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Using Electrical Resonance in ECT:
Principles, Challenges and Applications

Robert R. HUGHES #!
2CAME School of Engineering, University of Bristol, UK

Abstract. Electrical resonance is seen as a nuisance by many when designing &
performing eddy-current testing (ECT) inspections. Tricky to model and difficult to
control, it is regularly avoided, but research has shown that it can be used to improve
the signal-to-noise to material features and could open the door for novel sensor
systems. In this paper, the author summarises work conducted in this area,
presenting research on the principles and modelling of resonant behavior in ECT
inspections, and discusses the potential applications and challenges of resonance-
based techniques for non-destructive testing.

Keywords. ECT, Eddy-Currents, Resonance.

1. Introduction

The exploitation of electrical resonant behavior is not a new approach in eddy-
current testing (ECT). Some of the earliest analogue ECT systems exploited the large
amplitude changes that occur around electrical resonance of eddy-current coils when in
the presence of changes in lift-off, defects and material features [1]. However, as
technology developed, and digital systems allowed for greater control and quantitative
evaluation, the instabilities of resonance were deemed too problematic to account for,
leading to the abandonment of resonance-based methods in favour of more stable, easy
to model sub-resonance excitation techniques [2]. In doing so, any benefits of resonance
have been forgotten.

Despite this, there are still advantages to employing electrical resonance in certain
ECT applications. Over the last few decades the exploitation of shifting behaviour in
electrical resonance has reemerged in ECT research as a means of enhancing the
sensitivity of inspections [3]-[6]. Research into this effect indicates that resonance-based
sensing could be a powerful tool in the ECT measurement arsenal, exhibiting higher
signal-to-noise ratios to material features [7],. However, without an adequate
understanding and robust models for resonant behavior, techniques exploiting resonance
will remain a fringe research practice.

In this paper, the research conducted to date on the characterisation and modelling
of resonance-based eddy-current sensing is summarized and discussed, with a focus on
the potential applications, practical limitations and future challenges.

Analytical expressions, derived from circuit theory, for the critical features of
electrical resonance, including resonant frequency, peak amplitude and full width half
maximum were examined, and their predictive powers compared to other methods of

! Robert R. Hughes, Department of Mechanical Engineering, University of Bristol, Queen’s Building,
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modelling resonance developed [8]. Accurate resonant spectra models were developed
using genetic (differential evolution) algorithms to optimize unknown variables in the
multi-dimensional parameter space [9]. These models are then used to test simple
predictive models simulating the effect of defects on resonance and compared to
experimental resonant spectra measurements, recorded using a low MHz range
impedance analyser, of wire-cut slots and EDM notches in Aluminum. The circuit model
and experimental data are then compared to bespoke 2D & 3D finite element analysis
(FEA) models, developed in COMSOL, and used to invert rectangular notch defect
dimensions.
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Figure 1. Modelled resonant spectra: Circuit model (dashed) verses experimental (solid), giving inverted
values calculated from measured resonant features.
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Modelling of PoD Curves Incorporating
Multiple Correlated Flaw Signals

Prashanth BASKARAN 2!, Artur RIBEIRO ? and Helena RAMOS 2

2 Instituto de Telecomunicagaes, Instituto Superior Técnico, Universidade de Lisboa,
Lisboa, Portugal

Abstract. Probability of detection (PoD) models take into consideration one or
multiple flaw parameters, say the length, maximum depth, or surface area, and a
single flaw signal. However, due to the correlation between the response signals, it
might be necessary to consider multiple response signals to know about the flaw.
Hence, in this work, we demonstrate the possibility of including multiple correlated
flaw signals (features) towards the construction of a PoD curve. The flaw features
considered are the peaks of the 3 components of the magnetic flux density i.e.
By, By, and B;. This is a fully model assisted (FMA) study in which an aluminium
plate, that contains a narrow opening flaw, is inspected by an eddy current probe
that induces spatially uniform fields in the conductor in the region of interest. The
analysis was performed using the semi-analytical boundary element method.

Keywords. Boundary element method, Magnetic flux density, Model assisted PoD

1. Problem Motivation and Boundary Element Analysis

Probability of detection (PoD) study, of a specific method, aims at determining the prob-
ability at which a flaw of certain dimensions is detectable. These studies are necessary
in an industrial context because the NDT inspectors are viable to make imperfect in-
spections and may miss the detection of a fatal flaw. Conventional PoD study involves
considering just one flaw parameter, say the flaw length or depth, and one flaw signal,
say the peak of the induced voltage, the magnetic flux density components measured
by a sensor or the coil impedance. However, some studies have indicated that multiple
flaw parameters are needed to accurately evaluate PoD [1]. Another study indicated that
multiple flaw features are needed to evaluate cracks as they may provide complimentary
informations. Hence, multiple flaw parameters and signals are needed to make a more re-
liable PoD study. Thus, it is necessary to perform a PoD study that can integrate multiple
flaw features, which is the aim of the current study.

In this work, we have considered flaws with rectangular cross-section located
in the sub-surface of a Smm thick aluminium plate whose electrical conductivity is
o = 14.6 MSm~!. The excitation coil considered for the test is an uniform eddy cur-
rent probe that induces a uniform field in a small region, along x axis, where the three
components of the magnetic flux density By, By, and B; are evaluated.

! Corresponding Author: E-mail: prashanth.baskaran @tecnico.ulisboa.pt



Due to the consideration of a narrow opening flaw, it can be modelled as a secondary
source which is populated by electric dipoles that are oriented normal to the flaw surface
opposing the incident electric field. In order to determine the scattering field i.e., the
fields produced by the electric dipole sources, it is necessary to know the distribution of
the dipole density. The scattering fields are generally modelled as an integral equation,
involving the Green’s function of appropriate type. Applying the boundary condition of
vanishing normal component of the electric field to the flaw and invoking the method
of moments, it is possible to convert the integral equations to a linear form and then
determine the electric dipole density in the discretized flaw domain. Using the magnetic-
electric Green’s functions in air [2], it is possible to determine the perturbed magnetic
field components.
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Figure 1. Scattering of (a) |B,|, (b) |B,|, and (c) |B;| due to a sub-surface flaw, located at the center.

