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Abstract

The goal of this work has been to evaluate the possibility to use mathemadtal modelling
to characterize the capability and reliability of automated eddy current inspections. The
safety in aerospace propulsion is critical. Components that are criticafor the operation
are therefore designed to withstand material degradation. This is vered through the
use of non-destructive evaluation (NDE) methods. The NDE methods arecharacterized
in a statistical manner by probability of detection (POD) assessmens. The result will
be di erent when evaluating di erent materials, geometries, defect types and also by the
speci ed procedure settings. This is in principle leading to acostly and time consuming
campaign for every new NDE application. Eddy current evaluation is one of tle most
applied methods for NDE of aero engine components and is studied withithis work. The
nature of the method is complex and there is therefore a need for deep understanding
that may be gained from mathematical models. Such models can have sewat objectives
as for example procedure and equipment optimization or understandingf the method
capability and reliability. This work focus on the model based estimation of method
capability as the method is applied in a realistic and automated procedre. The nite
element method is used for prediction of the eddy current interation with defects. The
work has shown that tight fatigue cracks can be modelled together with tke variations of
a realistic procedure with good accuracy. Bridging electrical coracts between the faces of
the fatigue crack can be captured in a nite element model and is impotant for a relevant
description of the aw. The in uencing procedure parameters with their variability can
also be included in the mathematical description resulting in a pediction of the POD
as a function of defect size. The model based POD approach has the potéaltto be an
important part in characterization of NDE methods applied to evaluate the structural
integrity of components in the future.

Three papers are included in this thesis. The rst presents themethodology in the set up
of a 3D model of eddy current NDE. The second paper concerns the desption of the
realistic fatigue crack, evaluated in both models and in experiments The third paper
shows a comparison between an experimental and a model based POD assasnt.

Keywords: Non-destructive Evaluation, Eddy Current, Finite Element Model ling, Prob-
ability of Detection, Model Based Probability of Detection
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Thesis

This thesis consists of an extended summary and the following apperd papers:

A. Rosell and G. Persson (2011). \Modelling a Di erential Sensor in Eddy
Current Non-destructive Evaluation”. In: Proceedings of the COMSOL
Conference COMSOL Conference (Stuttgart, Germany). isbn: 978-0-
9839688-0-1

A. Rosell and G. Persson (2012a). \Finite Element Modelling of Closed
Paper B Cracks in Eddy Current Testing". In: International Journal of fatigue 41,
pp. 30{38

Paper A

A. Rosell and G. Persson (2012b). \Comparison of Experimental and
Model Based POD in a Simpli ed Eddy Current Procedure"”. In: 18th
World Conference on Nondestructive Testing (Durban, South Africa).
(Accepted for publication in conference proceedings)

Paper C

All papers are written with co-author. | have carried out all computations, experimental
work and have written the papers. An other contribution related to thi s work is

L. Larsson and A. Rosell (2011). \The transition matrix method for a 2D
eddy current interaction problem". In: Review of progress in quantitative
nondestructive evaluation (Burlington, Vermont). (To be published in
conference proceedings)

The extended summary is in turn divided in six chapters. The rstis an introduction
to the current work. The second is describing eddy current non-dstructive evaluation
and the important aspects of the method that relate to modelling. The third chapter
describes the numerical modelling using nite elements and hw this is applied as a tool
for prediction of eddy current measurements. This chapter containsalso solutions to some
typical probe - aw interactions. The fourth chapter describes the statistical concepts
of probability of detection and how this is used in capability estimation of eddy current
procedures. The fth chapter summarizes the contributions in the appended papers. The
nal chapter of the extended summary presents the main conclusions ashthe way forward
in the eld of eddy current modelling.
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1 Introduction

Non-destructive evaluation (NDE) is referring to the range of methods together with
their procedures, that are used to assure the integrity of componerst and structures
without damaging their further use. The methods have in the past rdied on the skill and
experience of operators. Eddy current (EC) evaluation is one of the mosapplied methods
for NDE. The method is suitable for automated procedures and has the bent of being
environmentally friendly compared to other sometimes interchangeale methods such as
orescent penetrant inspection (FPI). As the nature of the method is complex, there is a
need for a deeper understanding that may be gained from mathematical naels. Such
models give the possibilities to understand, optimize and also qudify the capability and
reliability of the method.

