal measurement of a specimen under investigation, as it undergoes a
response to stimulughermalimaging cameras are the mostjuently used sensing
technique.Thermography testing can be grouped into twethods which are;the

passive and the active measurement methods. Passive thermography is used to
examine samples that are not at room temper@isually higher) Passive imaging
devices are used to capture hot spots suggestive of complications in an electrical
electroniccircuit. The active thermography makes use of an external heat source,
such aseddy current or a lamp to heat the test sample, followed by the measurement
of the temperature variation produced as a result of discontinuities pf28e29).

For the eddy current type thermography, the sample asetiecby means of heat
induction,then theinduced eddy currents are transformed to heat via ohmic heating
according t[8032 ényldefettspreders im the sample will alter the
current flow and modify the distribution pattern of the temperature. The results
obtainedcan then be alyzed via thermal imagingo show a sign of any serious
imperfection. The imaging of the test sampédter the heating stage cabso be

utilized for heat flow monitoring in the samplas a function of the material
properties and boundaried]] In composite materials, flasthermography has
proven to be very profitable famagingdelaminatiorand bond breakings
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A recent andvital improvement inthe thermographyNDE methodis the useof
mechanical energy to provide confined heating at thesadiaceflaw region such
asfor; cracks and voids in metallic componefitk This hascreateda new branch of
implementation for the IR technique.The infrared thermographya remote
inspection technique) has beeanfirmed to be very reliable, efficient and cost
effective for the examination of concrete structufekectromagnetic radiation is
emitted from all materials with a wavelength proportional to the material
temperature, and the material temperature isrgahg proportional to the radiation
frequency.Radiometers, which consist of an infrared detecawe used for the
detection and measuremeott such radiation. The infrared detector converts the
radiation emitted into electricaignals, whichare shown n the computer screen.
The infrared thermographgan effectively dtect discontinuities in bridgdecks,
garage floors, buiidg walls, highway pavementgarking lots and for critical
examination of aerospace structurgs33]. It can be used duringeiday or at night,
depending on the type of result required and the surrounding cond¥aoiation in
temperature dtribution asminute as a few hundreds of a degree Celsius can be
measuregvia the infrared thermographic scanning syst8ame of the achntages
and disadvamtges of TT are listed in table72 while Fig. 2.7 showsa diagram

illustratingthe principle of TT [3

Table2.7 Thermography Testing (TT)

Method Advantages Disadvantages
Thermography Testing Safe to use. Expensive IR cameras require
(TT) Can examine large areas.

Suitable for wide verities o
materials.

Reliable method.

Temperature distribution can

imaged to show defect profile
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Processing

Figure2.7. The active Thermography Testing (TT) [3].

2.8) Magnetic Flux Leakage Testing

Magnetic Flux Leakag&esting(MFLT) is a norcontact technique of NDEsed for
examining ferromagnetisteel structures fgoresence of defects such asrrosion,
cracks, weldspits, etc. [34, 33. It is the mostreliable, efficient and widely used
approach for detecting cracgsesenin both the circumferentiahnd axial directios
[36]. MFL method haseen in existence as notable technique for pipeline health
monitoring s B7m2Feln thehirdroddc®ry phase, the sensing system
used were magnetic powders, which outputs its test results by accumulating at the
defective regionThe technique is direct, easgnd highlysensitive The MFLT has
been extensively used in theetrochemical, oil and gamdustries. Since the
evolution of the semiconductor electronic industries, magnetic sensors have achieved
enormous breakthrougin detecting the MFL signal with great accuradyhis
eliminated the drawbacks of measuring devices likecthiesensor andnagnetic
powder. MFL inspection does not require -precessing and the resulting leakage
signal are simple to detect and distirglju Online-based detection can be
comfortably achieved ana high degree of automation che realizedFurthermore,

it can capure several types of anomalies such escks corrosion, cavities,
shrinkage, voidsetc. MFL inspection is not limited to asssing thenternalsurfaces

for flaws bu can also assessxternal surfacesfor far-surface flaws[39]. The
required conditions for the thetion environment are not mamyd they are not
disturbed by the transportation mediuihese numerous advantagasmfirm why

the MFL testing method is regarded as thest popular andwidely used NDE
techniqud36, 40]
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As the Pipeline Inspection Gauge (Pl&Xdischarged through the underground pipe
to implement the pipeline investigatigerocess vibrations couldbe felt at close
proximity from the pipeline as the PlI@&oves along the pipelinduring an MFL
inspection [4@43]. This explainswhy the MFL detedrs were termed intelligent
PIGS[44, 45. A typical MFL PIG system ishown in Fig 28. The PIG collects
information about the pipeline, both internally and externally. The information that
can be generated by the PIG include; the pipes diameter, temperature, curvature,
bends, metal loss and corrosion. The PIG usath magnetic flux leakage and
ultrasound tayenerate information regarding the interior and exterior of the pipeline.
The MFL technique inspects the pipeline system by magnetizing the pipe wall,
followed by the detection of the leakage flux caused by corrosion, cracks or pits in
the pipe wall. The utrasonic technique measures the pipe wall thickr®ss

measuring time delays in the reflection of highquency sound/aves.

Pipe Magnetizer Sensor

Figure2.8. A schematic diagram of an MFL inspection system (PIG)[40].

MFL investigation becam apopularly known and used ND&chnique since the
early 50s in the 20 century[36]. Since then, it has grown from thgualitative
recognition of flaws in components and assemblies to thetitatare investigation
stage [4]. Properuseof the MFLtechniquen inspecting pipeline structures would
contribue immensely to their performandewill alsohelp significantly n guiding
the decision making ithe management afuch facilities, as well asiinimize the

risk of complete damage [17

In spite of some promising theoretical and experimental accomplishrhasésl on
MFL testing the method is not completeficcurate Some of the major drawbacks
of the MFL inspetion are outlined as follows [48, }9a) Current inspection
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techniques provide largequalitaive data and are unable to replicate the level of
quantitative information achievable under laboratory conditibhsThe pipe wall
must be near to magnetic saturationlt is very sensitive to the moving speed of the
motor. d) Further studyand analysis is required to develop a quantitative theory for
flaw detection. Currently, no direct correlation exists between the MFL signal
characteristics and the depth, shape and orientation of the flavaeeprobe is
heavily influenced by thepipe wall topography, especigl the presence of
obstructionsf) Misinterpretation of data is possible due to the presence of pipeline
impurities g) The MFL technique can be applied to large areas, but at the same time
is restrained to the material surface amhmsurface. Therefore, the method has
difficulty in detecting long and narrow axial flaws located far beyond the sample

surface.

The MFL inspection principle involves magnetizing the test structure (ferromagnetic
steel pipe) with either a permanent magmean electromagnet to near or complete
saturation. A magnetic field is generated, which is perpendicular to any existing
defect(e.g. crackwithin the pipe.The ferromagnetic material used tbe pipeline
manufacturing has a much higher permeabilitjnpared to the permeability of the
surrounding airHence, herewill be an increasg magnetic flux lines flowing inside

the pipe compared to those on the outsillx is confined in the samplelf there is

no defect in the magnetized pipe, a greater gmogn of the flux will go through the
inside region of the pipematerial However,a defect presennithe pipestructure

will cause a significant increase in the reluctance to the flow of flux, lohes toa
decrease in magnetic permeability at tledective region [36]This will resultin a
leakage of flux from the pipeall, at the defective regiofb0, 51] The leakage flux
pattern(leakage field signaturey dependent on the orientation and geometry of the
defect with respect to the magnetiaxlin the pipe materiallhe leakage flux along

the pipe axis is caltethe axial(|| « MFL componentthe leakage flux normal to the
pipe surface is referrdd as the radia(l||. MFL componentwhile the leakage field

along the circumferential axis ttie pipe surface is catlehe tangenti34|| , MFL

componentas shownn Fig. 29.
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4B, 4B, b B,
(a) Defect leakage field (b)Axial component (<) Radial component (d) Tangential component

Figure2.9. Showing;a) The keakage field frona defectand the ector components of the leakage

field in; b) axial direction, c) radialirection and c) tangential direction [36].

The width of the defect is represented by the horizontal axis while the vertical axis
represents the magnetic flux leakage inten3ibe permeability of the ferromagnetic
material used for the magnetic circuit plays a vital role in determining the magnitude
of the magnetic flux flowing within thelosed path of the circuit. &lso determines

the magnitude of the magnetic flux densitgdhe leakage field that will occur. The
higher the permeability of the ferromagnetic material used, the greater the flux
intensity that will be developed within the circugind the higher the leakage field
magnitudethat will occur The induced magnetifield should be large enough to
cause a sizable leakage field to occur, especiallytifer detection ofminiature
defects (e.g. hairline cracks)in pipeline structures[52]. If enough magnetic
saturation of the test sample is not achieved, defects lassatifiew percent of the

s a mp | e &Gectiomaracea may not be identifiechile using tle MFL inspection
technique. Thenagnetic saturation of the sample is dependent on the magnetization
sources used (permanent or electromagnet) to magnetize the ,sasnpiell as the

gap between the magnetizer and tast sample(magnetizer liftoff). A single or
multiple MFL sensors (sensor arragfich as GMR sensors AMR sensorsor Hall

Effect sensos, which are sensitive to variation in flux densitis placed
perpendicular to the éect orientationand withinclose proximity to the defecin
orderto pick up the signal produced by the leakage fibtith from thdanternal and
external surfaces of the pip@he leakage signal magnitude is dependent on the

distance between the MFL sensor and the test sample (senstf lift
There are three different techniques for magnetizing the pipewlale employing

the MFL inspection technique of NDE. These methods are; the Direct Current (DC),

Alternating Curren{AC) and Pulsed Current (PC) magnetization techniques.
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The DC magnetization technique employs the use of an electromagnet or permanent
magnet to produce a static magnetization current for the magnetization of the test
pipeline. The electromagnet based Dagnetization is best applied for materials
with hardmagnetization, such as; steel pipelines, storage tanks, rafl &nd
bridges. This is because a large supply curremeisded to generate a strong
magnetization field. This approach can detect astaface hairlineerack locate®.6

mm away fromthe surfaceof the pipelineand the magnetization can easily be
adjusted bysimply controlling the magnitude of the supply current. However,
demagnetization of the test sample is crucial every time thioagiprs used. The
permanent magnet based magnetization utilizes a permanent with a large coercivity
(coercive force 1)) as the excitation source. lhares similar characteristics with

the electromagndiased magnetization, however, the ability to sidgnd control the
magnetization intensity is less convenient, compared to the electromagnet approach.
Generally, the types of permanent magnets used are; féleibelymiumiron-Boron
(NdFeB), aluminummickelcobalt and raresarth permanemhagnets, especially the
rareearth permaent magnets, due to their highergy nature and reducside. The
DCMFL inspection technique providémited information aboutetecteccracls, in

terms of location and sizing. This is becausedfa&k must exison one sidef the

test sample to ensure accurate interpretation of the crack size, as the approach only
relies on just one measurement feature (i.e. the leakage field amplitude/intensity) to
detect and characterize defed@sother major drawback of tHRCMFL technique is

the continuouspoweringof the excitation yoke and coil leading a@erheatingand

the need to cooldown the system, especially for longer inspection peridtis

approach is not suitable for inspecting long pipelines

The AC magnetzation technique employs the use of a sinusoidal wavefeitin a

single excitation frequencyto produce a varying magnetization current for the
magnetization of the pipeline material. The AC magnetization technique can be used
to inspect materials witham-uniform surfaces fothe presence of cracks.dwever,

the problem of skireffect arises due to the eddy current phenomenon. Hence, the
penetration depth of the induced magnetic field decreases with increasing excitation
frequency. The ACMFL technique issually sensitive to only one side of ttest

sample, depending on the excitation frequency selected. Selecting a high excitation
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frequency results in magnetic field concentration at the surface layer of the sample,
which is suitable for surface cracktdetion and characterization. Hewer, using a

low frequency excitation will provide deeper magnetic field penetration into the test
sample which is suitable for fasurface crack detection, while causing a decrease in

sensitivity forsurface and near dace crack measurements

The PC magnetization technique employs the use of a square pulse to produce a
varying magnetization currgntor the magnetization of theipeline material The

single excitation waveform (square pulse) contains a stringfrefuency
components, with the sensitivity sairface and near surface measuremg@mshigh
frequency componentsas well aghe required depth penetration of low frequency
excitation, suitable for fasurface crack detection and characterization. Therefore,
the PMFL technique allows for the detection and characterization «fufface

cracks in thicker samplesvhile still mantaining a good measurement sensitivity to

surface and near surfacecks, using a relatively simptfiver circuit.

After the inspection is completethe recordedMFL signak are carefullyanalyzed
and interpreted using methods that conib& measred signal into information
regarding the pipeline integrityrhe result from the analysis is usexobtain the
natureand severity of the defecZatsepin and Shcherbinin presented an analytical
illustration of a dipole model for the prediction of tleakage field patternug to a
rectangular defect [33The conceptof this technique is shown in Fig.1®. Where

71+ is the induced magnetic field the test samples m is the demagnetizing field
produced by the magnetic charges at the end surfaces @éfewt,2a and b are the
width and depth of the defect respectively.

Z=00 ly
X
o

H
E Ha bI + ps %d -ps E Ha

< 2a >

Figure 210. The dipole model of the leakage field principle as presentethityepin and
Shcherbinirfor a rectangular defef53].
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Equations(2.1) and(2.2) showthe tangential |, and normal ||, components of

the leakage flux densitsespectivelyas presented bgatsepin and Shcherbinin for
the above scenario.

5 — oMt ——  oHhE — 2.

5 ‘0t 2.2)

The magnetic charge density at the end surface of the deéeett the dipole north
and south polesj)s denotedby ” , and can be obtained from equatith3) as
presented by Edwards and Palnjg4]. Where¢ is the ratio of the defect depth and
the haltwidth,i.e.&¢ @@

14— 2.3

Abe et al. confirmed the leakage field distributions calculated using equéidjs
(2.2) and (2.3), via practical experiments. The experimental reshiésl a good
corrdation with the calculated resulisr the scenario of a rectangular defect present
in a steel samplas shown in Figs..2laand 211b[55].

22 T T T T T T R T

~ L (a) O experimental | O experimental ]
< 20k — approximationf {5 — approximation
> -~ )
S 3 ]
= =
= =
I -
5 -
g z
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Distance x (mm) Distance x (mm)

Figure 211. The MFL signalscaused by aectamgular defect present in a steel saraplBangential

component and b) Normal compongs).
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2.9) Major Issues of MFL Testing

Despite thefact that the MFL technique hashigh probability of detecting cracks,

the technique is not very sensitive to crack size and it requires accurate calibration
measurements. Hence, the characterization of cracks is difficult, especially-for far
surface cracksThe MFL technique also has poor sensitivity to smialcracks
leading to misinterpretation a$ignals caused by permeability variation in the
pipeline material. Moreover, the nature of the MFL signals means that an
experienced operator is required to accurately interpret the signals, thereby
increasing the inspection time and cost. Therefore, tisemeneed to develop new
feature extraction techniqués orderto automate the crack characterization process

for estimatingcrack geometriesespecially for hairline cracks.

The major factors affecting the MFL inspectiogsultsare the scanning speed
spatial resolutiorof the signals obtained and the sensoxdift For traditional static
MFL inspection systemd.¢. stationary probe relative to sample surjaagth DC
magnetizationedly current will not be induced in the conductive sample. However
for dynamic MFL inspection systemise( moving probe riative to sample surface),
eddycurrents are induced the samplend concentrates around temple surface,
even though the magnetization current is DC. The induddg eurrentsaredue to
the elative motion(scanning spegdbetween the induced magnetic fiedthd the
magnetized materigb6, 57]. The induced eddgurrent changes the magiaeefield
profile in the sample, and the change is liheeglatedto the scanning speed the
probe Moreover, the eddy current profile isgadent on the scanning spekdnce,
the skin effect also applies in dynamic MFL inspectibig. 2.12 shows the axial
(|| . component of the MFL signal as a function of scanning distdacelifferent
probe speexl As can be seethe trajectories of the leakage field in each dynamic
case is asymmetric compared to that at 0 m/s. The two pédke teakage field
signal occurat the end¢edgesof the crackand can bequantitatively used to
determine the widtlof a crack, especially for very wide cracks. The variation in
magnitude of the two peaks demonstrates the probes moving direction. Also, as the
scanning speed increases, thariation in magnitude between théwvo peaks

increases. In addition, the eddy curregeserated due tthe probe speed decreases
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the net induced fieléh the specimend6]. This inturn resuls in a decreasen the

MFL signal amplitudeas shown in Fig..22

025

Bz [T]

7 dixis [m]

Figure 212. The MFL signal amplitude at different scannsmgpeds) Axial component of the MFL
signal and b) Radial Component of the MFL sigbdal].

The decrease in the MFL signal amplitudige to the scanning speednbe up to

75% in the pipeline inspection induss where the scanning speed is as high as 8
m/s[58]. The MFL signals are also distorted as the scanning speed increases [57].
The percentage decreasethe MFL signalamplitudedue to theinspectionspeed

can be calculated from equati¢4). The perentage decrease the MFL signal is
denoted by, "Y'Q"Q'WKlle thed "O0 andb "O0 are the peak to peak value of the
defect signal at the lowest scanning speed obtainable ( lowest speed of the translation
stage) and the peak to peak value of the defect at a specified vedspiggtively

PYQQYQ——— prmm 24

During pipeline inspectionhe MFL signal sampling igenerally implemented at a
fixed spatial resolution (relative to space) instead of at a temporal spatial resolution,
sincethe scanning speed can changeg.[Bfore data will be obtained while using a
system with a high resolution, which consequently increases the defect
characterization capability. However, the tradebetween the increased resolution
and excesive data musbe optimizedduring system desigfi60]. The spatial
resolution of an MFL system can be obtained from equaf@®). The spatial

resolution is denoted by samples/mm), while the scanning velocity (mm/s) and
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sampling frequency of the data acquisition card (samples/s) are denabed gnd

Q respectively.

YY —— (2.5)

The MFL signal amplitude decreases with increasing sensor distance relative to the
sample surfageas shown in Fig2.13a by Singh et a[61] and Fig 2.13b by Fei et al

[62]. The reduction in the signal amplitude is due to the leakage field attenuation
with increasingsensordistance from the defect. The signal attenuation becomes
more severe at higher scanning speeds, where the rate of change of the induced

magnetic field irthe sample is significantly increased.
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Figure 213. Showing ajThe MFL signal amplitude at various sensokdiffs for a 4mm deep sub
surface defect positioned at 2mm below the sample sufédfand b)The MFL signal amplitude as

a function of sensor lifoff for various surface defects with differegdepth sizes [62

Another serious limitation of the MFL method is the reduced sensitivity in detecting
defects positioned further away from the sampléaser(farsurface defects). This is
because of the low penetration depth of the induced magnetic field in the sample
caused by skin effededdy current generation)hus making the detection of such

defects difficut to achieve, as shown in Figl12.
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Figure 214. Showinga decrease in the sensitivity df-L signal with inceasing defect distance from

the surfacef a 12mm thick samplg3].

A lot of the MFL investigations are based on the speculation that the defect under
scrutiny is a simple one, i.e straight slots or notches. However, defects could be
complicated in shape and can cause a major challenge to the accurate
characterization and quantificatioh such defectsFor instance, defects could occur

at an angle to thtest sample surface, and the leakage field is highest in cases where
the defect is perpenditar to the flux and decreases d@he angle decreases.
Minimum detection is achieved when the defect is postioned patallde flux

lines,as shownFig. 215.
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Figure 215. Showing a increasdn the MFL signal amplitude with increasing angle between the

defect and magnetic field directia) Tangential cmponent and b) Normal component [64]

A full MFL signal analysis plan isnade up of three peessesasillustrated in the
flowchartin Fig. 2.16. These processes aréentificationstage compensatiostage

and characterizatiostage[65]. As the MFL PIGsystem travels along the pipe, the
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recorded data contains both thighly hazardouslefect information anthformation

for less hazardouslefects (leakage field signal§rom fringes, valves, junctions,
welds, etc.). The highly hazardous defect information (leakage field signals from
cracks corrosion, erosion, holegits etc.)are separated from the less hazardous ones
using a signal identification proceduiéhe next stage is the compensation process.
Here the MFL signals are compensated for ieflae of operational variablesqp

such as; sensor orientation, Hiftf effects, pipe grade, scanninglacity, residual
stress, etc. fie shape and size of the leakage signal is modified by such variables to a
significant extent, making defect characterization very challenditogvever, the
signal compensation processes areho@s$ used to ensure that the leakage signal is
insensitive to operational parameters, at the same time maintaining a good sensitivity
to defect informationThe last stage is the defect characterization; the reason for this
stage is to ascertain the defeshape and siZe an exercise that fall into a wide

classification of problems in NDErmed inverse problems.