2. PoD model and Discussion

The PoD model is performed for varying flaw lengths and depths and the flaw features
being the peak of the magnetic field components. To simulate the effect of noise, lift-off
variations have been considered. Hence for a given flaw case, we have a distribution of
the features. We fit it with a Gaussian function and then compute the PoD by fixing the
detection threshold. From the discrete form of PoD, we fit it with a generalized logistic
function to obtain the PoD curve [2]. This kind of modelling integrates several correlated
flaw parameters (flaw length and depth) and features (peak of By, By, and B;).
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A Study on Electromagnetic
Nondestructive Evaluation of Wire
Breakage Rate of Superconducting Cable
in CICC of Tokamak Magnet

Yingiang Qu', Xiaochuan Liu?, Xudong Li !, Tianhao Liu ', Wenlu Cai *2, Shejuan
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Shaanxi Engineering Research Center for NDT and Structural Integrity Evaluation,
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Abstract. The wire broken rate exceeding the threshold value may cause quench
problem in superconducting magnet using cable in conduit conductors (CICC),
which is one of the big concerns of the safe operation of a superconducting Tokamak
nuclear fusion device. Based on the DC potential drop (DCPD) method and the DC
magnetic field measurement (DCFM) method, nondestructive testing techniques of
wire breakage state are studied through numerical analyses and experiments. At first,
a transverse isotropic numerical code for direct current conducting problem of the
superconducting cable is developed and the signals of potential drop at the cable
surface and the magnetic field surrounding the cable are calculated. Second, the
influence of broken wire rate and position of defect on the inspection signals are
investigated based on the numerical results. The numerical results reveal that the
signal features of both the DCPD and DCFM signals have good potential to
characterize the state of wire breakage. Finally, experimental systems for DCPD and
DCEFM are established and measurements of CICC test-pieces with artificial defects
are conducted. The experimental results verified the feasibility of the both methods
for the nondestructive testing of the wire breakage of superconducting cables.

Keywords. Wire breakage detection, Transverse isotropic, DC potential drop
method, DC magnetic field measurement method

1. Introduction

The development of controllable nuclear fusion technology can make the peaceful
utilization of fusion nuclear energy possible, as well as solve the sustainable
development problem of human beings. The Tokamak device based on the magnetic
confinement is considered to be the most likely way to realize the controllable nuclear
fusion. One of the key components of the Tokamak device is the superconducting magnet,
and it is twining made by superconducting cable-in-conduit-conductor (CICC). The
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CICC is internally consist of superconducting wires, which is tightly twisted together
during fabrication procedure, and improper procession may cause damage to
superconducting wires [1]. When the wire broken rate exceeds the threshold value, it
may cause quench problem during operation and threaten the safety of whole Tokamak
device. Therefore, it is significant to develop a nondestructive testing method to detect
and evaluate the wire breakage rate of the superconducting cable.

2. Method and Results

The DC potential drop method (DCPD) has no skin effect and the current can flow
into the test-pieces which makes it sensitive to inner defect in inspection target [2]. On
the other hand, the DC magnetic field measurement (DCFM) also can detect the inner
defects but without direct contacting measurement. The aim of this study is to explore
the feasibility of these two methods for wire breakage detection through numerical
simulation and experiments, in order to find a better way for practical inspection.

In practice, a numerical code based on a transverse isotropic conductivity model are
developed for simulation of conducting current in the superconducting wire and the
corresponding DCPD and DCFM signals based on a conventional 3D FEM code. The
signals perturbation of the potential drop at the cable surface and the magnetic field
surrounding the cable due to artificial wire breakage defect of different size are then
calculated. Through feature analyses of the simulated signals, the detectability and the
sensitivity of the two NDT methods are compared in view of detection and quantitative
evaluation of wire breakage in CICC. Finally, an experimental system is established,
and the detectability of the DCPD and DCFM techniques for defects in CICC is
investigated experimentally.

Fig.1 gives a typical simulation results of the DCPD and DCFM signals for a surface
wire breakage of 3%. It is clear that the defect causes a significant signal perturbation,
which reveals a good possibility to apply these techniques for NDT of defects in CICC.
The numerical results also show that the signal amplitude and distribution also have
clear correlation with the defect size and location. In addition, the experimental results
show the same tendency with the numerical simulation results, and verified the
effectiveness experimentally. Details will be given and discussed in the full paper.
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Fig.1 Typical DCPD and DCFM simulation signals for a 3% wire breakage defect
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A High Frequency Eddy Current
Numerical Simulation Method Considering
Dielectric Properties of Materials
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Abstract. Conventionally, the displacement current is ignored in numerical
simulation of Eddy Current Testing (ECT) signals as its frequency is usually relative
low. How is the effect of dielectric property on high frequency ECT for inspection
of CFRP material is not clear. In this paper, a numerical method for high frequency
ECT is proposed and implemented. A 3D ECT forward solver based on the FEM-
BEM hybrid method is developed with the displacement current taken into account.
Based on the developed numerical code, the influence of electric conductivity and
permittivity on high frequency ECT signals is studied numerically and found the
dielectric property has to be considered when frequency is higher than 200 MHz.

Keywords. High frequency eddy current, 3D solver, dielectric property

1. Introduction

Eddy current testing (ECT) is a widely used NDT method with advantages of non-
contact, rapid inspection speed and high detectability for surface and near surface defect
[1]. Conventionally, the excitation frequency of ECT is usually lower than 1 MHz, which
enables the displacement current to be ignored in ECT simulation as it is far less than the
value of eddy current. However, the low frequency assumption makes the conventional
ECT forward solver not applicable for the high frequency eddy current problems, which
is becoming important for inspection of defect in CFRP material.

To develop numerical method for the high frequency ECT problem, the A-
¢ governing equation for conventional ECT problem was updated with the displacement
current term taken into account in the Maxwell equations. Then, a 3D numerical code
was developed for the high frequency ECT problem based on deduced governing
equations and the FEM-BEM hybrid discretization. With the developed code, the
influence of electric permittivity on ECT signal was studied numerically.

2. High frequency ECT simulation with consideration of displacement current

High frequency eddy current field governing equation in A-¢ form are as follows:
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where A is the magnetic vector potential, ¢ is the scalar potential, x is the relative
permeability, ¢ = o + jwe is complex conductivity with consideration of permittivity.