1.1 Background and motivation

Volvo Aero Corporation is designing and manufacturing a large number of compnents
for use in jet-engines and gas turbines. The design commitment putsamands on the
quality assurance of components in a life-cycle perspective. A shbsummary may set
this commitment in the context of development in the eld of NDE. Th e rst attempts
to y were conducted more than one hundred years ago. Since then thereds been a
tremendous development of airborne vehicles that now serve as one ofd@¢lmost important
links between people around the globe. It was early identi ed that airaafts must put
safety rstin all aspects. This has become more important as airborne trael has increased
over the years. The airplanes used today are one of the most challengirggructures that
exist. They are optimized for safe operation and e cient use with a congant challenge
of lowering the environmental impact. During the rst fty years of aircraft usage, the
critical parts of an airplane were designed to withstand the ultimate loads that could
appear during operation. This included safety factors, if for example here would be
weaknesses in the structural parts. Several accidents during thB0's and 60's showed that
fatigue and material degradation must be considered in designing critial components used
in the aircrafts (ASIAC 1980; Wanhill 2002). The approach of damage tolerance degn
was adopted and maintenance and overhaul became even more important (Sind900).
In order to ensure the structural integrity of components and structures, various NDE
techniques are employed. This minimizes the risk of having avs that may grow beyond
critical sizes during operation. The capability of the NDE methods ischaracterized in a
statistical manner. The largest defects that may go undetected are usd as input for design
of critical components. The characterization of NDE methods is carried at through
so-called probability of detection (POD) assessments. The outcome &ém such assessment
is in principle a curve stating the detection probability as a function of defect size.
The result will be di erent when evaluating di erent methods, components, materials,
geometries, defect types and also by the speci ed procedure satgs, for example if
inspection is carried out manually or with a high level of automation. This is leading
to a costly and time consuming campaign for, in principle, every new NIE application.
A large number of set ups has to be used in order to get a good statisticalsémate of



the POD. The procedure also includes a large number of real defect®\ mathematical
description and a methodology of using models for the statistical esthation of POD
may signi cantly reduce the cost and time needed for purely expertinental assessments.
The model based approach may also allow a thorough analysis of the e ect on PD
from the parameters of the inspection procedure. This can give an e cent tool for
optimization and understanding of inspection procedures. The modebased approach may
sometimes represent the only possibility to get insight or verify pecial inspections. This
includes for example if the desired defects are di cult to retrieve in order to carry out a
valid experimental POD estimation. The demands of light weight, reliable aero engine
components as well as the design responsibility are requiring incesed knowledge of the
applied inspection methods. E cient inspection methods and tools for their capability
assessments are therefore important in order to achieve a better maek position and
improve competitiveness.

1.2 Scope and approach for the current work

Numerical modelling of the EC method has been developed since the &0{Auld and
Moulder 1999). It was early shown that such methods could be used to pdict aw
response characteristics. The goal here is to continue this developnt in order to build
a model capable of predicting the POD corresponding to a realisticautomated EC
procedure. This means to construct a POD curve based on a real prodare but created
by a mathematical model of the underlying physical principles. The research question for
this work has been:

How can a mathematical model be used to predict the probability of
detection for automated eddy current procedures?

This work focuses on procedures for detection of surface-breakingtfgue cracks. The
materials considered are nonmagnetic and crack sizes are around one milktne. The
nite element method (FEM) is used for describing the EC method in a mathematical
model. This technique represents one of several mathematical teniques for solving the
underlying equations which describe the governing physical priciples. This choice is
based on the possibility to include complex geometries in order to aive at predications
of con gurations close to reality. The method allows a more realistic eéscription of the
part but may also be one of the few possibilities for modelling of the itue, individual
aw. The crack represents a local variation in the material and the model is restricted to
the volume of the magnetic eld in proximity to the aw. Models cre ated with a high
number of parameters are studied. The goal is to reach a comparison betweeeal and
modelled POD assessments in realistic procedures. This invadg the understanding of
how to model real defects and to include process variations. It washerefore decided
at an early stage to use a commercial software package for the three dimensinnite
element analysis.