Identification compensation Characterization

MFL | Signal l Signal l Defect

Defect Signal Compensation defect signal

Figure2.16. A magnetic flux leakagsignal interpretation scheme.

The task of evalating the orientatiorsize,shapeand locationof defects based on

the information embedded in thequiredsignal is known as defect characterization.

A signal measured in a physical operation could be evaluated for causes pointing to
its source, in order to retrieve the inpa the operation with unspecified parameters
controlling its action, from a finite group of output examinations BH). That is
deducing the previous state or condition of an object or event from their final data or
result collected. This process @lled an inverse problem.

Three different approaches could be used to tackle an inverse prtidsmjnclude

a database method, an iterative method, and a model based method. The database
method employs a database to match the obtained result witted pattern. One of

the benefits of this technique is that causes could be established immediately if their

result matches the formerly stored patterns. The completeness of a database is hence
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a vital factor to be treated in this method. The iterativéhowinvolves establishing

a forward model, followed by the modification of the predicted model till it
corresponds with the measured response. The iterative method is very beneficial
especially where closed form solution is absdits also capable of ppducing a
correct estimate of defect parameters. The forward model could also be used to
generate data sets for the database method. The disadvantage of thisisnistoit
requires a thorough computation (large computational overh&ad)efficiencyof

the iterative method relies on the original prediction and the initial information when
an optimization scheme is used. The calibration technique is one of the most widely
used characterization techniguesedn industry, and it employs the use of vauis
calibration techniques that can interpret the collected data in terms of corresponding
lengths, depths and widthd defects Here, the actual relationships between the
MFL signal characteristics and the defect parameters are established based on the
data gathered fromseries of experiments. A modification of this method comprises
of the recognitio and use of the featurestaimedfrom the signal to evaluate the
defect parameters. A technique involving this approach waspoped by
Shcherbinin et al. [ while using the algorithm proposed by Bulychev et @],

for evaluating the width of cradike flaws. The technique nda use of the magnetic
permeability for the materialsed forthe test piecavith the defectas well as the
tangential component of the magnetic flux denshy.general appraisal of the
methodology for different pipavall defects isllustrated in [f0]. The neural network
method is another approach that is effective in estimdtimgntire profile of defects

[71].

Analytical techniques to obtaingHeakage field signafsom defectsexist [72, 73.
However the best approach to tackling MFL problems tie finite element
numerical methodsespecially for nowuniform surface and for defects with
complex geomeies. Lord was the first to present work on ttedatilation of leakage
field signals [74. His effort was suceeded by the works of Forster [75)ular [76]

and Atherton [7F. Only 2D problems with relatively small amount of elements were
discussed. Moreover, because thé limitations of early computes, only a few
situations and conditions could be modelled. Present works are tackled mgsolvi
the benchmark MFL problems [[{8This canbe seen in the works of Zeng [79],
Pignotti [80], Ruch [81] and Lunin [§2These works werperformed in 2D and 3D
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environment. However, they were very specific to the requirements of the
benchmark problems andddnot include a discussion on the MFL signals acquired
from defects of different typesiAnother presentlay study usingthe 3D FEM
technique and extation yoke can be seenworks of Zuoying et al83]. The work
presented the leakage field amplitude &snation of defect length, width, depth and
lift -off. However, there were no examination relating to surface anduftace

defects.

The MFL problems are usually considered a mpdtiameter problem and the
measurement system parameters can be grompedsample dependent (material,
wall thickness and diameter), defégpe dependent (surfacefAanrface, shape,
depth, length and widthyetup depadent (excitation current, yokand air gap), etc.
The above listed studies covessly a few of the manyeakage field influencing
parametersand still many questions are still unanswer&@dmeof the advantages
and disadvantags of MFLT are listed in table.& while Fig.2.17 showsa diagram
illustratingthe principle oMFLT [84].

Table2.8 Magnetic Flux Leakage Testing (MFLT).

Method Advantages Disadvantages
Magnetic FluxLeakage Testing Fast and reliable. Inspects only ferromagneti
(MFLT) RelativelyCheap. materials.

Non-contact. Suffers lift-off effects.
Versatile.
Safe to use.
Detects both surface and far
surface defects.
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Figure2.17. A schematic drawing dhe Magnetic Flux Leakage Testing (MFLT); a) without a defect
and b) without alefect B4].

2.10) State-of-the-art in Magnetic Flux Leakage Testing

The MFL inspections an extensively used nalestructive evaluation technique for
detecting defects both on the surface aresurfaceof ferromagnetic components.
However the traditional MFL methods arenot capable of estimating their
approximate size and orientation, henee additional transducer is required to
provide the extra information needdde pulsed magnetic flux leakage technique is
a stateof-the-art electromagnetic nedestructive evaluation methoahich provides
the advantage of using an excitation signal withreygaof frequency components
that delivers the deeper penetration demth low-frequency excitation (50Hz)
suitable for farsurface measuremerasd the ensitivity to surface and stdurface
measurements of higinequency excitation10 kH2 [85]. According to Y. Cheng
and K. Rong, an alternating current with a very highjdency is suitable for surface
and subsurface crack detectipas illustrated in Fig..28 [86] However, for a coil
wound arounda ferromagnetic core, veryigh frequency will result ta higher
impedance and higher losses, thus decreasing the excitatiemt. They also stated
that an excitation current with a square pulse has a highstingx efficiency
compared to aine wave. This is becauiee excitation coil and sampége likely to
be overheated when operating with a powerful excitation cuwéhta very high

frequency. However, a periodic square pulse excitation current provides an
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advantage of a reduced thermal effect (reduced working temperature) whilst still

maintaining a satisfactory exciting efficiency.
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Figure 218. A graph showing the penetration depth of a ferromagnetic material (ferrite core) as a

function of a) Eddy current and b) Excitation freque[88j.

One of the latesievelopments the MFLNDEtechnology is the improvement from
easy detection of flaws (qualitative assessment) to the evaluation of defect location
and parameters (quantitative assessm@a)g7]. So many researchewgorking in

the QNDEof materiak have presentedifferent techiques using the MFL method
[85-91]. The PMFL method has been proven to outshine the potentials of other MFL
methods in delivering useful quantitative data for estimating defect parameters.
Asides providing a wide spectrum of frequency components, whicrededeeper
penetration deptlwhen compared to the traditional MFL technique, information
relating to the defect location and parameters can be established from features
contained in the transient signdlhe principal features needed to evaluatesihe

and depth information of the defect from the transient signal are thedipeak and

the magnitudef the differential PML signals92]. Notwithstandinghe remarkable
developmets, accuratecharacterization of surface and -farrface defects still

remains arucialproblem

One of the factors that is well known to pose a major problem for an efficient PMFL
inspection is the lifoff effects, where the variation in the distance between the
sensor and magnetizer reduces the sensitivity of detectias. dlso capable of

causing inaccuratemeasuremds of the true magnitudef the MFL signal, which
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could lead to defects beimgissed or undersized, espally for hairline cracks93].
Such liftoff effects arise due to the presence of debris, weldsying coating
thicknesses, sensor tilt, nomiform surfaceshapeandtexture A lot of effort has
been channelled towards the reduction and elimination of theffligffects and
some progress has been recorded through the use of an enhanced pmhe des

processing techniques, constiantand use of sensor arrays{94.

Magnetic sensitive sensorscbuas GMRsensors AMR sensorsand Hall Effect
sensorshas shown huge dominance over tdo@ventional coil sensor systenith

the PMFL technique8p]. An optimum acquisition of information from the specimen
has been achieved while using the very sensitive magnetic sersgbesthan the
traditional coil sensorf85, 97. It has been proven that the sensitivity of the MFL
inspection, particularly theN®FL technique ismprovedwhile using the magnetic
field sensas, compared to the coilemsor for detecting MFL signals.Igb, the
conventional coil sensor system is not very sensitive to low frequencsy, fiehetre

the electromotive force developed arouhe loop is equivalent to the rate of change
of the field, instead of the field magnitudélence the coilperformance reduces as
frequency decreasethe use of magnetic sensor arrays for PMFL probes have been
developed and have shown better prospecadguiring more information regarding
the orientation and position of defgptia mapping of the magnetic field distribution

as well as producm a better depth information [@8]. More information is
attainable at a particular time with the sensoryatopology; hence the detection
probability is enhancedThe PMFL technique is very profitable especially where
space is at premium. For instance, investigations that are performed from the interior
of the pipe, permanent magnets will not be able tonfib ithe bore. AlsoDC-
electromagnets will produce immense heat and at a faster rate too. However, using
the PMFL technique were the satupatmagnetization field is generated only for a
short duration, pipe walls of abounim thick have beesuccessfully inspected with
minimal heat generatgd00]. This also means that more energy will be saveitewh
using the PMFL method of NDE

The PMFL technique has shown its dominance over the conventional MFL method
However, there is still an urgenteteto research further towarddvancing in the

detectionand characterization of defecty as to provide an fefient and superior
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defect QNDE This is not limited to evaluating the position of defects, but also
providing vital information relating tche complete defect geometries. In the case of
the reconstruction of 3D defects, a detailed and exact sizing technique is crucial.
Thisis a seious problem in QNDE for MFLNDEbecause naturally existing defects
hardly possess a simple geometry. The corapba of such geometries alters the
resultingleakagesignak obtained from the interaction between the applied field and
defects. To completely understand the influence of defect geometry on the
informétion obtained and to acquire aptimal defect inforration, it is necessary to
understand the basic phenomendhaf interaction as well as thenfluence on the
final test result.Through the us of modelling methods in MFLNDEhe desired
understanding can be provided. This simplifies and speeds upstahgubrward
problembut also the inverse problemvhich is vital for an accurate experimental
design, specification and setufhe modelling approach also helps in the extraction

of features for an accurate 3D defect quantification and reconstruction.

The use of neural network mettsdd resolve the functional relationship between the
geometrical parameters of defects and the leakage field signals is preststy a
growing research topic with a lot of progreesade. The defect pattern recognition
techiquefor NDE based on fuzzy subset theory wasppsed by R. Gomdg401].

He used the radial basis function neural network method in the interpolation
calculation, as well as the ndinear approximation of the leakage field. In addition,

he developed aadial basis function network model and proposed the learning
algorithm, in order to provide a practical means of sizing defects in pipeline
structures. Also, a practical algorithm based on neural network and model feature
extraction for automatic defect téetion for MFL testing was proposed by R.
Christen et al. 102. The use of wavelet neural network technique to simulate the
inter-relationshig between defect parameters and leakage field signals caused by
defects was proposed by Kyungtae[103], P. Ramuhalli et al. 104 andA. Joshi et

al. [105]. They presentedninversion algorithm based on the neural network of the
adaptive wavelet basis function that could appreciably restructure the defect profile
in the presence of nois@ith regards to domestianalysis on neural network of a
defect preset in a pipeline structure, T. Wangt al. used the entropy spectral
analysis approach to characterize the leakage field signals and presented a reliable

pipeline defect recognition and sizing technology, based on the neural network of
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radial basis functioil06, 107. He also studied the technique of sizing the leakage
field signals caused by defects in gas and oil pipelines. The wavelet neural network
and radial basis neural network methods of predicting thelim@ar relationships
between defect size and the MFQrsals was proposed by M. Wet al. L08, 109.
Furthermore, the finite element analysis approach to investigate the relationships
between thdeakage field signal and defedzes was presented by L. Yare al.

[110, 111 They established a defect identification sizing technique for pipeline
structures based on the neural network and data fusion.

Despite the great advancemeimt the theoretial and experimental aspect of MFL
testing, there are still challenges and problems associated with MFL detection and
characterization techniques) The sensitivity of MFL technique to small cracks (i.e.
hairline cracks) is poor anthe leakagesignalscausedby permeability variation in

the pipeline material could be mistaken to liee leakagesignals caused by small
cracks, thereby, making crack characterization diffift#]. b) The nature of the
leakage fieldprofile means that an experienced operé&oneeded to interpret the
complicated signals correctly, thus increasing the inspection time and cost) [47]
The MFL techniquerequires rigorous calibration measurensed) There isa need

to develop a feature extraction technique to automate the ctaulacterization
process, in order to evaluate the shape, location, size and orientation of[47dcks

e) Moreover, the MFL detection sensitivity decreases with increasing probe, speed
thus, reducing th detection sensitivity [57, 1L2Another serioudimitation of the

MFL method is the reduced sensitivity in detecting cracks positioneaivMay from

the pipe stfacedue to skireffect, as well as the difficultyhicharacterizing cracks
due to the reduced spatial resolution of the leakage field sigriattdd by the
sensor, especially for cracks with complicated geomeffi8 Furthermorethe
leakage field signal caused by a deepsiarface crack could be mistaken to be a

signal caused by a shallow surface cradpecially for hairline cracks
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2.11) Chapter Summary

In this chaptera detailed reiew is presented on various ND&ethods used for
detecting and characterizinggacks and other types of defect3he efficacy of
magnetic field sensors for mapping out the resultant leakage field distribution
through the sensor array or scanning methodology, alongsedeattability of the
PMFL mappingtechnique inproviding a different means of characterizing and
guantifying cracks in ferromagneti@ipelinesis promising.It is evident from the
survey that numerous problems exisMRLNDE inspectionwhich requires urgent
attentionand solution, especially those associated witdtkswith miniaturesizes

with respect to the sampleall thickness and tise with complicated geometries:

Based on the survey conducted, the following problems have been identified

alongside theiproposedossible solutions

a) The need for charactesation ofhairline cra&s based ortheir shaps and sizs:
The effect of crack shapand parameters on the inspection output, specifically
the width and deptkizes with respect to the samplall thickness needb be
meticulouslyaddressedPrevious research has focused oratig the presence
of defects that have a direct influence on the integrity of pipelicregks with
large width and depth sizesjowever, only limited effort has been channelled to
locating and evaluating tiny anomalies and imperfections such as veopna
hairline cracks, especially deep below the surface of pipeline strucincisow
they affect the inspection outpuTherefore, the integrity of the pipeline and
other ferromagnetic steel structures anié at risk. For this reason, a thorough
and systematic study on the influence of both surface arsufface hairline
cracksneeds to be conducteid orderto provide themuchrequiredsolution in

achievinga comprehensivandcompletecrackquantificationfor QNDE

b) Ability to obtain usefulcrack information as well as quick inspection output
suitable for #ective hairline crack characterizationFeature extraction via
visualization and 3D imaging of the resultant leakage field distribut@m solve
the problem of false evaluation and interpretation of cra@s a result of
geometrical characteristic® large area will becovered by theMFL data
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collectedvia the 3D imagingechnique This would besufficientfor the effective
characterization ofhairline cracks as well asfor cracks with noruniform
geometries.The contours of the imaged signahn be related to the crack

geometrievia featurerecognition and dxaction of the crack features.

c) Understanding the basic phenomena surroundingintezaction between the
crack geometry and the induced magnetic fighét gives ris¢o the resultant
leakage field:By performing the MFL investigation using the FEM apprgoach
easy visualization and iagingof the resultanteakagefield distribution ca give
a good description of the investigation results alst help with the analysis of
the interaction between the inducedgneticfield andthe various surfaceand
far-surface hairline crack geometrider a satisfactoryQNDE. The MagNet
FEM sdtware package by Infolytica can beised to achieve the above
requirements, by simulatintpe electromagnetic NDRroblemsassociated with
the DCMFL and PMFL techniqueg\lso, the solutions tothe forward and
inverseMFLNDE problems forevaluating theesultanieakage field relating to
the varioushairline cracks, as well as thexperimental conditions can be

provided via thé-EM simulation technique.

d) Establishing the mueHesired link between the information obtained aratk
characterizationAn improved uderstanding and description of the physical
phenomena resulting from practical experiments can be obtained by forming a
sound relationship between the modelling and experimental techniqussvill
also help in providingiseful information regarding th&hape, orientation, size
and locationof the crack thus, simplifying both the forward and inverse
problems.The simulation results can also be used for crack profile identification,
hairline crack quantification and to facilitate the experimental probgend
setup. Moreover, hiswould also help in bridginghe gap betweetthe modelling

and experimental system of MFL investigationan effectiveQNDE.
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Chapter 3 Theoretical Background of MFL Investigation
3.1) Introduction

This chapterexplainsthe theoretical background ®iFLNDE. It describes the
analytical and numerical modelling techniqdessolving MFL problemsas well as

the experimentamethod.The basicMa x w & @qliaons governing the MFLNDE
phenomenare alsodescribedin order to understahthe basic theory in which the
researchmethalology used in this projegs establishedThe modelling technique

for solving the MENDE problems is first utilized prior to the experimental
investigation, because of its capabilityo generateuseful predictions of the
experimental result$n order to ensure a better description and understanding of the
inspection results, graphical visualization of the MFL associated phenomena is

presented.

Numerous praatal methods are available for solving the problem cofck
characterization However the numerical approach has provem be the most
practical means afenerating thenuch-desiredinformation about the feasibility of
the MFL technique, supported bgxperimental validation of the predicted results.
The MFL numerical modelling is implementéd this work,in order to investigate
the MFL testing phenomena, as well as titeraction between the induced magnetic
field and crack geometrfforward model).The expected response of the MFL probe
being scaned across hairline crackfor a particular experimental conditi@an be
predicted using the simulation technigliée acquired response can thEnusedd

obtain the crackignatureswhich is beneficibfor an efficient crack quantification

Also, the inverse model can be developed using the information gathered from the
forward model (numerical or analytical model). That is using the results obtained
from magnetic field measurements to predict the ec§ipd specimen properties
such asmaterialthickness defect geometrge defect position, etc. Tablel3shows

the two types of modellingrocessyith their unknown input and predicted output.
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Table3.1 Typesof Modelling

Model Classification Unspecified Input Predicted Result
Forward Specimen Properties Magnetic Field
Inverse Magnetic Field measured Specimen Properties

As regards to specimen properties, the signals predicted with the aid of the

theoretical models are compared with the measured signals. The inverse process is

iterative and the iteratiosteps continueuntil the error between the predicted and
measured vak is minimal. The theoretical models are very benefimals for
visualiang the magnetic field distribution pattern around ML probe and the test
piece In addition, theyare very helpful mechanisms fgorobe designand
experimental sep. They also provide a betteunderstandingof the underlying
physics surrounding thBIFL problem.Amongst the numerous accessiklays of
carrying out the crackharacterization task, the numerical technique is the most
practical and simple approach abtaininginformation regarding theracticality of

the proposed MFL methsdsupportedvith experimental validation of theredicted
results

3.2) Equations Governing MFL Phenomena

The laws of electromagnetism govetne MFLNDE, as it utilizes electromagnetic
field in its entire application. These lawklude MaxwellAmper ed s Ilsaw,
Law and F a rThecclegramagnetiafiglds at a classicalcroscopidevel

i nvol ves sol ving Maxwel | 6s equations
These includea set of equations, specified in differential or integral form, showing

theelectricfield and magnetic field relationshypithin a system.
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3.2.1) Differential FormofMa x we |l | 6 s Equati ons

nog Lo ( Amp eLave) 0 s (31)

Amper e 0s diffarentiali formis sh@vn in equation (B), whereH is the
magnetic field, is the current densityD is the electric flux densitgnd— is the

rate of change of the electric flux denswyth time. The equation states that the
circulatingmagneticfield H (1 5, is curl of H) is determined by the free current

density(L .
N L (Faradayods Law) (3.2)

Faradaydés Law i n shown incquatibne(),ewhdrdEasithe f or m i
electric field strengthB is the magnetic flux densignd— is the rate of change of

magnetic flux densityith time. The equation states that ttieculatingelectric field

intensityE (1 [ris curl ofE) is determined by thehanging magnetic flux density

(B).
ng| T (Gaus$ kaw) (3.3)

Gaussods Law for ma g raledrm is shéwn enleguationn@®), i t s di
where B is the magnetic flux densityThe equation states that the magnétix
density (B) has a divergence equal to zetrough anyclosed surfacej.e. a

solenoidal vector field.