Eqgs. (1) have just the same form with the governing equations of the low frequency ECT
problem, therefore it can be discretized and solved with the FEM-BEM method [2].

3. Effect of permittivity on eddy current testing signals

By using the developed ECT simulator with and without considering the dielectric
effect, S., ECT signals without considering displacement current and S;, ECT signals
with considering the displacement current were calculated. In Fig. 1a, numerical results
on relative change of signals with and without considering the dielectric effect is given.
In case of 1 GHz frequency and low conductivity, the relative signal change may reach
as large as 30%. Fig. 1b and Fig. 1c show the simulated ECT signals and relative error
for different frequency when conductivity is 10 S/m. If we define that the influence is
obvious when the relative error is larger than 1%, we can conclude based on the
numerical results that the dielectric effect is not negligible when frequency is larger than
200 MHz.

4. Conclusion
In this paper, a numerical method and related code for high frequency ECT problem
is developed based on the FEM-BEM hybrid method and taking the dielectric effect into

account. The dependence of the ECT signals on the frequency and displacement current
is investigated numerically with the developed code.
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Figure 1. Numerical results for high frequency ECT problem a) Signal at 1 GHz, b) Swept-frequency signal
¢) relative error
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Evaluation of Artificial Notches in
Conductive Biomaterials by Sweep
Frequency Eddy Current Testing

Filip VAVERKA, Milan SMETANA, Daniela GOMBARSKA and Ladislav
JANOUSEK

Department of electromagnetic and biomedical engineering, Faculty of Electrical Engineering
University of Zilina
Zilina, Slovak Republic

Abstract. The article deals with the utilization of the sweep frequency eddy current
technique as an innovative method for material defect evaluation. The new eddy
current probe is designed and presented. The sensitivity and the resolution of the
probe, in contrast with the lift-off parameter, are investigated numerically. The
simulation results are carried out while the harmonic signal is used for the driving
of the eddy-current probe. The results will be presented and discussed in the full
paper.

Keywords. Conventional eddy current testing, sweep-frequency eddy current
testing, artificial notches, eddy-current probe.

1. Introduction

A wide spectrum of non-destructive methods for detecting inhomogeneities are
currently known. Many of these techniques are based on ultrasonic, radiographic,
electromagnetic, and optical principles. One such method is eddy current testing (ECT).
The ECT idea is based on the electrical induction of currents in electrically conductive
materials. Induced eddy currents create a secondary magnetic field, which interacts with
the probe's main magnetic field. The presence of material defects disturbs the eddy
currents and thus alters the probe's magnetic flux density. Maximum values of eddy
currents, as well as magnetic flux, are at the material surface. As the depth increases,
they slowly attenuate and lag in phase. This phenomenon is known as the skin effect and
the phenomenon depends on operating frequency, material permeability, and
conductivity. In eddy current inspection the most common technique is the single-
frequency ECT (so-called conventional approach), pulsed, chirp ECT, etc. In the first
case, a single frequency sinusoidal signal excites the coil. In the second case, the coil is
excited by a square-shaped signal. In both techniques, the depth of the penetration may
not be sufficient for detecting profound defects due to the skin effect. They can also
suffer from errors due to distance variations between the sensor and the test object,
known as the lift-off effect. [1][2]
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The optimal depth of penetration depends on conductivity, permeability, and
excitation frequency. As a result, those parameters must be set very precisely. However,
the change of conductivity or permeability of the material is not feasible. Furthermore,
determining the appropriate frequency of simulation is quite difficult. Therefore, the use
of sweep frequency eddy current testing (SFECT) has been introduced. SFECT works
with a wide range of frequencies and does not need the selection of only one or two
frequencies.

2. Numerical simulation of SFECT: procedure and results

This work aims to simulate the reliability of defect detection in reliance on lift-off
parameter. SFECT technique is used for all the simulations. The frequency interval
ranges from 1 kHz to 100 kHz within the 1 kHz step. The model designed for the
simulation model consists of the metal plate of austenitic stainless steel. The plate model
is a square-shaped body with an edge with a length of 200 mm and a height of 10 mm.
The electromagnetic properties of the material used in the model are relative permeability
u: = 1 and conductivity 6 = 1.35 MS.m"!. The artificial defect is positioned in the center
of the plate, with a thickness of 0.2 mm and a length of 10 mm. The depth of the defect
varies from Imm to 9 mm within a 2 mm step. The probe model is represented by a
system of two independent coils: the transmitting and the receiving coil that are
connected independently. The transmitting coil is supplied with a harmonic excitation
voltage of V=100 mV. The lift-off dependency is measured at 0.5, 1.0, 1.5, 2.0, 2.5, 3.0
mm of the probe from the surface of the material. All measured responses of the receiving
coil are plotted, analyzed, and discussed. The current density field in the material is also
examined. The simulation result for frequency 1
kHz with lift off 0.5 and defect depth 1 mm is shown in Figure.1.

Figure 1. Numerical simulation result: current density at frequency of f=1 kHz
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Hybrid Model for Eddy Current Testing
Defect Detection in High Frequencies

Athanasios KYRGIAZOGLOU?*! and Theodoros THEODOULIDIS?
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Abstract. In this paper we present a modification of an existing analytical model
for a long surface crack on a conductive plate. This is actually a thin skin model
and the challenge for its successful implementation is the accurate calculation of the
magnetic field on the defect-free surface on a conductor. We can now combine
analytical expressions with numerical results to calculate the coil impedance
changes, due to the defect existence. Using the numerical results by FEM for the
coil’s magnetic field into the final impedance change analytical expression we can
simulate eddy current probes with complex shape that are difficult to describe
analytically.

Keywords. Eddy Current Testing, hybrid model, non-destructive testing, FEM,
analytical calculations.

1. Introduction

Eddy current testing (ECT) is applicable to surface crack inspections for high frequencies
and a negligible crack opening. A discontinuity affects the eddy current flow, which in
turn changes the coil impedance. Analytical modelling of discontinuities, that simulate
defects, can be used in order to simulate such ECT inspections. A relatively accurate
model for the ECT inspection is the model developed by Harfield and Bowler, which is
valid for high frequencies [1]. This model uses the magnetic field on the surface of a
conductive plate. The Harfield and Bowler model can be simplified by modifying some
of the coefficients and moreover it implements the simplest version of a long crack [2].