2 Eddy Current Non-destructive evaluation

2.1 Introduction

This chapter serves as a short review of the eddy current method as is used for NDE.
The di erent aspects described give the framework for modelling othe method and also
to POD assessments. The applications studied in this work relatesd surface inspection
of paramagnetic materials evaluating small ( 1 mm) surface breaking fatigue cracks.
Experimental work with the method is carried out for validation purpos es within the
work presented. A description of the experimental set up and applid analysis tools are
therefore described brie y in this context. Some references argiven in the text but for
general information it is recommended to consult for example (Udpa and More 2004;
McMaster et al. 1986; Blitz 1997; Shull 2002; Cecco et al. 1983; Hagemaier 1990).

2.2 General principles

Eddy current is an electromagnetic method used for non-destructie evaluation of materials.
An alternating current (AC) is applied to a conductive element which generates a magnetic
eld surrounding the eddy current probe. The frequency of the eld is usually ranging
from a few kHz to several MHz for typical NDE applications. The magnetic eld interacts
with the material under test, which must have the physical propetties that enable changes
in the magnetic eld that correspond to the variable of interest. The eddy current method
evaluates thus only conductive materials even though this also inclues low conductivity
materials such as graphite-epoxy composites. The magnetic eld from th probe is
inducing electrical currents (eddy currents) in the test object and the measurement is
a description of the state of these. Changes are depending on variations efectric
conductivity and permeability in the volume of the magnetic eld. Th e eld and thus
also the induced currents are decreasing fast into the depth of a cauctive material. The
method is therefore applied for measurements of properties or detéon of defects close to
the surface. The response of the applied magnetic eld can reveal infaration of material
conditions such as hardness, thickness, presence of corrosion, oretdf such as porosity
and cracks. The eddy current system measures this response of theaterial property,
which is causing changes in the induced currents, as a variation of prabimpedance.
The variation is presented, after signal conditioning, on the display ofthe eddy current
instrument. The output impedance must in general be interpretedthrough the use of
a reference, which is an important part of any eddy current measurenm@. There are
several steps of technique optimization which have an impact on the wme and application
ranging from the probe to the inspection set up, frequency, the matgal under test
and nally the expected aw characteristics. Maxwell's equations describe the physical
laws behind eddy current NDE. The equations are not given here but aredescribed
in textbooks regarding electromagnetic eld theory, the formulation for eddy current

problems is presented inPaper B .



2.3 History in short

Eddy current evaluation has its roots in discoveries made more than 150ears ago. In 1831
both Joseph Henry and Michael Faraday discovered the phenomenon of efgomagnetic
induction. The principles behind these laws of nature were laterexplained by James
Clerk Maxwell in his formulation of electromagnetic eld theory in 1864'. The rst
practical eddy current test was conducted by David E. Hughes who 1879 sl the
telephone invented three years earlier as a device for producindgmnals corresponding to
the imbalance between two pairs of coils (Hughes 1879). Hughes measured thkectrical
conductivity of di erent metals using copper as a reference value.This approach has lead
to a conductivity unit described by the percentage of this referece in the International
Annealed Copper Standard (IACS). Rapid technological developments dung World
War Il demanded non-destructive testing techniques. During this time the modern eddy
current equipment was formed by Friedrich Ferster. He developedprecise theories for
many basic eddy current tests and pioneered the impedance plane giky in the early 40's
(Ferster 1983). He developed many specialized solutions and laid the foufation of one of
the biggest advantages of eddy current inspection; the precise thedieal descriptions. A
more complete list of Ferster's contributions are summarized in the rst edition of the
NDT Handbook (McMaster 1959). The electrical signal handling and instrumentation
have gone a long way from the use of impedance plane curves introducég Ferster in the
40's and further, with the microprocessors in the 70's, to now use the&apacity of modern
computers. This allows every technical application to be customize for its purpose. The
development has created possibilities to work with signal processg ranging from ltering
and statistical noise reduction to inverse modelling (Auld et al. 1988;Udpa and Udpa
1996) and neural networks (Song and Shin 2000; Ren and Ida 2002). The technigisenow
allowing the user to tailor the instrument characteristics to the application very e ectively.
Eddy current is today one of the most employed methods of non-destrctive evaluation.