3.2.2) IntegralFormof Maxwel | 6s Equati ons
B a , L L i (Ampereds Law) (3.4)
Amper eds Law in its inte@daistatfepthahai s s

circulating magnetic field(H) will be produced around a surface by an electric

current flowing through that same surface.
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Bra — | xi (Faradayods Law) (3.5)

Faradays Law in its integl form is shown in equi@n (35). This law shows the
relationship between electric circuit and magnetic field. It states that when an
electrical conductor is brought under the influence of magnetic field and if the flux
linked with this conductor due to the magnetic field is changed, an @tfestive

force (emf) is induced in the conductor which is proportional to the rate of change of
the flux linkage.The negative sign means that the induced current generated by the

changing flux acts against the change in Magnetic flux (Lenz Law).
B|Xi =« (Gaussods Law) (3.6)

Gauss 6s L Bw isishowreirgaguation @). This law states that the total
magnetic fluxthrougha closedsurface is zero.

For a stdt casethatis a dc(direct currentphenomenonthe entire derivatives with

respect to time will beero ~ 1.

n 3= — — — Is the divergence in the Cartesian coordinatés(the

magnetic vector potential)l 3=is equal to zero, since the number of field lines that
enter the surface also exit the surface, thus the field lines begin with a positive
H HQ
charge and end with a negative charge (the net flux is zero)== — — —
0o 0 0O
is the cul operator in the Cartesian coordinate, i.e. a measure of the amount of field

circulating around a point.

In a closed system, the electromagnetic phenomena can be described on a
mi croscopic | evel provided the wWwithtevel | 0s
fundamental dationships shown in equation (3.7) and.8)3 describing the

properties of linear materials.

I3 ‘3 3.7)

LF (3.8)
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Where* is the permeability of free space andis the relative permeability of the
material usedEquation (39) belowcan be derived from equation (3.1), (3.7) and
(3.8).

n ﬂ :u-:”f (3'9)

The curl of the magnetic vector potential = can be used to calculate the

magnetic fluxdensity as shown in equation18).
o= (3.10)

The following section provides an overview of the direction taken in this project and
the capabilities of th@roposedmethod in providing an enhanced crack detection
and characterizatioior MFLNDE.

3.3) Magnetic Flux Leakage Modelling

Modelling is frequently employed to simulate the MFL phenomena. It provides a
godd relationship between simulati@md experimental investigation, hepgesing

a better understanding and description of the various physical phenomena emerging
from actualexperimental nvestigationln MFL inspection, the developed models are
principally employed for simulating the MREsts Thisyields the desired results for
both the forward and inverse problemby predicting the resultant signals
corresponding to various p&rimenta conditions and crackgeometries. The
outcome of the simulation analysis beneficial in establishinghe relationship
between the induced magnetield in the test sample and the craakder scrutiny
which gives rise to the resultant leakage fieldhalglt can also be used to formulate
the defect algorithms for signal interpretation, probe design and for system

optimization.

The MFL modelling technique can be classified based on two techniquése 1)
analytical modelling technique (magnetic dipole modelling) by Zatsepin and
Shcherbinin [1] and 2) thidumerical modellingechniqudgfinite element modelling)
by Hwang and Lord [2]The Analytical modellingapproachgives a definiteclosed

form solution to the differentiakquations, whictare deve oped fr om Maxw
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equations. Also, the governing equations are solved by separation of variables, and
can be utilized for solving both 2D and 3D problems. It is also restricted to solving
canonical problems such as; cylindrical, spherical and plananejges [imited to

simple geometrigs The numerical modellingapproachis also solvd using the

Max we |l | 6 s Hosvevargheyiae based on approximation of the result rather
than the precise solutiorUnlike analytical modelling, the numerical modtieb
approachis not limited to simplegeometries;hence it can be used for more

complicated geometrigaon-uniform surfaces and complex crack geometries)

3.3.1) Analytical Modeling Methodfor Solving MFLNDE Problems

The Analytical modellingmethod has the advantage of producing a quick and
precise solutiorio the controlling partial differential equationshich is useful for
the inverse problem of MADE. Here, defects are assumed as magnetic dipoles
Zatsepin and Shcherbinin first introduced the magrdipole modelling technique

for solving MFL problems.

The Magnetic Dipole Modelling (MDM) technique is presented in this secfion.
simple dipole model is establishedpresenting the 3D MFL of a defect located on
the surface of a ferromagnetic pipelikiere Z. Huang and P. QU&], extended the
dipole model presented b¥atsepin and Shcherbinirto develop an analytical
expression for the 3D MFL at a point in hafface at the top of a cylindrical defect
filled with air in a ferromagnetic mediunThe equations used are derived from

Ma x we | | 6 s The cylin@rital déeat ssed is presented in Figl3
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magnetic field direction
d

N ——————= S Hz_4H
z //L/.;Hy

dm=0.RdBdz o

N
P

Figure 31. A cyclindrical defect representation in dipolar forgj [

The centre of the defect is positionedtat point of origin ofw- w plane.lts central

axis is along thed axis and the induced magnetic fietdalong the yaxis. A non
ferromagnetic material with permeability similar to that of igirused to fill the
cylindrical defect. The magnetic field diverges in the vicinity of the low permeability
defect, resulting to a dipole magnetitarge on the cylindrical wall&\n assumption

that the charge is uniformly distributedtime cylinder was mad 'Y is the radius of

the cylindrical defectQis the defect depth, whileds the angle measured from the
positive xaxis component to the magnetic charge. Theoffftof the sensor and the
magnetic charge of the cylinder are denotedrbpdAOrespectively. As a result of

the different magnetic polarities, half of the cylinder possesses a negative magnetic
charge while the remaining half possesses a positive magnetic charge. The

differential charge eleme(if2 d) is given by equation (31);
Q4 AOR—Qa (3.11)

A value of 1 is given to the charge dengif¢). Themagnetic field developeboly the

differential charge elemenf & , at adistance ris given by equation (32);
Q0 —i (3.12)

The leakage fieldignalin the inspection aredhat is;the positionparallel to the xy
plane which has a positivél coordinate value wastudied in the work3]. First, the

defect partvith a positive polarity is examineds displayed in Fig3.1, the distance
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i rfrom the differential elemental char§® & to any nspection points given by

equation (3L3);

i O YO & Yi®E & & (3.13)

By merging equation (32) and (3L3), the y and z components of the magnetic field

at a distance are given by equation (3.14) and1B) respectively;

Q0 — a 4 (3.14)

Q0 — & Yi Q& — (3.15)

The z component of thdeakagefield on the positively polarized region of the
cylinder can be obtained by integrating the regsrshown in equation (%),

(o S Q49 (3.16)

The leakagefield 'O can beexpressed as shown in equationl@, by integrating

the'Q ¢element

0 Q— (3.17)

A similar approach is used to obtain thaxis component of tHeakagefield in the
negatively polarizedegion of the cylinder, except thtie area integrated is in the
opposite direction to the formécounter clockwise directionHence, thdeakage

field in the negatively polarizkregion is given by equation.({B),

0 — Q49 (3.18)

Similar tothe approach used to obtain theomponent of the magnefield on the
positively and negativelygarized region of the cylinder, the y component of the

magnetic leakage field can be obtainsthg equation (3.19) and.gD);

(S Q49 (3.19)

0 — Q4-9 (3.20)
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The total magnetiflux leakage in the z and yrdiction are given by equation (3.21)
and (322) respectively. Fig. 3.2a and Fig.2B shows the leakage field profiles in
the z and y directiongspectively

0 0 O (3.21)

O 0 O (3.22)

Normalized MFL Hz
o o o o
N = (=] (-] 'y

Normalized MFL Hy
=

Dow’bn(," 40— P
m,

) _ 40 )
) ww e

Figure 32. An analyticaly predicted magnetic flux leakage from a cylindrical defect with a diameter

of 10 mm and depth of 8 mm) z compoent and b) y commmt[3].

3.3.2) Numerical Modelling Methodfor Solving MFLNDE Problems

The numerical modelling techniquesjch ashe Finite ElemenModelling (FEM)
relieson the utilization of iteration methoder solving MFLNDE problems with

the condition that the problesdomainbeing considered is separated into several
parts of elements which constitute a mgghThe FEM smulation packages that are
commercially available are; MagNet by Infolytica, ANS¥&iltiphysics COMSOL
Multiphysics OPERA, JSOL, etc The equations determining the MFLNDE
phenomea are substituted with interpolation functions developed in the entire
elements in concurrence with the shape function of all the elenfdrgsallocated
boundary conditions are used to develop the initial values, which are then iterated on
each of the elemental nodAlso, the iteration process continuesitil the least

acceptable errois achieved
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One of the benefits dFEM numerical modelling is the ability to compute a wide
range of physics and geometry. Another benefit over other approximation methods is
that the FEM method can significantly improvee taccuracy of thapproximated
solution of a problemncompared d the Finite Difference Mthod (FDM) [5].
Numerical methods such as the Boundary Element Method (BEMyRKbare not
capable of solving nonlinegroblems[5]. Therefore they arenot suitable for MFL
simulaton. Hence FEM is preferredor solving the electromagnetic field equations
controlling the MFL systemThe numerial modelling technique of MFLNDE
involving static andtime-stepping problem solving, has enormous advantages over
the analytical approach, mecially wheninspecting materials with complex defect
shapes, as well aamples with irregulashapedsurface (nonuniform surfacesj6].

The numerical modelling method provide an improved explanation of the problem
properties and geometriéisroughdiscretizationjhence they are more furnished to
present beer fits to the nonlinear MFLNDproblems[5, 6]. The desired accuracy
can be obtained while using the numerical method with additional flexibility in
modelling complicated casewhich is not ahainable with both the analytical and
experimental methods7]. Nevertheless, the numericatethod usually depends
heavily on the elemental and mesh conditions. Utilizing a denser mesh will yield an
improved computational accuracy, while suffering the d@sk of longer
computational time.Numerous simulations have been performed in Hiigly,
involving both static (D and timestepping (pulsenvestigationsn the 3D setting,

to provide comprehensive guidance for the DCMFL and PMFL inspections

implemerted in thisstudy.

An introduction to the use of the MaghNSoftware by Infolytica togethevith the
required informatiorfor modelling and solving the DCMFL and PMFL problems a
described in section 33). By utilizing the MagNetsimulation software, the
DCMFL and PMFL investigation otihe influence osurface and fasurfacehairline

cracks havebeen performedby the means of static and tirsgeppingsolving
techniques, which uses the static and transient solver respectivelysofiware
package was used to predict the interaction between the induced magnetic field and

the various hairline crackaodelledin this work
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3.3.3) Solving DCMFL and PMFL Problemsvia MagNet

The MagNet Software Package by Infolyticavas used to perform theumerical
modelling, for the work presented in this theJiee MagNet software is an FEM
simulation software designed for the study of both static and time varying
electromagnetic fieldg8]. It solves the electromagnetic problems by separating the
initial problem domain into amentical system of many smaller subdomains known
as finite elementsand by implementing a numerical formulation built on
interpolation theory téhose elements he software performs FERbomputationfor
afastand preciss ol ut i on t o MabDifigrent indigles m d/agdlét,i on s .
that is; static, transient or time harmonic sol/esimulate various types of
electromagnetic fields used in applications such teensformers, sensors and
machines To obtain the results forthe DCMFL and PMFL investigations, the
software was employed in solving the electromagnetic problems through the static
and transient solverespectively The respective model solutiomgere obtained by
calculating the static and time varidi@ld equations, especially for the fiekdnside

the developed modelsThe models were separated into nessleonsisting of
tetrahedrakhaped elementandeach of the individual elements is defined by four
nodes Thenodes refeto the initial points on the inside and at the edges of the mesh
elementsThe amount of nodes present indicates the overall amount of solutions for
the controlling field equations meeting the boundary conditions in the initial problem
domain.A polynomid with unspecified coefficients is used to represent the vector
field within the individual elementThe solutions to the set of equations for the
unspecified coefficients angrovided through finite element analysis. The nature of
the field and the elem&ad mesh size determines the accuracy of the result obtained.
To obtain a better result with higher accuracy, smaller elements are uytilized
especially at the regions with rapidly changing figdack region)The static results

in MagNet are achieved vithe static technique, while the transient results are
achieved using the tirrgtepping technique.

Thestatic technique involves magnetizing a part or whole of the test sample, then the
resulting flux at the surface region of the sample is recotdedsablish its

anomalous spatial distribution. Normally discretizedmagnetization close to the
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saturatiorievel of the sample is needed. This is because the amplitude of the leakage
flux usually corresponds to the level of magnetizatibiso, a magnetizatin level

which is too high could cause a decrease in the signal to noise ratio (8MRJise

of an offsetcaused by the background signal component. The magnetization sources
that are frequently used for the DCMFL investigation are the electromagnet or
pemanent magnetd.he design and optimization of the DCMFL system rezgii
thorough understanding afagnetic circuit principles, and the FEM solver happens
to be a vey powerful andan efficient tool forDCMFL design and analysi#t uses a
single nonlirear run for the finite element analysis solution (static analysis ofthe B

H curve).For this work, a 3D model issed,and the material informatios made up

of magnetization curves specified up to saturation. The magnetization curve was
made smootho obtain a convergent solutioAlso, the transient resultstart with
obtaining a static resulor the fields that woul@ccur, provided theconditiors at the

start time are conant for all the preceding times. Thehe transientesult develops

from the precedingonditions.For each of the steps used, a fixed interval time steps
wereemployed for the resulthe different steps used by MagNet for finite element
analysis of DCMFL and PMFL problems are discussed bg¢w

1) Pre-processing stagethe preprocessingstageof the finite element problem

solvingstarts with;

)] Formation of the geometrical model componentsith the help of the
compuer aided design drawing toolsolfowed by the characterization of the
materials physical properties, whiaicludes its B-H curve (demonstrating
the magnetic properties of the ferromagnetic material Jusexd electrical
conductivity, magnetic conductivity, permeability, permittivity, thermal

conductivity, mass density, etc.

i) Construction of the mesh systemthvirespect to the particular mesh size
designateda an individual model componertttere, the solution domain is
broken down into a system consisting of #eraelements known as the

mesh. The meshsually comes in various shapes sashrectangular mesh,
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triangular mesh, or other polygonal mesh shapes in the 2D environment and

tetrahedral mesh in the 3D environment.

i) Interpolation function selection Here the interpolation functions are
specified and are used for interpolating the field variables adiuss
elements. Alspthe selected functions are usually polynomials and its degree

is built upon the amount of nodes designated to the individual element.

iv) Matrix equation formation: Ais involves creating the matrix equations for
the elementsto associat the coefficients of the matching interpolation
function approximation with the values of the node for the initial function.
The Galerkin technique of weighted residuals is used to implement the

association process.

V) Assembly & the global systenequations: Tie assembly of the global system
equations from the matrix equations is perforpfedall the mesh elements.
The boundary conditions are then introduced into the system equation

solution.

2) Solving stage The type of algorithm used here willgind on the type of solver
chosen, thats; magnetostatic, time transient or the time harmonic solver. The
values of the corresponding fields at all the mesh nodes are provided and the
solution of the matrix is established. The solving stage is visiltleetaser and
the overall result of the successive solution processes is shown on the computer

screen.

3) Postprocessing stage The numerical values of the simulated quantities and
fields can be obtained by using either a field line graph or field puithéen the
designated area of the solution. Alslee results can be easily visualized using
shaded, arrow or contour plots, presentnformation. The MagNet .6 software
packagewnas chosen for this investigation becauksthe use-friendlinessandits

efficiency in using the prprocessors, solvers and ppsbcessors.
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3.4) Sample and Yoke Characterization

Prior to the simulation and experimahtests, the typical matials used for the test
sample (low carbon steel) and for the magnetization ygkan oriented electrical

steel) were characterized usingda hysteresis loopneasurement system shown in

Fig. 3.3a. The measurement systeomsisted ofan eectromagneét yoke (see Fig.

3.3b) driven by a quasilc current supplied by Kepco amplifieand wasused to
magnetize the sampleThe magnitude of thepplied magnetic field K) was
measured at the surface of both materials with a Hall probe connected to a gauss
meter, which was linked to a personal computer through a GPIB cable.
Simultaneously,ite magetic flux density B) values wereneasured using GPIB

linked flux metery integrating the voltage from a 20 turn copper coil wound around

the centre of both materials, using equat®23)
6 — woQo (3.23)

Where, || is the magnetic flux density) represents the number of copper coils in
turns,0 represents the crosectional area of the sample and yoke materials used.
The entire testcedurewas controlled with National Instruments LabVIEW code

At the end of the characterization test, the DC hgsteloop for both materials were
shown on the computer screen and the corresporigliagd H data was collected
using an external hard drive forrfoer analysisThe acquiredB-H data (initial
magnetization curve) was imported into the MagNet 7.6 software and was used in

the simulation task to ensure close approximation with the experimental results.
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sample wound with pick-up coil

(a)

-.., transverse

fluxmeter «***
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PC with Labview ¢ : :
: electromagnet
Kepco amplifier fluxmeter interface e

extension

Figure 33. Stowinga) A picture of the dc hysteresis loop measurement system, b) Low carbon steel

crosssection and c) Silicon steel strip (grain oriented electrical steel).

In this work, different samples (low carbon steel, grade: EN3B) with surface hairline
cracks ofvarying depth and width sizes (d/w0=2, 0.4, 0.6, 0.8, 1, 2, and 4 mrand
different samples with fagurface hairline cracks of varying depth and width sizes
(d/w=0.2,0.4, 0.6, 0.8, 1, 2, and 4 mm@remodelled andgimulated. All the cracks

used in this investigation had a consti@mgth of 10 mmThe depth of the surface
cracks refers to the distance from the top surface of the sample to the bottom of the
crack, while the depth of the faurface cracks refers tbe distance from the bottom
surface of the sample to the top of the crack with an opening at the bottom of the
sample. The fasurface cracks are located 9.8, 9.6, 9.4, 9.2, 9, 8 and 6 mm below the
top surface of the samples. The dimension of the sametbares 350 mmx 60 mm

x 10 mmwith a conductivity ofp® x p 1 S/m. The excitation yoke (silicon iron)
used had a leg height of 80 mm, leg length of 30 mm, leg width of 60 mm, leg
spacing of 240 mm with a conductivity @ x p 1 S/m. The yoke was wound

with 300 turns of copper wire with a diameter and conductivity of 0.5 mm and
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p® ¢ p 1S/m respectivelyThis setup was used to simulatke axial d| . , radial
(| and tangential[{, , components of the leakage field for both the surface and

far-surfa@ hairline cracks via the MagNet 7.6 software.

3.5) Experimental Method for Solving MFLNDE Problems

The experi ment al system of MFL investigat
equations. Hence, the theoretical background also comes into plagein
expeimental investigation of MFLNDEThe practical study and interpretation of the
measured MFL signals can be carried out side by side with the analysis of the
electromagnetic phenomena, which are invariable with the theoretical background.
The experimentahvestigation is based on the validation of the numerical simulation
results for the characterization efarioushairline cracks. In consideration of the two
methods employedni this research, that i9CMFL and PMFLtechniques two
different experimentaMFL setups wereused. The test samples used for the
investigationwere soft ferromagnetic low carbon steel plai@N3B grade)with
various wall thicknesses. A soft ferromagnetic matéyake; silicon steeljvasused

in order to enble an easy magnetition anddemagnetizationf the sample, as well

asto obtain a high magnetic flux density with moderate field due to itsigh
magnetic permeability. Each of the test samples used hesll-aefined hairline

crack which is aligned perpendicular to theasning axiend field orientation. Also,

the hairline cracks are located at various depths within the test sarnpldepth of

the cracks used ranges from 0.2 mm to 4 mm with a constant width and length of 0.2
mm and 10 mm respectively, representing boild and severe cases of naturally
occurring hairline cracks in pipeline structur&se hairline cracks are used in the

study to investig& different positions admall crack in pipeline structures

An Indication of any variation in magnetic propegtidue to the presence of a
hairline crack can be obtaed by performing a line scan across the sample
However, to achieve spatial information corresponding tohtadine crack, it is
vital to gather information over an area of the saniphe experimental setip used

for the MFLNDE investigation consists of an excitation souf@dC power supply,
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a magnetization yoke and a magnetizatoii for the DCMFL tehniqueas shown
in Fig. 3.4 and a signal generator, a power amplifiemagnetizatia yoke and a

magnetizatiorcoil for the PMFL techniquas shown in Fig3.5).