In this paper we present a modification of this thin-skin model for a long crack,
combining the analytical code solution with numerical results from a finite element
method software, COMSOL ® Multiphysics in order to compute the coil impedance
change. The idea is to numerically compute the magnetic field once with FEM. As a
result, we expand the scope of the model to complex probe shapes that cannot be
described analytically.

! Corresponding Author, Athanasios Kyrgiazoglou, Department of Mechanical Engineering, University
of Western Macedonia, Bakola & Sialvera, 50132 Kozani, Greece; E-mail: akyriazoglou@uowm.gr.
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2. ECT Calculation

From the existing analytical model, the expression for the coil impedance change is
provided with respect to the long crack coefficients and the coil magnetic potential along
the surface crack line.

©

[ g 7" ()5 (V) (1)
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142007 jk)U tanh(vb)

2

where g is a coefficient that describes the defect and ¢ is the Fourier transform of
magnetic potential (with respect to defect’s parallel axis). The magnetic potential ¢ is
defined by H” = V¢" where H” is the unperturbed magnetic field at the crack line in
the absence of the crack and in Fourier transform it is written as H y(” = jvg"” . The main

idea is to use the numerical results for the magnetic field H,, to compute the Hf ).

3. Results

Fig.1 shows results for air core and ferritic core square coils above a long surface defect
in non-ferromagnetic conductive thick plate.

04 Square Coil with Air Core Square Coil with Ferritic Core
. 1
02 8 o )
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Fig. 1: Impedance Components for air core (Left) and ferritic core (Right) square coils as a function of
scanning distance.
The hybrid model compares well to FEM simulation results and in addition it is
many times faster, actually the time required for a full scan of the hybrid model is
comparable to the time required by FEM only for one coil’s position.
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Abstract. An optimization scheme combining a PCE metamodel and a PSO opti-
mizer has been implemented and tested on both a well-posed and an ill-posed ECT
configuration. The algorithm has been improved by integrating the information of
the gradient of the PCE, improving the quality of the parameter retrieval.
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Introduction Inverse scattering problems can be solved by using optimization, in which
a cost function is minimized. The cost function usually measures the misfit between ob-
servations and simulations computed with the sought parameters. However, the computa-
tional weight of running such an optimization with an exact physical solver can often be
computationnally demanding. Metamodels — or surrogate models — aim at replacing the
exact physical solver by an approximate mathematical function that describes the physi-
cal solver over the search space. This improves the optimization by avoiding to solve the
physical problem at each iteration, at the cost of building a set of solutions to the problem
over the search space beforehand [1].

Method A Polynomial Chaos Expansion (PCE) is used to surrogate the physical solver.
The UQLab toolbox [2] is used to compute the coefficients of the expansion. The main
advantage of the PCE metamodeling framework is its closed-form expression, from
which its gradient can be computed.

The PCE metamodel is integrated inside a Particle Swarm Optimizer (PSO). The
PSO is a stochastic iterative global optimization algorithm, based on the social behav-
ior of groups of animals [3]. A swarm of particles explores the search space, which is
mapped by a cost function. Thanks to the gradient of the metamodel [4], the gradient of
the cost function is computed and used to increase the speed of convergence towards the
minimum of the cost function [5].

Configurations The designed method has been tested over two Eddy Current Testing
(ECT) configurations. The first one, from an internal L2S-ELEDIA collaboration [6], has
a single rectangular crack with varying depth, length and width. It is made of 1000 points
sampled as a uniform grid in the 3-dimensional search space. The second one, from the
JSAEM [7], has two rectangular cracks with varying depths, lengths and separation gap
between them. It is made of 500 points sampled by Latin Hypercube Sampling (LHS)
over the 5-dimensional search space. This problem tends to be ill-posed, since for small
values of the separation gap, very similar impedance maps correspond to different flaw
configurations.

ICorresponding Author E-mail: charles.boulitrop @ geeps.centralesupelec. fr
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Results  To assess the performance of the optimization, the retrieved parameters are
compared to their expected values, which gives a measure called reconstruction error.
The reconstruction error between a reconstructed set of parameters X* and the expected

1d -
set of parameters X* is given by E = y Y. |X —X}| where d is the dimension of the
=1

search space and |.| is the absolute value over R.

The gradient-improved PSO performed better than the PSO alone both in terms of
mean and variance of reconstruction error. However the gradient step size computation
made it run much slower. Table 1 summarizes these results. The computations have been
carried out on an Intel® Xeon® E5-2660, with 2 CPUs, 16 cores each at 2.20 GHz clock
speed.

Number of . Computation norm. reconstruction error
Algorithm )
parameters time (s) Mean Std
3 PSO 0.46 98.76 x 1073 150.8 x 1073
GPSO 4.80 74.02x 1073 82.12x 1073
5 PSO 9.07 202.6x 1073 356.5x 1073
GPSO 191.57 140.7x 1073 305.4x 1073

Table 1. Comparison of reconstruction errors of the two algorithms on the two configurations

Conclusion and further works The integration of a PCE metamodel inside a particle
swarm optimizer has been studied and tested over two ECT configurations, yielding good
results. Additionnally, the proposed method has been refined by adding a local search
thanks to the information of the gradient of the metamodel.

The current algorithm could be used for sensitivity analysis, and a solution to ill-
posedness could be of interest.
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Abstract. A micro electrical impedance tomography (EIT) sensor with radially
distributed planar electrodes was designed, characterized, and experimentally
validated for the real-time and label free imaging of insulators inside a physiological
solution. The reconstruction algorithm used is based on a Monotonicity Principle
and it is appealing because it is noniterative and real-time.
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1. Introduction

The problem addressed in this contribution is the fast imaging of insulating objects inside
a conducting fluid. A typical application in this context is the imaging of 3d cell cultures
that grow in a physiological solution. Optical imaging methods are costly, bulky and do
not work with opaque fluids unless some fluorescent label is applied.

Starting from 1980’s [1], Electrical Impedance Tomography (EIT) is one of the
electrical tomographic imaging modalities to visualize non-intrusively the electrical
conductivity within a region of interest (ROI) [1]. Methods based on electric fields are
appealing because they are label-free, faster and cheaper with respect to optical
alternatives. The principle of EIT is to apply successively an electrical current on various
sets of electrodes and measure the induced voltages on the other electrode pairs. With
these information, a map of the conductivity is obtained with an algorithm that solves
the inverse problem.