2.4 Probes

Construction of a suitable probe is a procedure that has large impact on uderstanding

the operation principles of the eddy current application. The object under test is in

general placed under the probe for inspection on open surfaces (some dience in the
discussion holds for tubular, wire or similar inspections). It is therefore desirable to direct
the magnetic eld towards the surface under the probe. This implies that the current

carrying element of the probe usually is wound into a coil and that feromagnetic materials
can be used for shielding the eld in the other directions. Ferromagmtic material placed
inside the coil will give a focusing e ect to the applied eld. Th e ferrite will also enhance
the magnetic eld strength inside the probe and is widely used in orer to increase the
signal to noise ratio. A ferromagnetic core may also serve better against vae as the probe

1The equations are appearing in his four part article  On physical lines of force published in 1861 and
1862. The original set of equations is rst formulated in A Dynamical theory of the electromagnetic eld
in 1864, published 1865. His work on the theory of electromag netism is nally summarized in the book A
Treatise on Electricity and Magnetism  which was published in 1873.



is scanned over a test object surface, Polytetra uoroethylene (PTFE) tape is also widely
used as a protective and replaceable layer. The copper coil is usualplaced inside an
epoxy body and the winding has a thin isolating layer for protection of currents owing
between the wound layers of the coil.

The coil that is carrying the external current can also serve as sensoof changes in
impedance. In that case called an absolute probe, see gure 2.1. Howevdrig also
common to use another coil for sensing or to measure the impedance di ence between
two or more coils. This can be extended to the construction of array or matix probes to
gain larger coverage in a single scan (Grimberg et al. 2006). Specializedgires may have
complex geometries and can also be sensitive to the direction of theat, for example when
optimized for detection of defects below the surface (Stepinski 20Q2Jchanin 2001). There
are also probes that are developed for specialized inspections, for expta welds (Noritaka
et al. 2006). The sensing elements, which usually are coils, can be taped by Hall or
giant magneto-resistive (GMR) sensors, especially to get higher seitizity at low frequen-
cies (Dogaru and Smith 2001). Probes produced as printed circuits are asdeveloping
as well as speci ¢ assemblies that give possibilities to adapt to cued surfaces (Marc-
hand et al. 2010), or the so-called Meandering Winding Magnetometer (Goldne and al.
2005). The magnetic eld exciter and the receiving element must be inluded in a mathe-
matical model of the EC inspection, which therefore may need a compk probe description.

Core

Coil

Shield

Figure 2.1: Cross section of an absolute eddy current probe with ferrite coreral shielding.



It is important to ensure a good coupling of the generated magnetic eldto the object that
is inspected and the volume where defects might occur. The posianing of the probe must
be as close to the surface as possible, with an optimal alignment. The dance between
the test surface and the probe is referred to as lift-o . This parameter must be kept of
the order of 0.1 mm, when the EC method is applied to small cracks, segure 3.14 on
page 26. The tilt angle of the probe i.e. the di erence between the prob axis and surface
normal has an impact similar to that of lift-o for small angles (Zhang et al. 2008). If the
surface of the test object is curved there will be a similar redudbn in the coupling of the
magnetic eld to the object under test. It is important to point out th at it is often crucial
to keep these variable under control and as constant as possible as the prelis scanned
over a surface. Therefore, it is common to put the probe directly on he surface during a
scan even if it in principle would be possible to inspect without keing in contact with the
component. It is common practice to use a spring load on the probe to ensa a constant
lift-o against the surface under test. Calibration principles wher e the probe tilt angle
can be adjusted are also used to ensure that the inspection is carrieaut under optimal
conditions regarding the positioning. The variation of sensitivity between probes can
be considerable. This must in general be considered in techniquepability assessments
and evaluated by use of references. The reason for di erence betwegmobes can be
variations in probe assembly, which often is manual in many stages. The imence on the
induced currents arising from some parameters can be evaluated in a magmatical model.
Figure 2.2 shows calculations of the induced surface current dengifrom a typical absolute
probe. There is also possibilities of using for example photoinducte eld mapping to
retrieve variations between individual probes experimentally (Moulder and Nakagawa
1992).
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Figure 2.2: Induced surface current density from an absolute eddy current prab
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