Stage
controller

DAQ
system

s 7
Magnetization coil /* X-Y-Zstage /,/
——— ¥

Current source

RC filter

Voltage source S

! 4 0 0]
dfer / /" Magnetization Yoke

7

Crack - : / Test sample

Figure 34. The schematic diagram of the DCMFL experimental probe systeupseted in this

work.
Stage
Excitation current controller [ ——
measuring circuitry PC
Signal generator W‘
DAQ
----- system
X-Y-Z Stage /)
Power amplifier |—— S /
RC filter
Voltage source |———o {1 g |
L/ Lrack | Sensor //

[ ) Carbon steel plate

Figure 35. The schematic diagram of the PMFL experimental probe systeapseted in this work

These weraused for generating the required magnéatd thatis induced into the

test sample under scrutinjhen a sensing modul@Hall Effect Sensorjvasused to
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measure and evaluate the resultant leakage fjetteratedrom thehairline cracks

The sensomwas held in place by a 3D printed sensor holder attached to-yam x
translation stagelhe xy translation stage wassed tomechanicallymove the sensor

along he crack regiojto measure the magnetic field variation occurring at the vicinity

of the crackThe x and y translation stages vae the sensor in the x andliyectiors
respectivelywhile the z stage wassed to adjust the distanbetween the tesample

surface and the lower tigf the sensofsensor liftoff). Data collected from the sensor

was digitized using a digital conversion card and then stored in a computer.
LabVIEW program was developed and used in conjunction with the digital comversio
card. TheLabVIEW interface wasised to visualize data and to communicate with the
motors and sensor electronics. The LabVIEW gregihinterface (control panel) was
employedto initialize the measurement parametarglto collect data Samples of the
resutant signals are collected atGD6samples per secorfdl.6 kHz), for each scanning

cycle. The objective here wat establish a relationship between the leakage field
distribution andthe crack parameters, i.@he crack locationprientation,size and

shape. The data obtained is presented in a 3D image form, representing the leakage
field distribution pattern in the vicinity of the crack. The 3D image gives a clear and
easy interpretation of the existence dfadrline crackon the surface or reversiele of

the test sample. It is expected that the 3D image representation of the results obtained
(leakage field distributiomdan be utilized in monitoring the growth of hairline cracks in

pipeline structuresvertime.

The automated and precise results for the experiment are provided by signal
conditioning and processingd line scan will be performed first, across the
engineered hairline cracks (electdischarge machingEDM) cracks),to measure

the leakage fieldgeneragéd Secondly, an area scan will be performed within the
crack vicinity, to achieve a spatial information to the various hairline cracks
investigated. A description of the Hall Effect sensor used in this investigation is
presented in the subsequent sectiaescribing its mode of operation and
applications.The results obtained through modelling, either analytical or numerical
significantly depend on experimental confirmation to verify and justify the
modelling predictions.The problem of trial and error isignificantly decreased
through the modelling technique. It also aids in the selection of the right test

components as well as providing a reliable alternative to practical experimental
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examination, which are more challenging, tedious, hazardous, andsméo

execute

A significant advancement in the practical experimentapr@ach in solving
MFLNDE problems (hairline crack detection and characterizatidms been
achieved through a solid link between the numericdl experimental methods in
MFLNDE. Besides the useful guidelines for system improvement and experimental
design, whiclthe numercal modelling technique offers such aslection otthe best
excitation frequency, system optimization, selection of sensor type, sensor design
and result interptation. Numerical modelling witits flexibility and efficiencyhas

also helped in providing an alternative means of assessing experimental systems and
method. Hence, the use of modelling in conjunction with experiments has provided

enormous assistancetackling the forwad and inverse problems of MFLNDE

3.6) Research Methodology

Numerous investigations were carried out in this research work, employing the use
of both FEM numerical modeihg and experimental techniques. The investigation
was based on theisualization andapid 3D imaging of the resultant leakage field
due tohairline cracks. This was performetirough the use of direct current and
pulsed current magnetization techniquéhis was used to tackle the problem of
hairline crack detectiongchaaderization and quantification, for an efficient and
completeMFLNDE assessmenés mentioned in Chapter Phe research centres on

the characterization and quantification of the responses of #mgnetic field
interactions withsurface and fasurfacehairline cracks existing in ferromagnetic
pipeline structuresThe analysis of the simulation results obtained via numerical
modelling wasused for the recognition of the useful magnetic field signatures
corresponding to théairline crack geometries andrgdile. Besides the ability to
model the various hairline cracks investigated, the simulation performed using the
FEM numerical modelling method has proven to yialdatisfactory accuracy the

MFL inspection ress.
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In order to predict the expected pesses from the variodsirline cracks inspected,
numerical simulations were implemented before practical experiments, employing
both DCMFL and PMFL approacihe first stage was to desigmd optimizethe
probe for the MFL investigation. The ability toacurately detect, study and interpret
the MFL signals in order to quantify cracks is significantly affected by several
parametersSuch parameters includerack orientation, crack geometry (length,
width and depth), material permeability, material thicdg)enagnet system (strength,
material, reluctance and hétff) and sensor system used (type, location anaffjt

The manner in which these parameters affects the acquired $igmahairline
crackswas first investigated vithe simulationtechniqueandthe DCMFL method.
This wasused for the optimation of the MFL measurement toae$ed throughout

this work

An examination of thebest excitation pulse period fothe detection and
characterizatiorof both surface and fasurfacehairline crack wasfirst performed
using the PMFL techniqueThen the influence of pulse width variation on the
magnetic field distributionwhich affects the detection capability @frious hairline
cracks located at dérent depths in the specimen wasplored.To accomfish this

task different excitation periodand pulse widths were investigated and the features
contained in theéransient signals were analyzélthe detection and characterization

of the various hairline cracks investigated udimg PMFLapproachs acheved via

an enhanced visualization and 3D imaging of lgekage field distributionThe
transient responses ofettvarious excitation periodsnd pulse widths investigated
are obtained as the probesisanned in the vicinity ahe cracksThese were irthe

time and frequency domaiit. showedthe variation of the leakage field amplitude
and profilewith change in excitation pericas well as change in pulse width. Also
different depth information which are related to the skin effect phenomena were
estallished, and interpreted by studying the resultant leakage field distribution for
different pulse widths. The examination was useful in determining the best excitation
period and pulse width to be used in the detection, characterization and

quantification @ the hairline cracks investigated.

The forward approach was employed for fagrline crackcharacterization, based on

the visualizatiorof the resultant leakage field, resulting fréime interaction between
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the induced magnetic field in the specimand the hairline crack geometries,
modelled in the 3D setting in MagNet. The characterization technique was based on
how the leakage field distribution varies with tharious hairline cracks with
different sizes.Information from the leakage field distribwin patternare then
extracted and used in characterizing the various hairline £mckstigated From

the simulation results obtained, the feasibilty the experimentalmethod in
characterizing hairline crackasing the resultantleakage ield distribtion was
checked

The FEM simulation conducted in MagN@CMFL and PMFL)was able to
provide a comprehensive mogw@kdiction of the field pattern in the vicinity of each
of the hairline cracks examined, hengegiving a better understanding of the
contrdling phenomena surrounding the MFL technolpgg well as providing an
avenue for feature extraction from the responses obtained.

Experimental examinations were implemented in order to confirm the predicted
results and to show the practicality of the proposed metimofignishing thevital
information regarding localized haimk cracks. According to Fig.& the research
covers 1) Analysis of the capabilitiesand limitations of the DCMFL inspection
technique for detecting anccharacterizingsurface and fasurfacehairline cracks,
based on visualization and 3D fast imaging of the resultant leakagdig#ithution

2) Analysisof the capabilitieand potential of the PMFL technigue eliminate the
limitations of the DCMFL technique for hairline crack detection and
characterization3) Quantitative nowmlestructive testing of hairline crackssing the
magnetic field signaturesbtained from the interactions between the induced
magnetic field and the localized iHene cracks in the pipeline structure4) An
assessment of the practicality of the proposed PMFL methodhdioline crack

detection, characterization and quantifioaton ferromagnetic pipeline structures.
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Figure 36. The magnetic fluxdakaganspection gstemtree diagram
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3.7) Sensor Selection

Sensors are vital components in the operation of most engineering devices and are
generally based on a wide range of underlying physical principles of operation.
Considering the vast number sé#nsor typeavailable in the market, the selection of

the mostsuitable sensor for a new applicatiorthis task for the design Engineér
systematic approach should be adopted in choosing the most appropriate sensor for a
particular application. Many of the existing magnetic field sensors are based on the
integraton of mechanical and electrical characteristics. The selection of the most
suitable magnetic field sensor for a particular application is dependent on the
matching operating characteristics of the sensor to the spemificrements of the
application, i.et he s ens or 0curasye operatingi tenperaturdrift,a
sensing frequency, resolution, operating environment, reliability andAle®, the
selection of a suitable sensor type will depend on its achievable high stability and
gain of the moder day electronics, which includes the sensors ability to convert the
power of a stimulus (leakage field) into the power of an electrical sefhaiently.

Then the final selection criteria will be based on further analysis and considerations

such as sews size, impedance matching, castd working space.

Different sensor types such &0il sensas (pickup coils), Giant Magnetoresistive
(GMR) sensors, Anisotropic Magnetoresistive (AMR) sensoifiainnelling
Magnetoresistive sensois, Hall Effect sensa can begotentiallyused for magnetic

field measurement3 he coil sensor consists of a mulirn loop with a core material

of high permeability, which increases the efficiency and response of the coil sensor.
It has a low power consumption and high freqcy ranged 1 p 1 H2z).
However, the response of the coil sensor is limited by different sources of noise,
suchasthermal noise and electricabise.Also, the conventional coil sensor system
(pick-up coil) is not very sensitive to low frequency fields, where the electromotive
force developed around the loop is equivalent to the rate of change of the field,
instead of the field magnitude/amplitude. ldenthe coil performance reduces as
frequency decreases (i.e. low sensitivity at low frequenklgl Effect sensors
consist of a thin plate of conducting material with four electrical contacts at its

periphery.They presentn affordable and productiveeans of investigating the

82



C1049450 Okolo. K.W. Chukwunonso

presence oflefectswithin pipeline structures, by effectively measuring the field
variation in the vicinity of the defectThey also have a higher sdnsty, higher
stability and higher operating temperature compared twil sensors. The
magneoresistive senserfAMR, GMR andTMR sensor)are manufactugewith an
advancd thin film element, which provides them with an improved characteristic of
higher sensitivity (for low magnetic fields onliglgher accuracy, higher output, and
higher stability with less temperature dridcompared to coil sensoand Hall Effect
sensors The sensitivity of the magnetoresigt sensors igjuantifiedbased on their

MR ratio, which is the rate of change of the resistance in the sensing el@radat.

3.2 compares the AMR, GMR and TMR sensors based on their MR ratio, output

voltage and operating temperature.

Table 32. A comparison between the AMR, GMR and TMR sensors

Parameters AMR GMR TMR
MR Ratio (%) 3 12 100
OutputVoltage (mV) 150 570 3330
Temperature dependency (25 -29 -23 -13
125°C)

Based on the information presented in Fig. 3.7, which shows the response
characteristicef the GMR sensor (see Fig. 3.7#e TMR sensor (see Fig 3.7b) and

the Hall Effect sensor. It can be seen that the linear range for a typical GMR sensor
(AA002-02), TMR sensor (TMR2701) and Hall Effect sensor (A1302KUDAs 0.3

mT i 1.4 mT, 0.01 mTi 1.5 mT (i.e.01 & i 15€ ) and 0.1 mTi 170 mT

respectively This means thaBMR and TMR sensarare best suited iapplications
where a low magnetic field signal is to be measured, since the linear range for both
sensors is very small, especially for the TMR sensor (below 1.5 mT). However, the
Hall Effect sensohas a much wider linear range, which makes it a better choice for

applications where a larger magnetic field signal is to be measured.
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applied magnetic field
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According to the simulation resutibtained in this workwhich is preented in

chapter 4; section 4.3.4,peak leakage field amplitudd|,"+)%f 29.31 mT was

generated bya 4 mm deep0.2 mm wide and 10 mm long surface hairline crack

(hairline crack with the ighest leakage field signalplso, a ||,"+§mplitude of
4.28 mT was generated by a 0.2 mm deep, 0.2 mm wide and 10 mm lsugféae
hairline (hairline crack with the leta leakage field signal)Despite the higher
sensitivity of the GMR and TMR sensos compared to other sensor types, they
cannot be used to detect theakage field generated by the hairline cracks
investigated in this workThis is because both sensorséadinear range below this
field range(below 29.31 mT,)and would not be able to output a signal proportional
to the strength of the leakage field generdtgthe hairline cracksThis problem can
be solved by using thA1302KUA-T type Hall Hfect sensor, which has a much
larger linea rangewith a good sensitivity of 0.0138 V/mTherefore, a Hall Effect
sensor was chosen for the detection and characterization of the surface-and far
surface hairline crackinvestigated in this work.

3.8) Hall Effect Sensor Operation

This section will provide a briefdiscus®n on the mode ofoperation and
applications of the magnetic field sengblall Effect Sensorlsed in this research.
Hall Effect sens@ are manufactured in form of a thick semiconductor &ina
measureghe magnitude of the magnetic flux densi)(The useof the fiHall Effectd
is the most common techniquermakasuring magnetic fiesdHall Effect sensors are
well known and have numeroapplications.They are usedn vehicles as wheel
speed sensorard in crankshaftsas position sensors. Theye also employeds
switches, proximity sensorSJEMS compassestc. Higher clearancebetween the
inspection head and the magnetic fibleing detectedtan be achieved usindall
Effect sensors. Thus, allowing for inspection of fumiform surfaces, such jas
welded, crackedand corroded surfaces on pipelpestorage tank, rail heads,

bridgesand other ferromagnetic stestfuctures.
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When a currenis induced in a thin condtive samplethe charge cars will flow
through the samplen a straightline, from one side of the sampie the otheras
shown in Fig. 3a. However whena magnetic filel is brought in the vicinity of the
sample theinitial flow of the charge carris will be disturbedas a result of a force
known asthe Lorentz forcg O . This will causethe negativecharged particleso
divert to one side of the samm@ad thepositive chaged particleswill move to the
opposite side of the conductive sampe shown in Fig3.8b. The force developed

due to the magnetic field is given by equat{dr24);
O Qo (3.29

Where "0 is the force acting on the electrons, e is the electron charg&

p T O,V represents the electron velocity through the wire@nis the tangential
magnetic field componenf measurable voltage will be obtainkeg putting a meter
between the tw sides of the sampl&heeffectof obtaininga measurable voltage is
termed theiHall Effecto. Thisis named after Edwin Hall, whiirst ascertainedhis
effect in 1879. The basic hall element of the Hall Effect senssuslly supplies
very small voltge of a few microvolts per tesleV/T), hence thesedevices are
usually fabricatedvith built in high gain amplifiersto provide the required output
voltage (measurable voltage)The Hall voltage can bexpressed as shown in
equation (3.2p

(a) b)
Current — Current m— 4
O + Voltage > 0
o (o]
Voltage = 0 = /- -
— — o AANA NN
Magnetic Field

Figure 38. The thoery of Hall Effect sensor operation; a) Hall probe with zero magnetic field and b)

Hall probe with norzero magnetic fieldl12].
o Y'G (3.29

Wherew is theHall voltage,’Y is the Hall coefficient whichs fixed for a given

material,"Gs the induced currerih the conductive sampld| is the magnetic flux
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density ando is the thickness of the probe. The Hall voltage is proportional to the

magnetic flux densityB), provided the temperaturegsnstant

Hall Effect sensorgan haveanalogue and digital outputhe analogue output Hall
Effect sensoris also known as a lgar Hall Effect sensor. ltonsistsof a voltage
regulator, a hall element and an amplifie&s shown inthe circuit schematic
displayed inFig. 3.9. From theschematic circuishown it can be observethat the
output of the sensor enalogueandthe output igroportional tathe hall elemenor

the magnetidlux density(B) being measured:his type of sensor provides a steady
output voltage that increases with increasing magnetic field detected. The increase in
the output voltage provided by tla@alogue Hall Effect sensor will continue until it
starts to approach saturation. At this point, any further increase in the magnetic field
detected will not yield a proportional increase in the output voltage, rather it will
further push/force the outputoltage into saturationThe analogue sensoewe

utilized for proximity measuremeriiecause atheir continuous linear output.

However, the digital outputlall Effect sensors havenly two output stateswhich

are theon andoff states The digitalsensordiave araddedelement as illustrated in
the circuit schematic displayed in Fig..10. The addedelement is the Schmitt
trigger, which provides hysteresier provide varioughresholdlevels, hencethe
output is either high or lowl'he hysteresis provided by the Schmitt trigger helps to
remove any oscillation of the sensor output signal, as the dmigiut sensor
approaches and leaves the magnetic fidld.exampleof the digital output Hall
Effect sensor is the Hall Effect switchhe Hall Effect switch is usually utilizeas
limiting switch in 3D printersand for detection and positioning in industrial

automation systems.
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Figure 39. A schematic diagram ohaanologue output Hall Effect sensor.
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Figure 310. A schentic diagram of a digital output Hall Effect sensor.

The Ratiometric linear Hall Effect sensor is used in this work. iBhagype oflinear
output Hall Effectsensoy hence, ityields a voltage outpuhat is proportional to the
stength of the magnetic field being detected. It has a bipolar supply differential
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amplifier that outputs a voltagehich is half (50%) of the supplied voltage when
no magnetic field is being detected, and it operates thr@ughide range of
temperature that jidetween40 °C to 150°C [13]. This unique characteristaf this
sensor makes isuitable for a wide range of industrial application where high
accuracy is desired. The inbuilt circuitry of the sengoovides tempetare
compensationwhich helps to minimize the inherent drift in the sensitivity of the
Hall element, outputs small and fixed impedance, provides a small signal with high
gain anplifier, has a corrective and effectiwdfset cancellation performang#1].
The sensor circuitry also inclusl@n inbuilt chopper, which helpsthe stabilization

of the smd voltage signal produced over thalhelement, whichusually causes a
problem in signal processing. Hence, ensuangprrect and steadyutput over the
detailed operamg temperature and voltage limits.

Hall Effect sensors presents an affordable and productive means of investigating the
presence of cracks within pipeline structyrbg effectively measuring the field
variation in the vicinity of the cr&s. Furthermore, Hall Effect sensors have a higher
sensitivity to low frequencies compared to using impedance measurefoaigs

most suitable for high frequency measurerjjeinénce more effective in detecting

deep or farsurface hairline crack#lso, the Hall Effet sensors are very suitable for
detecting high magnetic fields, compared to GMR and TMR sensors whose

sensitivity decreases with increasing magnetic field.

3.9) Chapter Summary

An i ntroduct iequations thatdserikeelectromagsetisimas well as
the equatiosobtained from them has been described in this Chdptaddition the
finite element numerical modelling and experimental techniquesalwing the
MFLNDE problems weraliscussed. The methodology fitvis work through FEM
and eyerimental examinatian by means of visualization and 3D imaging of the
resultant leakage fieldistribution, using botlthe DCMFL and PMFLtechniques

werepresented.
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Subsequent to the illustration of the implementation of study for this project, the
remaining part of this thesis (Chapters-&) will report on the findings of the
investigationon hairline crack detection and characterizatidhe investigation is
performed usingthe FEM numericalsimulation technique, supported with practical
experiments The hairline crack characterization taskaccomplished througlan
enhancedvisualizaton and 3D imaging of the resultargsponses, caused by the
interaction betweenhe induced magnetic field anthe crack geometriesyhile
employing the DCMFL and PMFtechniqus.
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Chapter 4; DCMFL  Technique for Hairline Crack
Detection andCharacterization

4.1) Introduction

Pipelines are very usefustructures for transportation in the oil, gas and
petrochemical industrie§.hey are usually locateith very hazardous environment
(e.g.underground)thus, the hydrous medium at the top anddmotsurfaces usually
attacksuchpipelines This cancause tiny cracks to develophich grows ovetime.

The developed cracks hr eat e n integriy. Hence pedoslic pipeline
inspectionto locate thegresence of cracks is essential, especially at its early stage, in
order to prolong its servicéfetime, as well as to prevent unwanted hazards
Numerous NDEtechniques existwhich could be potentially appliesh order to
achieve a quick and completepgpline inspectionHowever, n comparison with
other NDEtechniques, the MFL method offers several advastagyich as: easy
implementation, efficient inspection, low cost etc Moreover, pipelines are
manufactured with ferromagnetic materials with highgetic permeabilitythus,
making the MFL method very suitable for detecting and evaluating cracks in such

pipelines.