This paper proposes a micro electrical impedance tomography (EIT) sensor [2]
designed to be miniaturized and realized with inexpensive fabrication methods. First of
all, the sensor is characterized by radially distributed planar electrodes, in such a way
that it can be realized in printed circuit board (PCB) technology to monitor cell cultures
growing in a well or by patterning the microelectrodes on an insulating substrate to be
used inside lab-on-a-chip devices. The well is filled by a physiological solution and the
ROI is identified in the interior of the electrodes, see Fig. 1.

!, E-mail: ruben.specogna@uniud.it.
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The second peculiarity of the sensor it that the measurement electronics and
protocol are designed to be used with a noniterative and real time imaging technique
based on a monotonicity property [3]. This imaging method can treat insulators with
arbitrary shapes, topologies and even multiple insulators.

Figure 1. (a) Gold plated electrodes realized in PCB technology and the well.
(b) The signal conditioning board.

The reconstruction method requires a special measurement protocol, because
there is the need to obtain all the entries of a resistance matrix R [3]. In particular, given
the resistance matrix Rp relative to a known test domain D placed in the fluid, it is
possible to assess whether the test domain D is contained in the insulator by checking if
R- Rp is positive semi-definite. Covering the ROI with many test domains allows the
reconstruction of the shape of the insulator. It is advantageous that the test defects are
partially overlapping each other to obtain a better representation of the insulator’s shape.

Another difference with respect to the literature is that usually the resistance
matrices of the set of defects are obtained by a numerical simulation. In our case, the
resistance matrices are obtained experimentally by means of automated measurements
via an accurate positioning system.

An example of the reconstructed defect is represented in Fig. 2.

Figure 1. An example of a reconstruction obtained with the proposed method. The union of the dashed test
domains form the real shape of the insulator. The union of the blue test domains for the reconstructed shape.
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Early detection of breast cancer is one of the major issues for women health. To
prevent and monitor such disease, several techniques have been developed such as MRI,
mammography, or echography. Besides, for incident electromagnetic waves in the radio
frequency (RF) bandwidth (tens to hundreds of MHz), several teams discovered that a
high dielectric contrast, around 70 %, regarding both the electrical conductivity ¢ and
the relative permittivity €, exists between malignant and non-malignant breast tissues
[1]. Those dielectric parameters are frequency dependent, and highly relevant to detect
early physiophathological changes in tissues in a possibly non-invasive way [2]. In [3], an
inductive high-Q resonator, based on a passive transmission line resonator (TLR) used as
a transmit-and-receive antenna, has been used to monitor a tissue burn, confirming the
interest of such non-contact sensor to monitor tissues alterations. The aim of this paper
is to propose the use of a novel inductive wireless multifrequency resonator (WMFR),
combining several TLR, to detect and localize dielectric changes in tissues.

The WMEFR used in this study, denoted WMFR-4, is constituted of four TLR arranged
in a nested configuration as shown Fig. 1. It consists of four circular double-sided conduc-
tive tracks, each having opposite gaps on both sides of a dielectric substrate, constituting
TLR 4 to TLR 1. These TLR have diameters of 2, 3.5, 5.5 and 8.5 cm and track width
of 1, 2.5, 5, 10cm, respectively. They feature resonance frequency of 250, 98, 47 and
21 MHz respectively, and quality factors above 250. Each of them is modelled with an
electrically equivalent R,L,C,, circuit with n € [1,4] (Fig. 1). The WMFR-4 is managed
by inductive coupling to a distant single loop RF probe connected to a vector network
analyzer. The probe equivalent electrical circuit RgL, is shown in Fig. 1. The influence of
the tissue placed in the vicinity of the WMFR-4 sensor is modeled by inductance L;, and
resistance R;, with ne [1,4], standing for the relative permittivity and the conductivity of
the tissue, respectively [3]. From the electrical circuit of Fig. 1, the impedance of the RF
probe Zp,es in a narrow bandwidth centered around the resonance frequency of TLR 7 is
expressed by:

IThis work was supported by LabeX LaSIPS (ANR-10-LABX-0040-LaSIPS) managed by the French
National Research Agency (no.ANR-11-IDEX-0003-02)
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where Zg = Ry + joLs and ks, is the coupling coefficient between the RF probe and
TLR n. In this equation only R; L;, are unknown, the other parameters being previously
analytically or experimentally estimated. The experimental setup is presented Fig. 2. The
RF probe is placed at 0.5 cm of the WMFR-4 which is placed next to a deionized water
recipient (0 ~ 0 and & ~ 80), and a PTU95A hollow sphere of 1.5 cm diameter filled
with a saline solution (6 =5.7 S/m and & ~ 80) is moved inside the water recipient thanks
to a robotic arm, in a scanning plane perpendicular to the WMFR-4. For each position of
the sphere, the measurement of Z,.s is adjusted against the complex model of Eq. (1), so
that an estimate of R;, and L;, is carried out at the four frequencies. The resulting complex
modulus |Z;j| = |R;, + jwL;,| is plotted versus the position of the sphere in Fig. 2.
21 MHz 47 MHz
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Figure 2. Left : experimental setup; Right : estimated impedance modulus |Z;
of the WMFR-4 at each position of the dielectric object.

The obtained results demonstrate the ability of the WMFR-4 to sense the presence of
the dielectric sphere in four different regions defined by the geometries of the involved
TLR, and at four different frequencies. This kind of sensor opens the way to the devel-
opment of a new generation of sensors sensitive to dielectric properties modifications of
tissues, with frequency and space selectivity.

| for the 4 resonance frequencies

n
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Abstract. Efficient strategies for non-destructive testing of damaged composite
laminates modeled from homogenization of fiber-reinforced polymers could in-
volve fused data. Here, those are from electromagnetic and infrared thermographic
modalities, for which semi-analytical models of the interaction are available. Focus
is on inter-layer delaminations. Paths forward are outlined, mostly within the realm
of Bayesian approaches and of convolutional neural networks, both of wide breadth
and the second ones not involving too many prior regularization factors.

Keywords. Electromagnetics, thermography, composites, data fusion

Composite materials are widely used in automotive industry, aeronautics, and green
engineering, since low cost, light weight, and of large strength/ and stiffness/weight ratios
vs. traditional materials. Yet their non-destructive testing may be highly challenging, with
need for more modeling and computational imaging, before envisaging sound laboratory-
controlled experimentations.

Active thermography as a contactless procedure is more and more used for inspec-
tion of isotropic work pieces, refer to [1] and references therein, but an increasing vol-
ume of contributions appears on fibered laminates, with strong emphasis on carbon-fiber-
based ones —those exhibiting strong anisotropic behavior due to their thermal conduc-
tivity function of orientation, e.g., [2]— as illustrated in the recent review [3], with deep
learning coming also to the fore [4]. In rather sharp contrast, electromagnetic probing
of such composite structures appears much less studied, possibly since standard eddy-
current probes tend not to work so well for carbon-fiber-based laminates, and may call
for tailor-made sensors [5] in the MHz range and beyond, so as usual eddy-current hy-
potheses fail.

The above stated, focused on thermographic and electromagnetic modalities of in-
spection, one needs (i) proper mathematical and physical models of damaged laminates,
(ii) versatile enough codes that can provide a good amount of accurately simulated data
when those assumed to be inspected by both modalities, and last but not least, (iii) com-
putational imaging tools that can fuse in a proper way the information which those data
provide independenty, with the benefit of absence of registration since the structure is un-
changed during testing. The three-fold challenge is strong and simplifications are needed.

ICorresponding Author: dominique.lesselier@centralesupelec.fr.
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The first simplification is that intact laminates are homogeneous per horizontal ply
and exhibit within each ply an uniaxial anisotropic behavior, which is manifested by a
transverse and longitudinal dielectric permittivity or thermal conductivity, being under-
lined that one has the joint benefit that first-order electromagnetic homogenization [6]
holds close to the same in thermography.

The second simplification is that damages generally can be seen as thin flat delam-
inations occuring between plies, which is not too demanding for the electromagnetic
Green-dyadic-based semi-analytical approaches in [7], while they are amenable in ther-
mography (in the case of a flash lamp as heat source at least) to extension of the Trun-
cated Region Eigenfunction Expansion (TREE), so far applied to isotropic laminates [1],
since only the heat equation is impacted by the uniaxial behavior.

The third simplification is that one has available imaging tools that can cope with
data provided by the two modalities. So, if data simulated on a host of damages, double-
stream convolutional neural networks (CNN) appear the way forward, also having insur-
ance that brute force codes (FEM) could always provide good data, if the semi-analytical
algorithms were to fail in some cases. This approach was shown highly effective in [8]
for fused ultrasound and microwave imaging, if enough physics within it to guide to
sound solutions, with the additional advantage that a stand-alone solution with a single
modality can always be developed. With now the advantage of far less data needed than
with CNN, the Bayesian framework as also devised for breast imaging in [9] enables in
principle to bypass the need of many priors on regularisation factors (those are produced
in effect during the construction of the maps of the damages) while there should be good
profit in the Bayesian formalism to draw from the assumption of thin delaminations.

To conclude, this preliminary investigation aims at pointing out that data fusion
should enable testing of carbon-fibered-based laminates. Semi-analytical solutions are
indeed capable at least in simple enough cases (thin inter-layer delaminations) to yield
proper data to mimick electromagnetic and thermographic inspections, once the intact
structures properly homogenized. Then, data from both modalities could be fused, e.g.,
in deep learning and Bayesian realms, as inspired, e.g., from [8,9].
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Abstract. Here we treat the inverse problem of the reconstruction of the nonlinear
magnetic permeability, starting from boundary measurements in the static limit. In
this framework, the Monotonicity Principle (a monotonic relation connecting the
unknown material property to the measured data) is at the foundation for a class of
non-iterative and real-time imaging methods [1].

Differently from the linear and p-Laplacian cases [2], the Monotonicity Principle
(MP) for the DIN (Dirichlet-to-Neumann) operator does not hold. Therefore, we
introduce a new boundary operator, the Average DN operator, for which a MP
hold [3]. Finally, we provide some numerical evidence of the monotonicity for the
nonlinear case.

1. The Nonlinear Permeability Problem

In this work, we present a theoretical contribution to the field of inverse problems with
nonlinear constitutive relationships. From a general perspective, it is worth noting that the
mathematical analysis for inverse problems governed by nonlinear Maxwell’s equations
is still in the early stages of development.

The target problem is to reconstruct the shape of region Q, contained into the domain
of interest Q, consisting of a non linear magnetic permeability, immersed in a uniform
background characterized by a linear permeability.

Let Q be simply connected and let ¥ be the scalar potential, which gives the mag-
netic field as H(x) = —Vy/(x). Assuming the constitutive relationship to be B(x) =
—u (x,[[y||) H(x), the magnetostatic problem can be formulated as:

V- (s VY] Vy(x) =0 inQ 0
y(x) = f(x) on dQ.

{ depends on H only in the unknown region Q. The problem is globally non linear. The
Monotonicity Principle holds for the Average DtN operator Ay, in the sense that [3]:
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M1 <H2:><Kyl(f),f><<Kp2(f),f> Vf (2)

where u; and U, are the permeabilities, X“ is the Average DtN operator defined as

Au(f) = fol Ayu(of)do and Ay is the DIN operator. Let us stress that ) < U means
Wi (x,H) < ta(x,H) forae.x € Qand VH > 0.

2. Numerical example

In this section we test numerically the monotonicity condition in (2). We consider a
non linear magnetic material placed in a uniform background made of a linear material.
The non linear material is electrical steel M330-50A, with magnetic permeability Ly
The linear material is ferrite, with magnetic permeability y; = 1000, which is strictly
smaller than Lz, for any H. Hereafter we denote with L4 a magnetic permeability equal
to Uyz in A and equal to py in Q\ A. The domain Q is a 10mm x 10mm square. We
consider three test configurations: Q, T} C Q and T» ¢ Q, as represented in Figure 1.
Then, we apply some different boundary data f and we compare F4 = <Ku L), f >, for A
equals to Q, T1 and 7> (see Table below). As expected, Uz, < g implies Fr, always less
or equal to Fy. Instead, since [z, £ lo, there exists a boundary data such that Fr, > Fy.

f Fo—Fp, Fo—Fr,

200x 0.3483  0.3028
10x2 +10x°  0.4238 —0.2018
50x% +50sin(y?) 0.2326 —0.1160

We conclude by remarking that this is the first numerical evidence of the Monotonicity
Principle for non linear materials.