DCMFL investigation based on visualization amepid 3Dimaging of the resultant
leakage field distributiomaused byhairline cracksis presentedn this chapterThe
hairline crack detection and characterizatiaskis accomplished via the use of both
FEM numerical simulations argtacticalexperimental analysi'he FEM conquers
numerouschallenges and drawbacks encouadeiin NDE analysis hence it is
considered suitablm the area of leakage field calculation. It has also proven to be a
better approach for the designd specificatiof MFL measurement probe systems.
Furthermore, ¥ using theFEM simulation approagtdetectionmechanisms can be
studiedand understood in detathus, providinga sound theoretical guidance for an

optimal MFL probe desigras well aensuringa reliable signal detection analysis.
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First, the manner at which the magnetization methodolog@gi@tiation current
yoke shapeyoke dimensions, yoke |Hbff and yoke permeability) anthe sensing
methodology (sensor l#ff and positiof influence the detection sensitiviof the
acquired MFL signal du¢o hairline cracks is investigatedia a seriesof FEM
numericalsimulatiors. Thesesignal influencingactorsandparametersvere used to
systematically optimize the MFL measurement tpdh order to increase the
detectability of both surface and fasurface hairline cracks. The research
subsequently dvances to the use of direct curréaathnique(DCMFL) for the
detection andcharacterization ofsurface and fasurface hairline cracks with
different depth and width sige The investigatiom were performedin the 3D
environment using the MagNet 7.6 #ware by Infolytica. The accuracy and
practicality of theFEM optimized DCMFL measurementool in detecting hairline
cracksis assessed via practical experimentsing a 6mm and 10mm thick low

carbon stegplates

4.2) Optimization of the MFL Inspection Tool via FEM Computation

This section focuses on the optimization of the MFL measurement system used for
this investigation by employing the FEM numerical simulation technique, in order
to increase the detection sensitivity of the experimental measoiresystem
presented in the subsequent sectlelBM simulations are very helpful in improving
the detection sensitivity of the feeble leakage field ftwoth surface and fasurface
hairline cracks significantly. For instance, crucial leakage field infingnc
parameterscan be optimized. This includethe magnetization current, the coil
strucure, the induced magnetic field magnitude anéntation, the yoke clearance
from the test sample surface (yoke-bff), the yoke shapgyoke geomety, yoke
permedility, etc. Also, the sensor parameters such; #8se sensor sizeyosition,
orientation andts clearance from the test samparface(sensor lift-off) can be
optimized. By so doinghe largest possible sensor signal variation in the vicinity of
the hairline crackswill be achievedAdequate magnetization is the key to successful
MFL testing. If the wall of the pipeline is not well magnetized, the existing cracks

cannot leak sufficient magnetic flux that can be deteaethe feeble leakagiux
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produed could be obscurebdy noise. Therefore, the magnetization power is the
crucial factor influencing the MFL inspection systerm a c. dhersteonger the
magnetic field applied, the greater the magnetic flux leakage that will be developed.
So, a high enough magnetic field should beluced in the test sampie order to
achieve a strong magnetizatj@and to ensure that the sample wall attains moderate
saturation. Alspa suitablemagnetizemwall thickness(yoke thicknessas well as a
suitablepole spacing (yok leg spacing) should be chosen, since this will mean an
increased magnetic force between the yoke and test sample. Hence, the driving
power between the yolkend sample is increased, enabling the highest leakage signal

possible.

The axisymm#ic MFL modelusedfor the FEM analysiconsists gf a U-shaped
silicon steel yoke,an excitation coil with300turns of copper wire with a
conductivity ofp® ¢ p 1mS/m, low carbon steel plates with dimenssaf 350 mm

60 mm 10 mmanda field pobe The excitation coil was modelled at the top
horizontal section of the yokand was used to magnetize the yoke in the axial
direction (along the sample length)he field probe was used to measure the
resultant leakage field signehused by the crack, atuger spcified sensor lifoff.
The FEM simulationfirst tackledthe geometricashapesof the modelthrough a
number of differentmeshelements with various shapes and sizes, then it substitutes
the nonlinear magnetic properties of the mategialsedin the form of parameters

into the finite element equation [1].

A summary of thehtermal and electrical parametealues for the low carbon steel

plate and silicon steel yoke used in the datian are listed in table. 4.

Table4.1 The thermal and electrical parameters for the safmtd¢e)and yoke used in MagNet

Parameters Sample Yoke
Thermal heat capacity [J/kg.C] T X& 711.8
Thermal conductivity, k [W/(18)] T® )
Thermaldiffusivity, ® [& 7] P ¢ pT P8 w p T
Mass density, d [kd/ ] 78010 78170
Electrical conductivity, [S/m] PE ¢ p T X pT
Electric permittivity,- [F/m or A] 1.0 1.0
Maximum relative permeability 1000 40000
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Prior to the simulationtask conducted in MagNeta dc measurement system
(electromagnet driven by a quasi dc current by national instrument) was used to
obtain theB-H loop of atypical low carbon steedample(mild steetEN3B gradg
andthe B-H loop of atypical silicon steematerial (yokegs shown in Figd.1 (these

are the exact same materials used in the later experimental investigatien)
acquiredB-H loop datafor both materials weratilized in the MagNet softwareo

ensure close approximation with the experimesyatem

2.0
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0.5

Magnetic Flux Density, B (T)

Plate(low carbon steel)
Yoke (Silicon steel)

0.0
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Figure 41. The B-H curve for the low carbon steel plate and silicon steel yoke obtained using the dc

measurement system (electromagnet driven by a quasi dc current by national instrument).

The 3Dstatic solver infMagNet wasused to build the simulation model of the probe
and sample in order to achieve a better illustration of the probBomundary
conditionswere utilized and set in a region sufficiently larger than the region of
interest in order not to affect tliesult A smaller mesh size @.02 mmis usedon

the inside and outside region thie cracks, in order to improve the resudiccuracy
The MFL probe optimization task wasplemented with &.8 mmdeep,0.2 mm
wide and 10 mmlong surface and fasurfacehairline crackswhile using a 10 mm
thick plate These cracksveremodelledat the centre of theestplates (region with
most uniform field) The resultsacquiredfrom theaxial field component || . and

theradial fieldcomponent ||. wereutilized for theMFL probe optimization.

For an improved representation of thegnetic field in the modelleMFL test
system, results were acquired by solving along the x, y and z, plaregder to

acquire theB field profiles produced when a crack exists and when it does not. The
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acquired data is then utilized for calibration, so that the output highlights when the
test plate is faulth n d w h e nFigi4.2 @&nd Figa 43 presents the solution along
a line in the xdirection of the platgaxial distance)from -10 mm to 10mm,
showingthe leakage field ||, obtainedwhen no crack exist and when a crack exist
respectively As can be seen in Fig.24 aU shaped profile is obtaineghen no
crackexistsand a uniformmagnetization ischievedat the centre of thplate. This

is because a highdézakageflux is produced at the ends of the lifféhat is;at the
region where the yoke legs meet with the test plate. This means that bBtlarnke

H field measurements wibbe greater at the yoke leg regspnompared to that at the
centre of the plate, where the field is more uniform. Hencehairéne cracks were
positioned at the centre efichplate in order to obtain a more uniform and accurate

result.

When a0.8 mm deegsurface and fasurface hairlinecracks weremodelled at the
centre of the platea higheldeakagedlux wasobtained in the vicinity of the craskas
displayed in Fig. 8. The outputdata forwhen a crack exiss subtacted from the
output data forwhen a crack does not exiy subtracting the two outputs from one
another, results iB measurements that are caused by the crack only and not the
leakage field arising from the magnetization yoke and d¢béskground noiseis

acquired.

3.24

| —s— Plate with no crack

Uniform magnetization region
3.224

MFL Bx (mT)

3.214

X Distance (mm)

Figure 42. Thesimulatedoutput profile ofthe MFLsignal ||, when a crackio no exist.
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Figure 43. The simulatedoutput profile ofthe MFL signal || . due to &@.8 mmdeep,0.2 mmwide

and10 mmlong surface and fasurface hairline cracks (8% wall loss).

4.2.1) YokeShapeOptimization

The magnetizatiopower of the yoke is a very crucial factowhich significantly
affects the performece of the modelled MFL measuremesystem.The yoke has
two basicfunctions;oneis to providethe much desired near saturation magnetic
field in the test sample, in order to enable a sizable leakage field to occur at the crack
site The othelis to providea suitable axial bias magnetic field metsample for the
MFL testing. Different yoke shapes were modelledthis workto ascertain if the
variation in yoke shape would influence the flux induction into the test, @lateto
determine if it will increase thkeakage fieldgeneratediue tothe presence of both
surface and fasurfacehairline gacks. An MFL test system thgields a larger
output is desiredsince it translates to theensing moduledeteding larger
fluctuations in leakage fieldsiore easily. Also, a test systemhich is efficient is
required since the leakage flux from an abysmalgsigned yoke would affect or

swampthe feeble magnetic fieldmanating fronthe hairline cracks.

Two different yokeshapeswere compared, a square yoke and a curved wske
shown in Fig. 4.4a and Fig.4b respectively Both were modlled in the D
environment in Magnet. Airectcurrentis passed through the magnetization coil in
each caseso asto magnetize théestplatethrough the yokesMeasurements of the
resultantieakage fieldrom themodelledhairline cracks in each caswere recorded
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in order to determine thgoke desigrthatwould yield the best overall performance
in-termsof the leakage field magnitedobtainedFig. 4.4a shows theB field results

of the initial model(square yokeyleveloped in MagNet. As demonstrated, most of
the flux generated isestrainedvithin the silicon steel yoke and the low carbon steel
plate However,a small percentage of the total field generated leaksyamio the
surrounding airThe greater magnetic flux density developed in the yoke and plate
when compared to that in the surrounding aibégause of their higm magnetic
permeality compared taair. The highermagnetic fieldn thetestplate compaed to

that in air, confirms the fact that the magnetic field flows more freely through it.
Hence, less magnetizing force will be required to indBdato the plate, than to
force flux through the surrounding a#lso, themagnetic flux densitys strongst in

the test platecompared to that in th@agnetization yoke. This is because magnetic
flux always follows the track that offers the lowest resistance when a ferromagnetic
material is magnetizednd a significant amount of the generated flux will sedt

the walls of the materigR]. This means that flux will flow more freely in a material
with greater thicknesgoke with 30 mm wall thicknesgpmpared to one with lesser
thickness(test plate with 10 mm wall thicknesslhis is due to an increasetka
offered by the thicker material, thus reducing the amount of flux lines intersecting
each other. This will iturn result to a lower magneticuk density in the thicker

material(yoke)compared tahat inthe thinner onétest plate)

A curved yokewas modelled nexas shown in Fig. 4b, to confirm whether a
significant increae in the amount of leakage fieldll occur at the hairline crack
region,therebyyielding a more sensitiveystem. The variation iflux generatecdat

the yoke edgescomparimg the square yoke and the curved yoke be seen in Fig.

4.4a and Fig. 44b respetvely. As shownin Fig. 4.4a, the square yoke causes a
higherconcenration of flux at the yoke edgéflux bunching) resulting ina higher
magnetic reluctance for the Hyath However, a curved shape aetyoke edges as
shown in Fig. #4b creates an easier path than a straight edge design with square
edges. This is because magnetic flux trails the path that offers the least resistance

(curved yoke)which is usually thehortest inner path of the yake
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Figure 44. The modelpredicted field distribution patteffor; a) Sjuare yoke and b) Curved yoke.

The results acquired for@8 mmdeep,0.2 mmwide and10 mmlong surface and
far-surfacehairline crack is presented iffrig. 4.5. It showsthe leakage fielsl(Fig.
45a |, ) and(Fig. 45b ||, ) obtained for both surface and fsurfacehairline
cracks comparing thesquare yoke anthe curved yokedesignsAs can be seeithe

use of acurved yoke results in greater leakage flux at the crack site and therefore

producing a greater output sign&hat is, a peak leakage fieI¢|II'+§amplitude of

8.8 mT and 4.5 mT was acquired for the surface andudace hairline cracks

respedtely, while using the curved yoke design. HoweveH,?:? +§mp|itude of 7.1
mT and 3.9 mT was acquired for the same surface arslface hairline cracks
while using the square yoke desidinis is because of the differenceg@ometry, as
the flux in thecurvedyoke followsan easier path and smoothly guided intottst

plate.Thereforea curved yoke design is chosen for this investigation.

—=— Square yoke (surface crack) 3 —=— Square yoke (surface crack)
9 (a) —e— Curved yoke (surface crack) (b) —e— Curved yoke (surface crack)

—— Square yoke (far-surface crack) —— Square yoke (far-surface crack)
—~— Curved yoke (far-surface crack) 24 —— Curved yoke (far-surface crack)

= =
E £
X - 0+
& 6 )
- -
o E 1
= 5
24
T
ol . ;f X\' e —
-3
yyyyyyyyyyyyyyyyyyy
10-9 8 -7 6 5 -4 3-2-10 12 3 456 7 8 910 109 8765 4-3-2-1012 342526 7 8 910
X Distance (mm) X Distance (mm)

Figure 45. The simulatedMFL signak due to &0.8 mmdeep,0.2 mmwide and10 mmlong surface
and farsurfa@ hairline crackscomparing the square and curved ydksignsa) ||, field component

and b)||, field component,
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4.2.2) Yoke Parametdfzeometry Optimization

The magnetic flux leakagesgerated for botBurface and fasurfacehairline cracks
weresimulated with the sole aim of analyzing the effects of the yoke parameters on
the sample magnetization and leakage flux developed. Subsequieafiylldwing

yoke parametersleg height, leg lengtheg width and leg spacing, weoptimized
usingthe MFL signal(||,"*)§mplitudeacquired froma 0.8mm deep0.2 mm wide

and 10mm longsurface ad farsurface hairline cracks

4.2.2.1) YokelLeg height

Fig. 4.6ashows a slight decrease time ||."+%mplitudefor both thesurface and
far-surfacehairline cracksas the yoke leg height v&ried from 20mnm to 160mmin

steps of 20 mmwhen other parameters are held constamilar findings have been
shownelsewherd3, 4]. The yoke with deg height of 20 mm produced the highest
signal output.However, using a yoke with a very low heiglit 80 mm) will
producemore stray flues which do not followthe proposed patbf the magnetic
circuit, rather they cuthrough from one end of the circuit to the other (top of yoke to
plate) Hence they do not add up to the flgenerated irihe test plate. Suchstray

fluxes are capable of causing inaccurate measurements of the true magnitude of MFL
signal which could ead tocracksbeing missed or undersizezspeciallyfor hairline

cracks.Therefore, a yoke leg height of &m waschosen for this investigation.

4.2.2.2) YokelLeg length

The information displayed in Fig.6b shows that the}|,"+§mplitude increases as
the leg length of the yoke is varied frommdn to 40mm in steps of 5 mmwhen

other parameters are fixedhis is because the magnetic flux is increased as the

reluctance of the magnetic circuit decreases (—), due to an increase in the
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cross setional area of the yokg W)' Where! h) 0 "@nd"Y are the magnetic

flux, the magnetomotive force and magnetic reluctance respectively, oviaite O
are the cross sectional area of the yoke and length of yoke respecSieliar

result is shown in [B Hene, a yoke leg length of 3Gm wasselected.

4.2.2.3) YokelLeg width

Fig. 4.6c demonstrates an increasetire ||,"+§mplitudefor both the surface and
far-surface hairline crackas the yoke leg width is varied from fm to 60 mmin

steps of 10 mpwhen other parameters are kept constEm. increase in thieakage

field (||."*)§amplituderecordedis due to an increase in the magnefiex (1 )
generatedas the reluctanc€Y of the magnetic circuiis decreaseddue to an
increase in the cross sectional afepof the yoke.Similar finding is reported in [4,

5]. Using a yokewith a leg width of 60 mmresuled to a greater leakage field
amplitude at the crack sitompared to the 10 mm, 20 mm, 30 mm, 40 mm and 50
mm leg widths Also, by using a yoke leg width of 60 mm which matches with the
width of the test plate, the amount of stray fields developed due to unequal
proportion of the yoke leg width compared to ttest sample width will be
significantly reducedTherefore ayokeleg width of 60mm waschosenMoreover,

the effect of the yoke leg width on the MFL signal was found to be more compared

to theyokeleg length and height.

4.2.2.4) Yokeleg spacing

Fig. 4.6d shows that thd|,"+§mplitude dexases for the surfadwirline crack as
the yoke leg spacing isaried from 50nm to 350mmin steps of 50 mpwhen other

parameters are held constanihis is due to a decrease in the magnetic field strength

as he distance between the yoke legs increases. Howeeeﬂ,"+§mplitude or

the farsurface crack i$ound to increase from 5&m up to 250nm, then began to
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drop as the distands increased further. This muspected to bassociated with the
lateral spread (broad profile) of the MFL signal at the vicinity of thestaface

crack, when compared to the narrow confinemerthefMFL signal & the surface
crack region. Therefore yoke leg spacing of 240m waschosen.

—=a— Surface crack | —=— Surface crack
o —e— Far-surface crack 94 —s— Far-surface crack
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Figure 46. The relationship between the simealdtMFL signalpeak amplitude || ,"*)%nd the; a)
Yoke leg height, b) Yoke leg length, c) Yoke leg width and d) Yoke leg spacing.

4.2.3) Yoke Permeability Optimization

The nmagnitude of thenagnetic flux generateid the test plate significantly depends
on the permeability and size of the matetiakd for the yoke as well dse test
plate Low carbon steel materialse.§. mild steel) are usually used for the
manufacture of mst pipeline structures and theome with similar permeabilities
and thicknesss Thereforethe yoke permeabilityyoke sizeandthe yokeclearance

from theplatesurfaceare the mairfactors determining the amount fiix generated
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in the test plateTherefore the permeability of the material used for the yoke
construction will play an important role in controlling the magnitude of the magnetic
flux density (B) established withirthe test plate, which #turn will determinethe
amount of flux leakage #t will occur at the crack regionThe higher the
permeability of the material used for the ypkiee greater the flux density generated

in the sample, thyughe greater the leakage field that will be measwatethe crack

region According to Fig. 4, itcan be seen that tHh":I:gmplitude obtained at the
vicinity of a 0.8 mm deep, 0.2 mm wide and 10 mm long surface ansuféeice
hairline cracksincreasegapidly as the maximum relative permeabilith of
theyoke material is varied from 1 f 1. However, above this range m-p 1), the
rate of increasés reduced (almost constant) due to amaat saturation of the test
plate. At this point, further increase tine yoke permeability results & negligible

increase in the magnetic flux density developed in tés plate and thusa

negligible changén the leakage field amplitud(e||,"‘IjgmeasuredHence a yoke

permeability of 4000 was chosé@r the FEM and experimentalvestigation

10

—=— Surface crack
—e— Far-surface crack

MFL Bx peak (mT)

T T T T T T T
0.1 1 10 100 1000 10000 100000 1000000  1E7
Maximum Relative Permeability p_r

Figure 47. Therelationship between the MFL sigraéakamplitude( ||,"%3%ndtheyoke

permeability for a 0.8mm deep surface and faurface hairline cracks.
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4.2.4) Yokeand SensolLift -off Optimization

The MFL technique is a nonontact nethod of NDE Hence the ability to
accurately detect hairline crack using the MFL approachgnificantly depends on
the magnitude fothe magnetic fluxinduced into thetest sample through the
magnetization yokdyoke lift-off), as well asthe clearancdetween themagnetic
sensor and theest sample surfacé€sensor liftoff). This section investigates the
influence of themagnetizer (yoke) lifoff and sensor liftoff on the ampliade and
detectability of the fdale leakagefield signal from both surface and faurface
hairline cracks Thisis exploredusing the 3D FEM simulatiom MagNet Fig 4.8a
and Fig 48b shows the inspection layoused toexaminethe effect of yoke lifoff
and sensor lifoff respectiely, on the detectability of both surface and-$arface

hairline cracks

(b)
Air gap (g)/yoke lift-off Sensor lift-off

Figure 48. The FEM modek for investigating the effect of; a) Yoke héiff and Sensor lifoff on the
acquiredMFL signal.

First, the yoke liftoff wasvaried from 0.5mm to 5mm with a constant sensor {ift
off of 0.5mm, in order to simulate the different levels of yokedift The effect on
the resultanteakage fieldsignaldue toa 0.8 mm deep, 0.2 mm wide and 10 mm
long surface and fasurface hairlinecrackis recorded as shown in Fig.94As can
be observed from the magnetiax leakage comparison graghownin Fig. 4.9, an
inverse relationshigxists between the resultant MFL signand the yoke lifoff.
That is,the ||, (see Fig. 9a) and||, (see Fig.4.9b) signal amplitude decreases
significantly with increasing yoke IHoff value.This is because of decrease in the
magneticflux flowing into the test sample from the yoks theair-gap between the
yoke and the test sampleis increased, sincéhe airgap consumegpart of the
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magnetic fluxin the magneticcircuit. As shown in Fig. 4, the stray field&ringing
fields, which extends further away from the perimeter of the yoke aeigs to the
reluctance of thecircuit, therefore causinga drop in the magnetic flux | )
generateda drop inthe magnetic flux density developed in ttest sample and
hence a drop inthe leakagdield occurring at the crackegion.Moreover, a greater
percentagehange in the reduction df, and ||, amplitudes is observed at lower

levels of yoke liftoff, when compared to higher levels of yoke-tft.

12 8
( a Surface crack ( b Surface crack
Sensor lift-off = 0.5mm 6 sensor lift-off = 0.5mm
104 —=— 0.5mm lift-off —— 245mrlr_1ﬂlift;$ff
—=— 1mm lift-off 4 —— 1mmliit-o
—+ 2mm lift-off —4— 2mm lift-off
—— 3mm lift-off
—— 4Amm lift-off
—— 5mm lift-off

—— 3mm lift-off
—— 4mm lift-off
—— 5mm lift-off

©
1

MFL By (mT)

MFL Bx (mT)
o
1

X Distance (mm) X Distance (mm)

Figure 49. The simulatedMFL signal amplitudefor a 0.8 mm deep surface hairline crack at different

yoke lift-off values, with a constant sensor-lifif of 0.5 mm; a)|| - cOomponent and b[}. component.

The sensor liftoff was varied nextfrom 0.5 mm to 5 mm with a constant yoke-lift
off of 0.5mm, in order to investigate the different levels of sensoofift The effect

on the resultant MFL signal fadhe samed.8 mm deep, 0.2 mm wide and 10 mm
long surface and fasurface hairlinecracks is recorded as shown in Fig. 40. As
can be observea@n inverse relationshigxistsbetween the resultant MFL signal and
the sensor lifoff. That is, be ||, (see Fig 4.10a) and|, (see Fig. 40b) signal
amplitudes decreasggnificantly with increasing sensor ldff value. The reduction
in the leakage field signal observed as the senseasffifs increased is attributed to
the attenuation of the leakage fidlteld spreadingls the gap between the sensor
andthe crackis increasedAlso, a greater percentage change in the reductidh of

and ||, amplitudesis observed at lower levels of sensor-tifft when compared to

higher levels of sensor [aff.
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Figure 410. The simulatedMFL signal amplitudefor a 0.8mm deep surface hairline crack at
different sensor lifoff values, with a constant yoke Htff of 0.5mm; a) ||, component and) ||,

component

Finally, both the yoke and sensorddffs are varied simuétneously from 0.5nm to
5 mm for the same crack size, in order to examine the different level®bélift -
offs. The influence on the resultant MFL si¢m& recorded as shown in Fig.14.
Accordingto the informatiorpresented in Fig.41, the|, (see Fig. 41a) and|,
(see Fig. 411b) signal amplitudes decreases significantly as the yoke and senrsor lift
offs are increased simultaneousiye reduction in the MFL signal is because of the
decrease in the magnetic flux flowing through the magregtcuit as the aigap(Q)
between the yoke and the test sample is increasedell as the attenuation of the
leakage field as the gap between the sensor and the crack is increagedter
percentage change in the reduction|gfand ||, amplitucesis observed at lower
levels of sensorand yokelift-offs when compared to higher levels of yoke and

sensor liftoffs.

11 ( a Surface crack ( b Surface crack

10 —=— 0.5mm lift-off 6+ —=— 0.5mm lift-off

| || =
—— 2mm lift-off

—— 3mm lift-off
—+— 4mm lift-off
—— 5mm lift-off

MFL Bx (mT)
MFL By (mT)

—— 3mm lift-off

24 —— 4mm lift-off

, | —<— 5mm lift-off
W.-:
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Figure 411. The simulatedMFL signal amplitudefor a 0.8mm deep surface héive crack as the

yoke and sensor liibffs are varied simultaneouslg) || , component and) ||, component
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A plot showing the relationshipetween the magnetic flux leakageakamplitude
and lift-off is shown in Fig. 4.2. It compares the influence of #ie three forms of
lift -off on the leakage field amplidie, for a surface hairline craqeee Fig 412a) and
for a farsuface hairline crack (see Fig.12b). As can be seen, all the threedift

forms have a significant effecn the leakage field arifude, that is; the leakage

field (|| ,"ﬁ%mplitudedecreases with increasingagnetizer or sensor héiff.

For the surface craclplot shown in Fig. 412a, the sensor [Hiff shows a

considerable greater effe¢teduction) on the ||,"+%mplitude at lower lift-off
values (3.5 mm lifoff and below) compared to a yoke ddff of the same
magnitude. At higher lifoff values ébout4 mm lift-off and above) the &dct of
yoke lift-off dominates. Howevethe yoke and sensor liiff simultaneouslyyields
the greatest reduction the simulated||,"+§mplitude For the farsurface crack
plot shown in Fig. 412b, theyoke lift-off produces the greatest reductiontire
predicted| ."+§mplitude,while the sensor lifoff produes the least effecHence

a yoke liftoff of 0.5 mm and a sensor lifaff of 0.5 mm is chosen for this

investigation except wherstated otherwise.

12

( a Surface crack 554 ( b
—=— Yoke lift-off ——e— —e————o ¢
104 —e— Sensor lift-off 504 Far-surface crack
—a— Yoke and sensor lift-off simultaneously —=— Yoke lift-off

—e— Sensor lift-off
—4— Yoke and sensor lift-off simultaneously

MFL Bx peak (mT)
MFL Bx peak (mT)
B
o

Lift-off value (mm) Lift-off value (mm)

Figure 412. A plot showing the relationship betwette simulatedVFL peakamplitude d|,"*)%md
lift -off, comparingall the three liftoff forms while using .8 mm deepga) Surfacenairlinecrack and

b) Farsurfacehairlinecrack
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4.2.5) Magnetization Current Optimization

It is necessary to optimize thmagnetization current used in ord&r ensure a
measurable leakage field signal from both surface andufdace hairline cracks.
Here, themagnetization current is varied frolnA to 10 A in steps of 1A, in order

to simulate the leakage fietiignalobtainable at different current levels.

Firstly, the magnetic flux densityB) inducedin a crackfree plate at different
current levelds obtained asdisplayed in Fig. 4.3. As can be seen, the simulated
magnetic flux density increases with increase in the magnetization [&lel.
relationship between the magnetization entrand the simulatednagnetic flux
densityis fairly linear at low current levels. However, this linearity decreases as the
current isfurther increased. The reduction in linearity at higher current levels is
attributed to the ncfinearity in theB-H curve ofthe low carbon steel platesed as
shown in Fig. 4L of section 42.

Secondlythe simulatedFL peak(||,"‘|3%mplitudefor a 0.8 mm deep surface and

far-surfacehairline cracks areacquired at different magnetization currergs shown

in Fig. 414.As can be seen, treimulated | 7T Bmplitude increases with increase

in the magnetization levelhus it is necesary to induce a large enough magnetic
field into the test sample so as to ensure a significant field variation at the crack
region, especially for théeeble signal fronfar-surface hairline cracks. The closer
the induced magnetic field i® the saturatio of the test samplehe higher the
sensitivity, the repeatability and reliability of the MFL approach. This is because the
residual magnetism developed from previous scan will be completely eliminated
when operating at a region close to the magneticratadn of the sample used.
Therefore providing an MFL signal that constantand repeatabléor successive
scars while performing the experimental tegliso, to prevent the saturation of the
MFL sensor and the need to cool down the magnegiza&oil for longer inspection
periods as a result of a too high and steady current, a magnetization curreht of 4
corresponding to a magnetiiX density(B) of 1.1 T (see Fig. 4.3) is chosen for
DCMFL investigation
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Figure 414. Therelationship between tt@mulatedVIFL peakamplitude( ||."+,and magnetization

current for a0.8mm deep, 0.2 mm wide and 10 mm langface and fasurface hairline cracks.

4.3) FEM Computation Results and Discussions

This section focuses on the éetion and characterization of a rargfesurface and

far-surfacehairline cracks with differentvidth sizes and depth locations within the

test sampleusing theFEM numerical simulation techniqu&ig. 415 shows the

optimized MFL probe sgtem used for theimulation Fig 4.15a shows the probe
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model with its ofimized dimensions, while Fig. 4.15ma 415c illustratesthe

meshed and solved models respectively

Shaded Plot
|B] smoothed
1

166704
133385
100025
0666855
0333459

6.35077e-005 | |

Figure 415. The FEM schematic layout pf) 3D model of the MFL measurememobe usegwith
optimized dimensions, b) 3D mesh of the MFL simulation model and c¢) 3D calculated result of the
MFL model.

The crack weremodelledat the centre ofplate (defined as 0 mmvhere the field is
most uniformand positioned perpendicular to the applietd orientation,in order
to achieve the highest field variation at the crack rediamer meshes of 0.02 mm
was created along the crack region and alongdhta collectionarea, inother to
improve the result accuracyhe mebkes were divided into tethedralelements with
1,601,228degrees of freedontDOF). The magnetization of th&est plateis done
through a 30Qurn copper coilmodelled around th&orizontal top section of the
yoke, carrying a direct current of 4 A. This generated a magnetic éositg of 11
T in thetestplate. This setp wasused to predict the axial|,), radial |,), and
tangential ||,) components of the MFL signal for the surface andstaface
hairline cracksBoth line scanandarea scamechniques wassed to provide a me
refined and enhanced visualtion of the crack information and featur&be length
of all the cracks employed in the simulation is 10 nihe depth of the surface

110



C1049450 Okolo. K.W. Chukwunonso

cracks refers to the distance from the top surface of the samiple bmttom tip of

the crack, while the depth of the fsurface cracks refers to the distance from the
bottom surface of the sample to the top tip of the crack with an opening at the bottom
of the sampleas shown inFig. 4.16a (surface cracksand Fig 4.16b (far-surface

cracks.

(Surface cracks) 350mm

0.2mm 0.4mm 0.6mm 0.8mm Imm  2mm_ 4mm

wwipT
wwoT

0.2mm 0.4mm 0.6mmO0.8mm1mm 2mm  4mm
350mm (Far-surface cracks)

Figure 416. A schematidayout of the test sample with) surface cracks and (b) faurface cracks.

One of themainaims of the simulation study is to explore the effect of various crack
geometries(sizes) on the leakage fielcamplitude and distribution patterhe
investigation considers mainly rectangular standalone cradkis different depth

and width sizes. Thenagnetic field in the sample wait simulated and the
characterization of theariouscracks isperformed with respect to the resultant MFL
signal obtained. This method can be easily described as a linear model, consisting of
an input,an output and a &msfer function. The defect profile is the input, the MFL
signal is the output and the signal sensing algorithm is taken as the transfer function.
This yields two different but related types of probleifise spatiaprediction of the
leakage field develogeby the wall of the sample the presence of volumetric crack
(forward problem) and vice versa (invergeoblerm). The computational time for

each of the simulated models toakout 25 minuteg a dualcore 64-bit processor
workstation with 24 GB primarynemory.Fig. 417 shows thevisualization of the
simulated||,, ||. and ||, components of the leakage fiesthtained acrosa 4 mm

deep surface hairlinerack in a 10 mm thick plate(40 % wall loss) while
maintaininga constant magnetizer tibff of 0.5 mm and a constant senstir-off of

0.5 mm The unit of percentisedis expressed as the ratid crack depth to the
sample wall thicknesst can be seefrom Fig. 417 that the simulatetkakage field
signalfor the 4mm deepsurface hairlinecrack varies with relative position of the

field probe to the crack axiwith the highest signal amplie recorded at the crack

centre.
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MFL Bx (rriT)

MFL By (mT)

MFL Bz (mT)

Figure 417. The simulatedMFL signal for a 4mm deep surface hairline crackl| afield component,
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24 (a —
-
i
25+
i
I
A B, I
I ]
[ | [ |
| |
[ ] a
10- <
L | ]
| | [ |
5 J k
O LI T T T T T L) T T T T T LI T T
109 8 7 6 5 4 -3 -2-1 0 1 2 3 4 5 6 7 8 9 10
X Distance (mm)
w=0.2mm
™
u1d=4mm
t=10mm
15 (b
-
10 4 \_
. !
0 [ ]
AB,
-5 o .\
-10 4 "
u
-15 ad
AX
TrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrT
-0 9 8 7 6 54 3 -2-1 01 2 3 4 5 6 7 8 9 10
X Distance (mm)
34 RN R
() i
24 -
J T
1- /
4 /./.
olm—w" —n
1 n -/.
-1 4 AB I/
| z| & - v
24 /l
7 | |
34
_ /
-4
— =
s e e e e e T e o e e S o o e e
109 8 7 6 -5 4 -3 -2-1 01 2 3 4 5 6 7 8 9 10

X Distance (mm)

b) ||, field component and cf , field component.
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Fig. 418 shows the3D imaging of the simulatetbakage field || [, AT |,
distribution pattern, obtained in the viginof the same 4 mm deep surface hairline
crack. The measurement area presented is a surface of 20 @t mm, witha

constant step size of OrBm in the x and y direction§.he numbers for the colour

scale are all i T.
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Figure 418. A 3D illustration of the simulateMFL signal for a4mm deep surface hairline craeh;

| field component, b)|, field component and df , field component

The axial ||. component of the MFL signal is a unipolar wavefofsee Fig.
4.18a)and its profile is sigricantly dependent on the rata the crack depth to the
crack width. The radial |, component of the MFL signal exhibits a bipolar sine
like waveform with eqal amplitudes at the peak and trough of the si¢gset Fig.
4.18b) The ||. signal profile is symmeittal about the origin (0 mmwhich is the
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centre of the crackThe peak (maximum amplitude)and trough (minimum
amplitude)of the ||. signalrepresentshe crack edges.hE signal amplitude denoted
by ¥| . (see Fig. 47c)indicates the signal strength andsignificantly determined

by theratio of thecrack depth to crackvidth, when all other signal influencing
parameters are kept constant. The distance between the peak @adghevhich is
denoted byYa reflects the width of the crack and can be quantitatively used to
estimate the width size of the cragkder scruny. The tangential |, component

of the MFL signalexhibits both positivend negativgolarity (see Fig. 489 and it
demonstrates both the width and length oflib&line crack under test. Hencthe
shape and approximate si@gength and widthpf hairline cracks could be obtained

from the distribution patterns of tHg, || and|| , leakage fielcsignals

4.3.1) Detection andCharacterization of Hairline Cracks with Different

Depth Sizes

An FEM simulation benchmarkvas developedfor detectng and characterizing
hairline cracks wittdifferentdepth sizesHere, dfferent hairline cracksvith varying
depth sizes (w = 0.2 mm and= 10 mm)were accurately modelled dhe surface
and farsurface ofthe testplates andsimulated in MagNetThe lealage field
generated by each of the crack deptlese thenacquiredand analyed usingthe
simulated||, and ||, signal amplitudesSeven different plates wetested,and he
dimensions of the various surface anddarfacehairline cracks inspected are listed
in table4.2. A constant magnetizer li#ff of 0.5 mm and sensing lififf of 0.5 mm

was used.

The reationship between the simulateédFL signal amplitude and the depth of
various surface and faurface haline cracks aretown in Fig. 4.19 and Fig..20
respectivelyx = 0 mmis the central major axis of the craéks can be seen, a stha
change inthe depth of either a surface or -famface hairline crack causesa
significant changén ||, and ||, signal amplitudesThis showsthat the leakage field
generateddue to the pesence of a surface or faurface hairline cracks strongly
dependent on the crack depithe change in the signal amplitude for the surface and
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far-surface crack is similafor the same change iorack depth, except that the
overall signal level is lower for the faurface crackwhen compared to a surface
crack of the same size. Alsthe lateral spread of the leakage fieéddfound to
increase with increasing crack location below the sampla=iriThe broader signal
width observed for the fegurface cracks when compared with an equivalent surface
crack is attributed to the lateral spread of magnetic field at the vicinity of the far

surface cracks.

Fig 4.21 shows alot which compares th#,"+§mplitude gee Fig. £1a) andhe
||,"JF§mpIitude(see Fig. €1b),obtained for both surface and fsurfacehairline
cracks with varying depth sizes a function of crack deptht can be sen that the

MFL peak amplitudancreases as the crack depth is increased, and the relationship
between thenis linear when other parameters are kept consliaig.evident from

both plots that the system can discriminate the various hairline cracks inspected
according to their depthizes by just using the peak amplde of the leakage field
signal. Also, it can be seen from both plots that the system can discriminate the
various hairlinecracksinspected according to their various locations within the test
sample (i.e. separate swéacracks from fasurface cracks)except for the 4 mm

(||,"+§ 6.64mT) deep farsurface hairline cragkvhich generated signal greater
than thesignals generated by &2 mm(||,"4=§ 5.08 mT)and 0.4 mn{||,"4=§
6.33 mT)deep surface hairline crackBhe modelledDCMFL inspectionsystemis

able to detecas small ag 0.2 mm deep surface hairline crack and a 0.2 mm deep
far-surface hairline craclocated 9.8 mm below the platarface.
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Table4.2. Details of the surface and faurface hairline cracksith varying depthsmodelledin the

testplate
Plate Number Crack Type Crack Depth | Crack Location | MFL ||.—-+¥
d (mm) h (mm)

(mT)

Plate 1 Surface 0.2 0.0 5.08
Farsurface 0.2 9.8 4.28

Plate 2 Surface 0.4 0.0 6.33
Farsurface 0.4 9.6 4.33

Plate 3 Surface 0.6 0.0 7.30
Farsurface 0.6 9.4 4.38

Plate 4 Surface 0.8 0.0 8.84
Farsurface 0.8 9.2 4.47

Plate 5 Surface 1.0 0.0 9.74
Farsurface 1.0 9.0 4.56

Plate 6 Surface 2.0 0.0 16.36
Farsurface 2.0 8.0 5.16

Plate 7 Surface 4.0 0.0 29.31
Farsurface 4.0 6.0 6.64
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Figure 419. The simulatedMFL signal amplitudesor differentsurfacehairline cracks with varying

depth sizesas a function of crack position fa) || » field component and b[j . field component.
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Figure 420. ThesimulatedMFL signal amplitudesor different farsurfacehairline cracks with

varying depth sizesas a function of crack position for; Hx) field component and b[j . field

component
144 w=0.2mm, L = 10mm
301 ( )El w=0.2mm, L =10mm ( b —=— Surface cracks
—=— Surface cracks 124 —e— Far-surface cracks
254 —e— Far-surface cracks
10 4
3 E
E 20 < 8-
=% [
< L]
g 2 6
& 154 &
| i 2
s s
= 50
2+
51 ...—H—/ 04 .,..H—Q///.
T T T T T T T T T T T T T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0 35 4.0 45 0.0 0.5 1.0 15 2.0 25 3.0 35 4.0 4.5
Crack Depth (mm) Crack Depth (mm)

Figure 421. A plot comparing the simulateBlFL signalpeakamplitudes for different crack depths

for bothsurfaceandfar-surfacehairline cracks a) || == T Emplitudeandb) [ == T Emplitude
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4.3.2) Detection andCharacterization of Cracksvith Different Width Sizes

This section investigates the capability of the optimiB&MFL inspectionsystem
in detecing and characterizingurface and fasurface cracks with varying width
sizes(both hairline cracks and larger crackklere, dfferent cracks with varying
width sizes were carefully modellezh the surface anthe reverse side (faurface)
of the test plateThen theinfluence of variation in crack width is then investigated
usingthe simulated| . Signal amplitudedor two different crack deps (d = 0.2 mm
and d= 4 mm) witha constantrack length of 10 mnThe dimensions of the various
surface andfar-surface cracks simulateih this sectionare listed in table 43.
Fourteendifferent platesvere testedthat is;sevensamples wh surface cracks of
varying width sizes(w = 0.2, 0.4, 0.6, 0.8, 1, 2 addmm, with d = 0.2 mm and 4
mm) and seversamples with fasurface crack of varying widh sizes (w = 0.2, 0.4,
0.6, 0.8, 1, 2 and 4 mmvith d = 0.2 mm and 4 mmA constant magnetizer |#Hbff

of 0.5 mm andensing liftoff of 0.5 mm was used.