Figure 1. Domains Q (left), 71 (center) and 7> (right). They are square boxes of side 3.75mm, 2.5mm and
2.5mm, respectively. The nonlinear material is placed in the coloured boxes.
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Abstract. Monotonicity Principle (MP) provides the foundation for fast and non-
iterative imaging methods. Specifically, MP of time constants and MP of transfer
functions have been proposed for eddy current imaging. In this contribution, we
propose a complete imaging algorithm based on Monotonicity Principle of transfer
functions, using time-domain eddy current measurements. Numerical examples
related to the imaging of the shape of cracks in conductive materials are also
presented. The numerical examples have been carried out in a realistic setting,
including the modelling of the noise.

Keywords. Inverse Problems, Imaging, Eddy Current Testing, Monotonicity based
Methods.

1. Introduction

Imaging problems in nondestructive testing and evaluation attempts to precisely
determine the existence, location, size and shape of an unknow defect. Monotonicity
Principle Method (MPM) is a fast and non-iterative imaging approach that was first
introduced in [1] for electrical resistance tomography. MP of time constants was later
discovered to process time-domain eddy current measurements [2] and was then
extended to non-linear materials [3]. This contribution focuses on the problem of eddy
current tomography via MPM of transfer functions [4] to estimate the defect shape. This
specific modality is still at the early stage of development [4], and overcomes some
limitations related to MPM of time constants [2].

2. Imaging Method and Validation

The eddy current problem considered in this work consists of a conductive specimen and
an array of coil sensors. The transfer function Z is defined as follows:
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where v, (t) is the pick-up coil voltage due to the eddy currents and measured at
the m-th coil when the n-th coil is driven by the current i, (t) = I,e~t/%, where I, is a
constant and T > T, is prescribed. The monotonicity of the transfer function is stated as
Ay €Ay, =>Z,(t) < Z,(1), where A; and A, are two insulating anomalies in a
conducting media.

Noise is assumed to be additive w.r.t. measured coil voltages, i.e. Ty, (t) =
VUpm (t) + d(t), where d(t) is a Gaussian distributed random variable with zero mean
and standard deviation of §, where § = emaxy, ¢ | Vm (t)].

The numerical example refers to the inspection of an aluminum plate (6mm x 6mm
x 3mm). Two eddy current coil arrays are arranged above and below the aluminum plate,
respectively. A zero-thickness defects is assumed in vertical (symmetry) plan of the two
sensor arrays. Figure 2 shows the true defect profile and the reconstruction under
different noise levels using the imaging method described in Eq. (2). More numerical
results will be presented and discussed in the full paper. The location, size and shape of
the defect can be retrieved with noise level up to € = 10™*. At higher noise levels, a
degradation of spatial resolution is experienced.

Figure 1. Two arrays made by 12 coils are placed on the top and bottom of the sample. Each coil has an
inner diameter of 0.9 mm, an outer diameter of 1 mm, a height of 0.2 mm and a liftoff of 0.1 mm.

Ground truth e=10"° e=10"* e=10"°

Figure 2. Ground truth and reconstructions of a defect at different noise levels.
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Abstract

This paper reports the design optimisation of a radial segmented coil based remote
field eddy current(RFEC) array probe for imaging of defects in small diameter steam
generator tube made of modified 9Cr-1Mo ferritic steel. Systematic experimental and
model-based studies were carried out to optimise the spatial pitch, number of coils, and coil
size of the array probe. Studies revealed that an 8-element receiver coil probe is optimum
for detection and imaging of flaws with a signal to noise ratio greater than 10 dB.

Keyword: Imaging, array probe design, remote field eddy current, finite element modelling

1 Introduction

Imaging in electromagnetic non-destructive evaluation (NDE) has grown
tremendously in the recent past towards achieving improved detection and sizing of defects
in the tubular components.Attempts have been made in remote field eddy current (RFEC)
technique for imaging defects by way of designing segmented coil to detect and image
defects in large diameter pipes and tubes [1]. Recent studies have also shown that a
segmented radial coil probe is promising for imaging of defects in small diameter tubes [2].
However, design and development of an array probe with is a challenging especially for
smaller diameter tubes such as the one used for the steam generator of fast breeder
reactors.This paper discusses the results of experiemental studies to optimize the number of
coils, diameter, height and spacial pitch between the coils for full circumferential coverage
with supported 3D finite element model. Finite element modeling using COMSOL
software has been carried out to support the experimental results findings.

2Result and discussion

A single element radial receiver coil has been fabricated and mounted on an Z-6
scanner capable of linearly moving the probe inside the tube and rotating the tube at
specified angles for imaging of defects. The experimental parameters of the probe and
reference defects considerd in the studies are given in Table 1. A through hole of 1.2 mm
diameter is considered, asper the ASME standard used during the quality control of the
tubes.

Table 1: Parameters of the RFEC probe used in simulation and experiment studies

S.no

Type

Probe parameter

Material and defect details

1

Experiment

Exciter turns:

Receiver exciter distance: 37mm

200 (34 SWQG),

Receiver Turns: 200 (40 SWG)

Defect: Through holes of
diameter 5 mm, 2.3 mm,
and 1.2 mm

2.1 Experimental Results

28




A modified 9 Cr-1 Mo steam generator tube with a 1.2 mm through holes was
inspected using the single element RFEC receiver coil probe. The probe was scanned in the
ID side of the tube at a constant speed of 1mm/sec. The amplitude observed forl.2 mm, 2.3
mm and 5 mm holes holes were measured at different angular positions of the probe with
respect tothe holes (0 degree) as shown in Fig 2a. It can be seen that the amplitude is
highest when the probe is exactly below the defect (at O degree) and decreases on either
side in a Gaussian fashion. The amplitude falls to a defect free value at approximatey 20
degrees on either side. In order to accurately find out the probe response in the
circumferential direction, the full width at half maximum (FWHM) of the amplitude
distribution has been computed by fitting it to a Gaussian function.The FWHM has been
foundto be 43.7° for the 1.2 mm hole. A radial segemented coil of 4 mm diameter and 4 mm
height has also been found to be optimial after systematic experimental trials by varying the
coil size. Considering the coil size, the extent of its response (~45°) and the tube inner
diameter (12.2 mm), 8 number of radial type receiver coil probe was found to be optimum
for reliably detecting defects. Imaging of the through holes was made with the 8 coil probe
with 2 layers of four coils staggered axially. Figure 2b shows that the probe could
successfully image the 1.2 mm hole with an SNR greater than 10 dB.3D finite element
modeling studies were also carried out to confirm the findings and the same will be
presented in the paper.
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Figure 2: (a)Measured amplitude variations of 5 mm, 2.3 mm and 1.2 mm diameter through
holes (THs) along the circumferential direction and b) RFEC base corrected phase image of
1.2 mm diameter hole.