Fig. 422 shows the tationship between the simulatétFL signal || . amplitude

and the width of various surfageee Fig. £2a)and farsurface(see Fig. £2b)
cracks with a constant depthnd lengthsize of 0.2 mm and 10 mnrespectively

Also, Fig. 4.23 shows the fationship between the simulatddFL signal |
amplitudeand the width of various surfa¢eee Fig. £3a)and farsurface(see Fig.
4.23b) cracks with a constant depttand lengthsize of 4 mm and 10 mm
respectively It can be observed that a small change in crack width causes a
significantincreasen the || « Signal amplitude for the surface and-¢arrface cracks.

This shows that the resultant leakage fieldtisngly dependent oie crack width

Also, the variation in the signal amplitude for both types of @&kimilar forthe

same change in crack widthut the overall signal level is higher for the surface
cracks when compared to a faurface crack of the same sizélso, it can be
observed that the leakage field amplitude increases as the width of the surface crack
is increasedrbm 0.2 mm to 0.8 mm (see Fig22a) andriom 0.2 mm to 0.6 mm
(see Fig. £3a). Any further increase in the surface crack width above flests

results in a decrease in the leakage field amplitude recorded.

118



C1049450

Okolo. K.W. Chukwunonso

Fig. 424 shows glot, which compares theamulatedVIFL signal(||,":|’)%mplitude

obtained for both surface and fsuirface cracks with varying width sizes, when the

crack depths 0.2 mm (see Fig..24a) and when therack depth is 4 mm (see Fig.

4.24b). As mentioned earlier, it can be clearly observed that||m'!+§mplitude

increases as the surface crack width is increaged .2 mm to 0.8 mm (see Fig.

4.24a) andriom 0.2 mm to 0.6 mm (see Fig.24b), then it starts to decrease as the

crack width is increased furtherowever, the||,"+§mplitudefor the farsurface

cracks is found to increa for all the crack widths simulated

Table4.3. Details of the surface and fanrfacecracks with varying widthanodelledin thetest

sample.
Plate number Crack Type Crack Depth Crack Location | MFL ||.—-+I
(mm) h (mm)
(mT)

Plate 1 Surface 0.2/4.0 0.0 5.08 /28.88
Farsurface 0.2/4.0 9.8/6.0 4.27 | 6.64

Plate 2 Surface 0.2/4.0 0.0 5.35 / 33.20
Farsurface 0.2/4.0 9.8/6.0 4.28 | 7.68

Plate 3 Surface 0.2/4.0 0.0 5.38 / 34.45
Farsurface 0.2/4.0 9.8/6.0 4.29 / 8.05

Plate 4 Surface 0.2/4.0 0.0 5.39 / 34.13
Farsurface 0.2/4.0 9.8/6.0 429 / 8.51

Plate 5 Surface 0.2/4.0 0.0 5.36 / 32.75
Farsurface 0.2/4.0 9.8/6.0 4.30 / 8.76

Plate 6 Surface 0.2/4.0 0.0 495 / 26.32
Farsurface 0.2/4.0 9.8/6.0 4.32 | 9.20

Plate 7 Surface 0.2/4.0 0.0 4.62 | 18.64
Farsurface 0.2/4.0 9.8/6.0 4.35 / 9.46
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Figure 422. The simulatedMFL signal || . amplitudefor different crack widths as a function of
crack position for; a) Surface cracks withonstant depth of 0.2 mm and b) farrface cracks with

constant depth of 0.2 mm.
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Figure 423, ThesimulatedMFL signal |, amplitudefor different crack widths as a function of
crack position for; a) Surface cracks witbhonstant depth of 4 mm and b) Farface cracks with

constant depth of 4 mm.

d=4mm, L = 10mm
—=— Surface cracks
—e— Far-surface cracks

d=0.2mm, L =10mm 354 (
—=— Surface cracks
—e— Far-surface cracks

1 (

52+ 30
= g s
E 504 £
3 E
3 484 2 204
> x
kS a
- -

T 154
Z 454 £

104

444 e,
._._._.—Q—/"/. ./'"'./'7'
5 T T T T T T T T T
“ y y ! j ¥ y ¥ y ' 0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0 45
0.0 05 1.0 15 2.0 25 3.0 35 4.0 45 - - - : - - - - : :
Crack Width (mm) Crack Width (mm)

Figure 424. A plot comparing thesimulatedVIFL signal amplitude for different crack widtfor both
surface and fasurface cracks; a) MFL||,"+‘Nith constant crack depth 6f2mm and b) MFL

” --+‘Nith constant crack depth dimm
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Contrary to the ||, leakage field signaturehe ||, signatureis the value of interest,
since it provides more information required for crack $a@ackwidth) estimation.
Fig. 425 shows thd|, leakage fieldsignature obtainetbr different surface cracks
with varying width sizes, witha constant depth and leng8ize The pealpeak
amplitude of theeakagesignal (signal strengthjs represented by ., while Y& is
the distance between the upper and lower peaks oﬂ therofile. A plot of Y&
versus the width of the various crackisnulatedis shown in Fig. £6. The plot
shows that the dependency ¥ on the crack width is lineafor when the crack
depth is 0.2 mm (see Fig.2ba) and whethe crackdepth is 4 mm (see Fig.2b6b).
Hence the width of the various hairline cracks can be estimatsithg only theY¢

value of the|, field distribution for rectangulashaped cracks.

Surface cracks
d=02mm, L=10mm
—=— Reference signal
—e—w=0.2mm
—a—w=0.4mm
—v—w=0.6mm
—s—w=0.8mm
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X Distance (mm)
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Surface cracks
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Figure 425. ThesimulatedMFL signal || . profile for different surface cracks with varying width
sizes as a functiorof crack position; a) constant crack depth of 0.2 mm and b) constant crack depth

of 4 mm
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Figure 426. A plot showing the realtionship between the crack wialtial ¥¢v.
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4.3.3) Detection andCharacterization of Cracks with Different Depth and
Width Sizes

Here, dfferent cracks with varying depth and width sizegth a constant length size

of 10 mmwere accurately modelled dhe surface andn thefar-surface of the test
plates(both hairline cracks and larger crack$he influence of variation in crack
depth and width simultaneouskythen simulated and analyzesing theaxial || .
leakagefield signal The dimensions of the various surfacel dar-surface cracks
investigated are listedhitable 4.4. Fig. 27 shows a leakage field| . Comparison
graph obtained while varying the crack depth and width simultaneously from 0.2 mm
to 4 mm for both surfacgsee Fig. £7a) and farsurface(see kg. 4.27b) cracks.

The grapk showa significant increase in tr@mulatedleakage field amplitudeas

thecrack depth and widtare variedsimultaneouslyrom 0.2 mm to 4 mm

Fig. 428 shows @lot of the ||,"+§mplitudeversuscrack size in all its forms, fo

the surface cracks (see Fig28a) andfor the far-surface cracks (see Fig. 4.28b).
Fig. 428a shows that varying both tserfacecrack depth and widthat the same
time, between the 0.2 mm and 1mm range has a slightigtgr &ect on the||,"+g
amplitudecompared tovarying only the surfacecrack depth. However, varying only
the surfacecrack depth produces a subsiaingreater effect above the 1 mm range.
Meanwhile, varyingonly the surfacecrack width produceshe least effect on the
simulated||,"+§mplitude.For the farsurface cracks shown irig= 4.28b, it can be
seen thawvarying thecrack depth and width simultaneously has a greater effect on

the simulatedleakage field peak amplitudgbove the 1 mm rangevhile varying

only the crack width produces the least effect onsieulated|| 7™ T Bmplitude.
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Table4.4. Details of the surface and fanrface cracks with varying depth and widtbhes

simultaneously, modelleth thetestsample.

Plate Number Crack Type Crack Crack Location MFL ||.—-+i
h (mm)
Depth & Width (mT)
BO- (mm)
Plate 1 Surface 0.2 0.0 5.12
Farsurface 0.2 9.8 4.28
Plate 2 Surface 0.4 0.0 6.52
Farsurface 0.4 9.6 4.34
Plate 3 Surface 0.6 0.0 7.90
Farsurface 0.6 9.4 4.43
Plate 4 Surface 0.8 0.0 8.98
Farsurface 0.8 9.2 454
Plate 5 Surface 1.0 0.0 9.98
Farsurface 1.0 9.0 4.61
Plate 6 Surface 2.0 0.0 13.66
Farsurface 2.0 8.0 5.68
Plate 7 Surface 4.0 0.0 18.65
Farsurface 4.0 6.0 9.45
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Figure 427. Thesimulated MFL signal || . as a function of crack position, obtained when varying

the crack depth and width simultaneously; a) Surface cracks and-8)ff@ce cracks
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Figure 428. A plot comparing thesimulatedVIFL || ,"+‘signal amplitude for different crack

changing scenarios; a) Surface craakd b) Faisurface cracks.

4.3.4) The Effect ofPlate Thickness orthe DetectionSensitivityof Hairline

Cracks

This section investigates the influence of the test sample thickbess the
detectability ofvarioussurface and fasurfacehairline cracks, using th©CMFL
technique The investigatiowascarried out using theimulated|, and ||, leakage
field amplitudes generateddue to a0.8 mm deep, 0.2 mm wide and 10 mm long
suface and fasurfacehairline crack. Four differenttest samples with varying
thicknesseghat is;6 mm, 8 mm, 10 mm and 12 mm whemnulated and compared

The yoke was magnetized with a constant current of 4 A, and a total magnetic flux
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density | of 1.32T, 1.25 T, 1.1 T and 0.88 Was generateih the various plate

thicknessesespectively, as shown in table&4

Magnetic flux lines always follow the track that offers the lowest resistance when a
ferromagnetic plate isnagnetizedand a significat amount of thegeneratedlux

will settle at the walls of the plate. This means that if a plate with a thicker wall is
used there will be moremagneticflux flowing freely through the plate due to an
increasedcrosssectionalarea.Thus reducing the amount of flux lines intersecting
each otherThis will lead to a lower magnetic flux density in thiicker plate.
Conversely, if a plate witemallerwall thickness is usedhere will be less flux lines
flowing freely through the plate due a reduced aredhus increasing the amount

of flux lines intersecting each othéerhis will result to a higher flux density in the
thinner plate. Thisphenomenon is clearly illustrated table 45. The irformation
displayedshows that the 6 mrthick plate (least area) happens to have the highest
magnetic flux density || of 1.32 T, followed by the 8 mnthick plate with a
magneic flux density of 1.25 Twhile the 12 mnthick plate (largest aregroduced

the least magnetic flux density of 0.88 T. Jtproves that the larger theall
thickness of the pipelin@ised the less the magnetic flux densitigat will be
developedcand the less the leakage field amplitude that will be measured at the crack

site

The relationship between tistmulatedMFL signal (||, and || ) amplitudes and the
samplethickness for both surface anthr-surface hairline cracks shown in Fig.
4.29 and Fig. 80 respectively. As can be seen, an increase in plate thickness from 6
mm to 12 mm in steps of 2 mm causesgnificant decrease in tigmulated|| , and

||. leakagesignal amplitudesfor both types of cracks. This shows that the leakage
field developed due to the presemée hairline crack on pipeline structure would

be strongly determined by the pipeall thickness.This means thagiven the same
size of crack in ferromagnetmpeline structurewith varyingwall thicknesgs thee

will be more flux leakage in th#éhinner pipe compared to a thicker one due to a
higher magnetic flux density developedthe thinner pipeas a result of a reduced
crosssectionalarea

Furthermore,the ability to successfully detect and characterize surface and far

surface hairline cracks in a particular pipe wall using the MFL techngjhghly
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dependent on thability of theinducedmagnetic field to penetrate through the wall
of the pipe as well as the capability of treelectedmagnetic sensor to detect such

cracks at the desired liff distance

Table 45. ThesimulatedVIFL signal amplitude obtained for different plate thicknesses

Plate Magnetic flux MFL |7=*E MFL |TmTE-—mTE
thickness(t) density |
T T
(no crack) (mT) (mT)
(mm)
(M) Surface crack | Far-surface | Surface crack | Far-surface
crack crack
6.0 1.32 10.7 5.6 5.78 0.68
8.0 1.25 9.7 5.0 5.16 0.46
10.0 1.1 8.8 45 4.65 0.35
120 0.88 7.4 4.1 3.32 0.01
iA Surface crack 84 Surface crack
ol ( )a d=0.8mm, w = 0.2mm, L = 10mm 7] ( b d =0.8mm, w=0.2mm, L = 10mm
—=t=6mm 6] —=—t=6mm
13 ——1t=8mm ——1t=8mm
12 ——t=10mm 57 ——t=10mm
11 —r—t=12mm 44 —+—t=12mm

MFL Bx (mT)
MFL By (mT)

X Distance (mm) " "
X Distance (mm

Figure 429. The simulated MFL signaamplitudefor different surface cracks with varying plate

thickness, as a function of crack position forj|g)component and bjj, component.
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Figure 430. ThesimulatedVIFL signal amplituddor different farsurface cracks with varying plate

thickness, as a function of crack position forﬂa)component and b[}. component.

4.3.5) The Effect of Sensor Liftoff on the DetectionSensitivity ofHairline

Cracks

This section investigates theapability of the optimized MFL inspection probe
systemto detect and characterize various surface andudace hairline cracks at
different sensor lifoffs, using the FEM simulation approachThe clearance
betweerthe sensing system and the top sugaf the sample is known as the sensor
lift-off. This clearancénas a crucial influence on tleequiredleakagefield signal
amplitude, and this influence is expected to be at its minimum in order to ensure a
high enough signal to noise ratio. Teensorlift-off investigationwas carried out
using a 10 mm thiclkplate. The axial (|| .) componentof the leakagedfield was
simulatedfor different hairline cracksat different sensinlift -offs. Theleakage field
amplitude(|| .) acquired fora4 mm deepsurface hairline crack anddamm deep
far-surfacehairline crack, at different sensing {dtfsis shown inFig. 431a and Fig.
4.31b respectivelyAs expected, thd|, amplitude decreaseds the sensor liff
valueis increased from 0.6em to 9 mm.This proves that lifoffs caused by debris,
sandsrocks,welds etc.during pipeline inpection are capable of causing inaccuracy
in themeasurement of the true magnitude of the MFL sig&alshinaccuracy could

lead to cracks being missed or undersiespecially hairline cracks.

Fig. 432 shows the variation dfie ||?+§akage fieldamplitudewith crack depth

at differentsensollift -offs, for boh surface (see Fig.3Ra) anddr-surface (see Fig.
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4.32b) hairline cracks.As can be observedthe ||,"+§amplitude decrease
significantly as the sensinglearance from th&estsample surface is increasddr
the same crackize Also, the rate of decrease is observed to be more pronounced

for surface cracks when compared to-darface cacks of the same size

Furthermore, a greater change in the reductioﬂzﬁ+§mplitudewas recorded at
lower levels of sensor |Hbff when compared to higher legebf sensor lifoff. The
DCMFL sensing probe was able to detect the 4 mm deegacsuahd 4 mm deep far

surface hairline cracks up to a sensordiftdistance of 9 mm

MFL Bx (mT)
P N N w
(5 o (5 o
1 1 1 1

i
[S)
!

@:

Surface crack
0.5mm lift-off
—— 1mm lift-off
—— 2mm lift-off
—— 3mm lift-off
—— 4mm lift-off
—<— 5mm lift-off
—— 6mm lift-off
—— 7mm lift-off
—— 8mm lift-off
—=— 9mm lift-off

X Distance (mm)

fd
o
!

(p

BT

Far-surface crack

—=— 0.5mm lift-off
—=— 1mm lift-off
—— 2mm lift-off
—— 3mm lift-off
—— 4mm lift-off
—<— 5mm lift-off
—— 6mm lift-off
—— 7mm lift-off
—— 8mm lift-off
—— 9mm lift-off

X Distance (mm)

Figure 431. The relationship between tsemulatedMFL signal amplitude || ) and crack position at

different sensor lifoffs, for a) ||, signalamplitudesfor a4 mm deep surfackairline crack and) |,

signalamplitudedor a4 mm dee farsurface hairline crack

7.0
304 Surface cracks Far-surface cracks
Zeosmmitort| (A —=—osmmiitofl ()0
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Figure 432. A plot showing thesimulatedMIFL signalamplitude || == tBs a function of crack

depth at different sensor lifoffs, for; a) Surfacénairline cracks and b) Fasurfacehairline cracks.
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4.4) DCMFL Experimental Investigation

An experimental benchmark was developed #@estedin order to confirm the
validity of the FEM optimizedDCMFL inspectionsystem as an effective detector of
surface and fasurfacehairline cracksin pipeline structuresThe experimentaget

up, procedurs and results arpresented

4.4.1) ExperimentalSetup for DCMFL Measurements

Based on practical hairline crack detection and characterization requirements, an
experimental DCMFLinspectiontechniquewasproposedas illustrated irfFig. 4.33.
The measurement seip usedconsistedf; an optimized magnetizatioyoke with a
leg height of 80 mm, leg length 80 mm, leg width of 60 mm, aralleg spacing of
240 mm, asingle Hall Effect sensowith dimensios of 4mm 3 mm 0.4 mm
(plastic casing)low carbon steel plat€d&N3B mild sted¢) with and without hairline
cracks, a DC poer supply, an -z translatiorstage system, a low pass filter, a data
acquisition(DAQ) system and a computerhe yke was wound with 300 turns of
firm doublecoated and high thermally durable copper wirehwat diameterand
resistanceo f 0.5 mm meapettively THe2magnetization characteristic
curves(B-H curves)for the silicon steel yoke and the low carbon steel plasesl
areshown in Fig. 41. The measured saturation fld)ensity(” y for the low carbon

steel platesvas1.8T.
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( a Stage
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1 PC
DAQ
A system
Magnetization coil /~ X-Y-Z stage /;/
Current source (- ;
RC filter
Voltage source
/ - "\'l"‘"‘ = = = i //Magnetization Yoke
S/ o'y | Nl
[ ) Crat’z / Test sample
Magnetization DAQ
( b Magnetization coil X-Y-Z stage Yoke system
Current
source
Voltage Stage
controller

source

RC filter

Hall Effect Sensor Sensor holder Test sample

Figure 433. The DCMFL experimental probe system-gptused in this worka) Schematic diagram
and b A photograph

First, a nondefective plate(plate with no crackwas magnetied with a constant
current from 1 A to 10 A in steps of 1 ALhis was donaising a DC power supply
(E3631A from Keysight)with the sole aim ofobtairing the different levels of
magnetic flux densityleveloped in thelefect free plateat different current levels.

20 turns of copper wire with a diameter of 0.2 mm was wound around the centre of
the defect freeplate (region with most uniform field distribution). The outputs (+ve
andi ve terminals) of the copper wire wasnnected to a lakeshore flux meter and
the corresponding magnetic flux density uodd in the defect free platg each

current levelwas measured otthe flux meter. Fig. 84 shows a comparison of the
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simulatedand measured magnetic flux densiti(a#) developedin the defect free
platg at different magnetization currents. As can d$®en in both casesthe
amplitude of| increases as the magnetization current is increased from 1 A tp 10 A
in steps ofl A. Also, the measured amplitude values are wiin 10 % of the
simulatedvalues. The slight variation between the measuredsendlatedvalues is
because of the stray fiddrom the yoke legswhich leaks into the surrounding air
causing a slight decrease in the measu”e«hlues as compared the simulated

values.
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Figure 434. A comparison of theimulatedand experimentahagnetic flux densities|| developed

in the defect freplate(10 mm thick)at different current levels.

The preparation of the tesample with well-definedsurface and fasurfacehairline
cracksis a crucial success factor to obtaining accurate test reBiffisrent surface
and farsurface hairline cracks with varying depth sizes were artificially fabricated
by electro discharge achining (EDM) technique,at Cardiff University. The
dimensions of the different hairline cracks fabricatgd shown in table.2 of
section 43.1. The depths of the cracks used ranges from 0.2 mm to 4 mm with a
constant width and length of 0.2 mm andmi® respectively, representing both mild
and severe cases of naturally occurringirline cracks in pipeline structures.
Fourteen sets of low daon steel plates with dimens®af 350 mm 60 mm 10
mmand350 mm 60 mm 6 mm(10 mm and 6 mm thick plateg)ere testedA
precise distancé(} from the plate surface exists for differerfar-surface crackas

illustrated in table 2.
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A 100 mm motorized linear translaticstage from Thorlab#&as used to move the
sensor along the sample surfatg@recise stepsThex-y-z translation stage uséas

a hdirectional repeatability of um, a minimum achievable incremental movement

of 0.1 um and a maximum velocity and acceleration of 30 mm/s &nhdnB
respectively. The central platform of the translation stage is held by 4 recirculating
ball carrier bearing which were mounted to accurately aligned guide rails. A
smooth movement is provided by the translation stage through a backlash free
precision lead screywhich is instantaneously driven by a hybrigpl2ase stepper
motor that can make 409,600 steps per revolutigth a positioning resolution
lower than 100 nm. The stepper motors of the tréoslastageare driven by a
BSC202series benchtop controller. The unit integrates the -efaee-art digital

signal processorgith minimal noise analogue electronics and ActiveX® software
technology to enable an easy micgtepping of all the stage axis. Theyx
translation stagevas connected to the computer through a USB port. In order to
drive the translation stage, an instrument control and signal processing toolboxes
were installed in LabVIEW. Prior tdaking measurementghe communication

between the instruments and computaswetup.

The entiremeasuremensetup was mounted on a nonagnetic breadboarfitom
Thorlabs The probe position waaintained for all the measuremetdgen x = 0

mm is the central major axis of the cradkoth line £an and area scan tecnes
were employed to ensurecomplete visualization of hairline crack features.
Measurements were made by scanning a single Hall Effect sensor (A1362KUA
from Allegro microsystemsacross the centre (line scan) arer the area (surface
scan) of eachairline crack, with a fixed scan stsjze and sensor li#bff of 0.5mm

and 0.5 mm respectively. ddsurements were repeatiitimes in order to confirm

the reproducibility of the results. The Hall Effect sensor was held in place by a 3D
printed sensor dider attached to the translation stage and positioned perpendicular
to the field orientationto measure the axidl” .) component (along the scanning
direction) of the leakagield signal. The sensor output is filtered by apass filter

with a cutoff frequency of 10 Hz as shown in ig 4.35 The filtered output is
digitized by a high performance data acquisition systemUSB-6366 from
National Instrumen)s with 16-bit analoge to digital conversion card witla

maximum sampling rate of 2 MS/s/dror each scanningycle, data were collected
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at 180 S/s (1.6 kHz). The digitized data is then stored in a computer for signal
processlg. Data processing was done withLabVIEW program andusing

Mi c r o ExeelahddOsigin 9.Qprogram The developedabVIEW program(code)

can implement excitation generation, instrumentation controls, probe control,
scanning settirgg measurement signal acquisition, processing and presentation of
inspection results. The LabVIEW program was also used to visualize midtto a

communicate with the sensor electronics.

R =160k

Vout

O ® O

Figure 435. Schematic diagram of theC low pass filter configuratiomsed for the DCMFL Test

The DCMFL inspection setip developed allows for real time data of the scaneto
viewed and monitored as the inspection advamndasthe LabVIEW usemterface

(front panel) as shown in Fig..86. This is considered a very vital feature as it
shows the operator when a crack is detected pipeline structurand when a re

scan is neededt the top of the panel is a column of instructions used to control the

x and y translation stage to travel at specified x and y distances along the sample
surface, indicating the start (x start and ar§tand end (x end dny end)positiors

as well as thelesired scastep size (x delta and y delta). However, the z stage only
travek in the z direction(lup and down)and is used to adjust the distance between
the sensor and the sample surf@ansor liftoff). The wait intruction (x wait and y

wait) is used to specify the delay time before the next scanistbpth the x and y
directions. The home command is used to instruct either stage to move to the default
position, usually the starting position of each axis. Théetabthe top right corner
stores the sensor output valuesvolts at each scanning step, while the waveform
chat at the bottom right corner is used to display the MFL signal pafteskage

field signatureduring the inspection. For easy visualizatajrthe inspection results,

a 3D map illustrating the output of the sensor, as a functioryadigplacements are
plottedwithin the LabVIEW panelas the scan progresses.
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Figure 436. The Labviewinterface for the DCMFL inspection system.
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4.4.2) Hall Effect Sensorsetup andCharacterization

Hall Effect sensorprovidea cheap and effective mearfarovestigating the presence

of cracks in ferromagnetic componegitby measuring thenagnetic fieldvariations
caused by sucltracks. They are more sensitive to low frequency excitations
compared to impedance measuremdfis hence they are more suited for far
surface hairline crack detection.They are especiallysuitable for detecting high
magnetic fieldscompared to GMR and TMR sensors, whose sensitivity decreases
with increasing magnetic fieldin addition, they have a better temperature
characteristic and stability compared to other sensors and measurement components
(coils) [7], thus,it is considered detterchoice for the measurement thie leakage
fields from hairline cracks, in this warkThe schematic diagram of the Ratiometric
linear Hall Effect sensor used in this work, alongside it dinogssis displayed in

Fig. A.1 inappendices A.

Prior to the experimental part of this projechet operation characteristicsand
sensitivity of the Ratiometridinear Hall Effect sensomused(A1302KUA-T from
Allegro microsystems) was investigatethe investigation was carried oatorder
to obtain a meanef calibrating and convertinthe leakage signal detied by the
sensor in volts toesslg which will be useful in calibrating the result that will be
obtained in sukEquent experiments. First, a simgiecuit designwas constructed
for the sensor electnics usinga breadboardas shown in Fig. .87. An input
voltage of 5V magnitude was supplied to tesensomsinga dc power supplywhile
the output terminal of the senseas connectetlo anoscilloscope to read off the
corresponding output voltag€he Ratiometric Hall Effect sensor wssen to output
about2.5 V when no magnetic input was applied, which is half of the supply

voltage.
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Figure 437. The initial sensor circuit construction connectectoC power supply

After testing the mode of operation of the Ratiometric Hall Effect sensor, a
appropriate circuitry wathendesignedor the sensor using a printed circuit board
(PCB). The schematic diagram of the sensor circuit used is simokig. 438. The
bypasscapacitor shown is used for decouplitigat is it separates one part of the
circuit from the other in other to minimize or possibly cancel out the effect of,noise
which might cause a decrease in the sensitivity of the sensor. The bypass capacitor
cance$ out the effect of noise by increasing the signal to noise ratio of the circuit.
The pin 1 of the sensor is the connection to the source voltage (VCC), pin 2 is the
connection to thground (GND) and pil is the output voltage connection (VOUT),

this isshown clearly in table.8.

V+ inl pin3 VOUT
. PN vee VOuT —— e
A1302KUA-T
+
— Ceypass——
pin2 1 2
3

Figure 438. The Hall Effect sensor operating circuit design and pin arrangement.
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Table 46. Showingthesensor pins with their respective connection terminals

Terminal | Pin Connection | Function

VCC 1 Input power supplysource voltage).
VOUT 3 Output signal; also used for programmir
GND 2 Ground.

Moreover, the sensor is expected to go into the slot made on tper8Bd sensor
holder attached to the-yz trangation stageas shown in Fig. 439, to enable an
easy movement along the sample surface. Hehcannot be directly connected to
the circuitshown in Fig. 438 Therefore,a suitablecircuit (PCB) design was mad
using the design spasdoftware as shown in Fig.3Bb. Here, thesensor is linked to
the circuit board with wiregwires soldered to the PCB boarid) enable an easy
inserton of the sensoneadinto the slotmade orthe 3D sensor holderas shown in
Fig. 4.3%.

(a)

3D printed
sensor holder

X-y-z translation

sensor head

Figure 439. Showing a) Hall Effect sensor fitted into tt8D printed sensor holdsiot mounted on
the xy-z translation stage, b) PCB circuit des{gsing the design spark softwafe) the sensr

connectiorand c)a picture of the seps circuitry (sensor electronicsfter it was fabricated
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4.4.2.1) \Volts to Tesla Calibration

The voltage output from the Ratiometric Hall Effect sensor is proportional to the
magnetic figd strength being detected and was calibrated in units of VAol this
reason, a appropriatesetup was constructed for the Hall Effect sensor calibration,
using a solenoid with #otal length of 585 mm and diameter of ® mmas shown in

Fig. 440. The ®lenoid was wound with 475 turns of thermally durable copper, wire
with a diameter of 2mm,lae s i s t a @ genarated 4 unigxial magnetic field
(z-axis). Hence, the sensor was positioned at the centre of the solenoid such that it
measures the-field componentThe sensor output was connected to an oscilloscope
in order to measerthe resultant magnetic fielgenerated in the solenoid volts.
Different current levels were applied to the coil éimgd generated different magnetic
field magnitudein the z direction. When the magnetic field in the solenoid changes,
the outmt voltage of the sensor read tae oscilloscope changeTherefore, the
magnetic flux densitgorrespondingo a particular current level can balculated
usingthe formulathatdescribes the magnetic flux density produced at the centre of
the solenoigwhich is expressed iequation(4.1) [8, 9;

|+

. (4.1)

Where, || is the magnetidlux densitygenerated in the solenoid iasta,A is the
permeability of free spacea) is total number of copper wire wrapped around the
solenoid, Qs the current applied to the cailis the total length of the solenoid aind

is the radius of the solenoidkig. 441 shows the output characteristic of the
Ratiometriclinear Hall Effect sensor usedi the calibration taskThe Hall Effect
sensor sensitivity was found to be 0.0138 V/atb V biasing voltage. Thesn s or 0 s
linearresponses in the range £170 mbut saturates when the magnetic flux density
exceeds +170nT. The measured Hall output voltage lineatitgs a coefficient of
determination(’Y ) equal to 0.9999This means thathe Ratiometric Hall Effect
sensor possesses the capability to linearly amplify a feeble Hall signakll as
cancel out large offsetHence, the Hall Effect sensor is suitable for the detection
and characterization of the feeble leakage field signal generated by the surface and
far-surface hairline cracks investigated in this wdklso, the capability of thédall
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Effect sensor to canteut large offsets (i.e. the quasi static output volthgeexists

in the absence @ magnetic fieldmeans that it can be utilized where low frequency
magnetic field signals have to be detected, which particularly makes it suitable for
detecting farsurface hairline cracks in pipeline structures.

The Hall sensor output values obtained the subsequenexperimers were

converted tamagnetic flux density (ImT) using the sensor és

01 OR3P a@ifidt V.

is;0 a"Y

Figure 440. The solenoid used for thiRatiometricHall Effect Sensoicalibration.
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Figure 441. The RatiometricHall Effect sensor output voltagas a function of magnetic flux density
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4.4.3) Experimental Results and Discussions

In this section, e detectionsensitivity of theFEM optimizedDCMFL measurement
systemis assesse@xperimentally using a 10 mnthick and a 6 mm thick low
carbon steel plateThe test plateweremagnetized witha directcurrentof 4 A. This
generatech magnetic flux densityB) of 1.0 T and1.29 Tin the 10 mm and 6 mm
thick plates respectively.

4.4.3.1) Repeatability Test for DCMFL Measurements

First, the repeatability of thé=EM optimized DCMFL measuremensystemwas
examinedexperimentallyby acquiring the leakage field sigr(aﬂl.) generatedy a 4
mm deep surfacéairline crack and a 4 mm deep faurface hairline crack
Measurements wenepeated 10 times order toverify the reproducibilityof the
measurement results, since the success dD@MFL investigation isdependenbn
the satisfactory reproducibility ohé results obtained. ThmeasuredMFL signal
amplitude || .) as a function of scanning distander the 4 mm deep surface
hairline crack and the 4 mm deep-farface hairline cragkshowing the standard
error information(error bars)s illustrated in Fig4.42 It can be seefrom Fig. 442
that theexperimentaDCMFL systemmaintaineda good repeatabilityminimal
error). The maximum standarddeviation recordedor the surface and faurface
hairlinecracls werepg 1T p m mTandu p 11 mMT respectively Thestandard

deviationquantifies the amount of variation or dispersof thedata set collected

r

from the sensor, and was found to be lowYO The lowminimal

standard deviation meatizat the data points tends to be close to the mean of the set
which shows a high repeatability of the datdlexted over the scanneégion as
illustratedin Fig. 442

The standard error and percent&yeor werecalculated using equatier®.2 and 8
respectivelyWhere"Y'Qs the standard deviatiprt is the number of measurements

wis the average value of the tereasurementand”Y'Qis the standard error (i.e. the
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standard deviation of its sampling distribution or an estimate of the standard
deviation).The maximum percentage error recorded for the surfacdaastirface
hairline cracks were0.9 % and 0.23 % respectivelyvhich shows a high
measurement precision of the data collected from the Hall Effect sensor over the

entire scanned region
YQ = (4.2)

POili ¢+ pnm (4.3)
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Figure 442. Themeasured/FL signal amplitude || . as a function of scanning distarfog; a)

4mm deesurface haline crack (standard errprand d) 4mm deep faurface hairline crack

(standard error).
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4.4.3.2) Detection and Characterization of Hairline Cracks with Different

Depth Sizes

The characterized Hall Effect senseasscanned across a rangesofface and far
surface hairline crackand the|| . component of the leakage field wasquired. The
depth sizes of the hairline cracks inspected ranges @@mmm to 4mm, with a
constant width and lengtbf 0.2 mm and 10 mm respectively. This was used
analyzethe effect of crackdepthvariationon theresultantieakagefield distribution
and to ascertain the maximum penetration depth of the induced magnetio fredd
test plates The dimensions of the various surface andstafacehairline cracks

testedare clearly displayedn table 47, along with their respective gk leakage

field amplitudes(||,"+§§Both line scanand area scartechniques were used to
provide a mee refined and enhanced visualibn of the crack information and
features. The results obtained from a line scan across various hairline, eriiboks
different depth sizes apresented in Fig..43. It shows the relationship between the
measured||. leakage fieldamplitude and the depthf warious surface (see Fig.
4.43a) and farsurface (see if. 4.43b) hairline cracksas a function of scanning
distanceThe MFL signals were extracted Grbn above the sample surfa@5 mm
sensor liftoff). A good correlatiorwas found to exisbetween thd|, leakagefield
characteristic (signature) obtained experimentally and thiined via simulation
(see Fig. 4.7a).
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Table4.7. Details of the various surface and-farface hairline cracks with wang depth sizes,

present in a 10 mm thick platalong with their respective peak MFL sigaahplitudes.

Plate number Crack Type Crack Depth | Crack location MEL || .—-+‘
d (mm) h (mm)

(mT)

Plate 1 Surface 0.2 0.0 4.32
Farsurface 0.2 9.8 4.16

Plate 2 Surface 0.4 0.0 4.46
Farsurface 0.4 9.6 4.20

Plate 3 Surface 0.6 0.0 4.64
Farsurface 0.6 9.4 4.25

Plate 4 Surface 0.8 0.0 4.80
Farsurface 0.8 9.2 4.30

Plate 5 Surface 1.0 0.0 4.96
Farsurface 1.0 9.0 4.38

Plate 6 Surface 2.0 0.0 5.72
Farsurface 2.0 8.0 4.90

Plate 7 Surface 4.0 0.0 8.09
Farsurface 4.0 6.0 5.83
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Figure 443. A line scan of theneasured MFL signal|| . amplitudefor different crack depthas a
function of scanning distander; a) Surfacénairline crackspresent in 40 mm thick platend b) Far

surfacehairline crackspresenin a 10 mm thick plate

A photographof a typial EDM surface hairline crack, presanta 10 mm thick
plateis shown in Fig. 44. The crack is rectangular in shape, with a dimensidr0of
mm 0.2 mm 4 mm (40 %surfacewall loss).Fig. 445a and Fig. 445b shows the

3D imagingof the |, leakage fielddistribution obtained in the vicinity of @ mm

deep surface hairline crack and awh deep faisurface hairline crack respectively.
The inducedmagnetic field lies along the axial direction, whereas the cracks are
positionedtangentidly to the field orientation A Correspondingaxial line scan
across the centref the 4 mm deep surfadairline crackandthe 4 mm deep far
surface hairlie crackare shown in Fig. 4.43a and Fig.48o respectively. The
analysis of the MFL signate from the Hall Effect sensor for both types of crack
shows pronounced effect of metal loss on the axial leakage field profile. As the
tangentially oriented cracks are detsl, the amplitude and distribution patterns of
the leakage fields are altered with regp® the crack shapand size (length and
width). Also, the measuredeakagefield signalfor both cracks varyith relative

position of the sensor to the crack axigth the peak amplitude recorded at the crack
centre.The peak values of thkeakagefield signal (||,"+gfor the 4 mm deep
surface andhe 4 mm deep fasurface hairline cracks are 8.1 mT and 5.8 mT

respectively.

Also, thedistinction between a surface and adarface crack can be interpreted
from the resultant leakage field profilehich shows a significantly lower signal
value as well as a broader signal width for thestaface crack, compared to a

higher signal value and narrower signal width observed fine surface craclof
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equivalent sizeThe lower signal level recorded for the-frrface crack is due to a
reduced magnetic flux leakage intensity with increasing crack location from the
sample surface, while itsralader signal width is attributed to the lateral spread of
magnetic field (inherent divergent effect) at theimty of the farsurface crackThe
relationship between th&ze andshape of botlnairline cracksand the leakage field
signal can be estableed from the imagedfield distribution by analyzing the
distribution change of the fluk the length and width directions. Moreoyebme
useful features can be acquired fromnh@pped ouimages, such ake; crackype,
crack position, crack orientationand dimensional informatiortHlowever, for non
uniform crack shapegcomplex geometry) such mappedut images may not

disclose very useful information regarding the geometries of the cracks.

Figure 444. A 4 mmdeeprectangular shaped hairline crack @0wall loss) presenet an10 mm

thick low carbon steel platefackwidth = 0.2 mm andracklength = 10 mm).
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Figure 445. A 3D illustration of the measured MFL” . Signakfor a 4mm deepa) Surface

hairlinecrack in a 10 mm thick plate and b) Fanfacehairlinecrack in a 10 mm thick plate.

Fig. 4.46 and Fig. .47 showthe results obtained from area scan in the vicinity of

all the surface and fasurfacehairline cracks respectively, as a function of x and y

distancesThe scanned area represeatsurfacef 20 mm 20 mm with a constant

scanstep size of 0.5nm in the x and y directionsA peak leakage field||(,"=|=§
amplitude of 4.32 mT, 4.46 mT, 4.64 m4.80 mT, 4.96 mT, 5.72 mT and 8.09 mT

was recorded for the 0.2 mm, 0.4 mm, 0.6 mm, 0.8 mm, 1 mm, 2 mm and 4 mm

deep surface hairline craxkespectively. Likewisga ||,"+§mplitude of4.16 mT,

4.20 mT, 4.25 mT, 4.30 mT, 4.38 mT, 4.90 mT and 5r83was recorded for the
far-surface hairline cracks respectively. The increagingopor ti on of
amplitude for the surface hairline cracks are; 3.1 %, 3.9 %, 3.3 %, 3.2 %, 13 % and

29 % respectivelywhile the increasing proportion of the sigbas

amplitude

far-surface hairline cracks ar&.0 %, 1.2 %, 1.2 %, 1.8 %, 11 %, and 16 %

respectively

Also, basedn the information displayed in bofigures, it can be seen the Hall

Effect sensor is able to detect as small as a 0.2 mm deep surface hairlin@%rack

surface wall loss) and a 0.6 nmaeep farsurface hairline craci6% farsurface wall
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loss) located9.4 mm below the surface ofl® mm thick plate, with a goagignal to
noise ratio. However, the sensor was not able to detect a 0.2 mm and a Geepm
far-surfacehairline cracks located 9.8 mm and 9.6 mm below the plate surface
respectively.Thus, themaximum peetration depth achieved in the 10 mm thick
platewas9.4 mm This means thasurface hairline cracks with depth size of 0.2 mm
and above and fasurface hairlineradks with depth size of 0.6 mm and aboveain

10 mm thickpipeline structure can be effectively detected and evaluated while using
the newly developed DCMFL inspection systemMoreover, the leakage field
amplitude and distributiopatternfor the fa-surface hairline cracks wefeund to be
lower and broaderespectively, when compared to the leakage field amplitude and
distribution pattern foan equivalent surface hairline cradee Fig 5.46 and Fig.
5.47) Thisis due tothefield dispersion (field spreading) occurring at thedarface
crack vicinity, which increases with increasing crack location from the sample
surface Also, theleakag field dispersion leads tan attenuation of theneasured

leakage field amplitude.
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Figure 446. An area scan of the measured MFL sigrﬂaJ amplitudefor different surface hairline

cracks with varying depth sizes, as a function of x and y distances
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