3Conclusion

A Systematic experimental and FE modeling studies have been carried out to
optimise the design of a radial type RFEC array probe. A prototype probe with 8 number of
radial type array receiver coils staggered in two rows (with four coils each) has been
developed and used to image 1.2 mm through hole in modified 9Cr-1Mo steam generator
tube. The SNR has been found to be more than 10 dB.
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Jingyi Wang?, Xinchen Tao® and Chaofeng Ye®®
aSchool of Information Science and Technology, ShanghaiTech University, Shanghai,
China.
®Shanghai Engineering Research Center of Energy Efficient and Custom Al IC

Abstract. Thimble tubes in a nuclear power plant are used to insert detectors to
measure the distribution of neutron fluence rate of the nuclear reactor core, core
power distortion, and accumulating burnup data. It is important to inspect the
thimble tubes’ damage timely to avoid accidents and economic losses. However, it
is challenging to develop a small array probe that suits thimble tubes whose diameter
is only Smm. This paper presents a new probe with array tunnel magnetoresistance
(TMR) sensors and elliptical excitation coil for thimble tube inspection. The probe
consists of 8 TMR sensors, which are wire bonded on a circuit board together with
a bare die operational amplifier chip. A magnetic field image is generated by the
probe in a scan, which is sensitive to both circumferential and axial defects due to
the elliptical excitation. A prototype probe has been developed and tested.

Keywords. array probe, eddy current testing, TMR sensor, nuclear inspection,
elliptical excitation

1. Introduction

The thimble tube is an important part in a nuclear power plant. Typically, bobbin
probes are employed for thimble tube inspection, which can only generate line data[1].
Array probe can output an inspection image in a scan. However, it is challenging to
develop such a small array probe that satisfies diameter limitation of Smm. Most eddy
current testing (ECT) array probes use induction coils to pick up signals, which faces a
physical limitation of the coil sizes. TMR sensors have enhanced spatial resolution, high
sensitivity in wide frequency bandwidth and small mutual inductance compared with
coils [2].

2. Probe Design and Experiment Result

This paper presents a small diameter probe with array TMR sensors for thimble
tubes inspection. The structure of the probe is as shown in Figure 1(a). The probe
contains 8§ TMR sensors, which are wire bonded on an elliptical printed circuit board
(PCB) whose major and minor axes are Smm and 9mm, as shown in Figure 1 (b). The
sensors’ sensing directions are perpendicular to the edge of the PCB. In addition, a bare
die 8 to 1 multiplexer chip is also wired bonded on the PCB. An operational amplifier
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and circuit connectors are soldered on the back of the PCB. The PCB is placed inside a
3D printed plastic skeleton, which maintains the liftoff distance almost constant during
the inspection. An elliptical coil is wounded outside of the sensor array as the excitation
coil. The excitation coil has 35 turns of wires. The inner major and minor axes, outer
major and minor axes and height of the elliptic coil are 8.6mm, 4.3mm, 9.48mm, 4.74mm
and Imm respectively. To effectively detect axial and circumferential defects, the sensor
array and excitation coil are placed obliquely related to the axis of the tube, that is, the
excitation current direction and the axial of the probe form an angle o (0=30°).

8
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Figure 1 (a) diagram of the probe design (b) Figure 2 Photograph of the thimble Figure 3 EXPC‘ﬁmcm image of quadrature
picture of the printed circuit board with the tube with an artificial defect: (a) component of the probe outputs of the
TMR array sensors and bare die multiplexer front view and (b) side view artificial defect

The feasibility of the proposed probe is validated experimentally by testing a thimble
tube sample with an artificial defect. The material of the sample is stainless steel. The
inner and outer diameter of the tube sample are 5 mm and 8.65 mm respectively. The
shape and dimensions of the defect are as shown in Figure 2. The excitation coil is driving
by a sinusoid voltage source, the amplitude and frequency of which are 5V and 30kHz
respectively. The outputs of the TMR sensors are multiplexed and digitalized by a
multiplexer ADG408. The excitation voltage is digitalized simultaneously as a reference
signal. Then the in-phase and quadrature component of the signals of the TMR sensors
are calculated. The quadrature component image of the defect is depicted in Figure 3. It
is seen that the defect can de clearly identified from the image. The image shape is
correlated with the size of the defect meaning that it may be possible to quantify the
defect from the image.

3. Conclusion

This paper presented a small diameter array array probe for thimble tube inspection.
Primary experiment results showed that the probe can image defect on the thimble tube
sample. It is possible to calculate the sizes of the defect from the output image. In the
future, the probe will be tested extensively, when more defects will be inspected and the
images will be analyzed.
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Abstract

Sensors’ signal conditioning and digital interface are important for sensor technologies, digital transformation
and the Internet of Things (IoTs) in particular. Frequency output sensors and inductance-to-digital converter
(LDC) have demonstrated significant advantages in comparison with conventional sensors with Analog-to-
Digital Converter (ADC) interfaces. This paper reviews eddy current signal conditioning and digital interface
in the field of displacement sensors and non-destructive test & evaluation (NDT & E). After review and
comparison of different signal conditioning and digital interface, LDC chip is used for multiple parameter
measurement including equivalent inductance via frequency measurement and transient responses through
pulsed excitation. A novel pulse eddy current non-destructive testing method based on LDC is proposed. This
method uses LDC pulse excitation coil to measure the inductance change of the coil, and the envelope line of
the ADC capture transient excitation is used to measure the impedance change of the coil. Based on the
standard specimen as the test object, the defect depth and frequency relationship experiment, the defect and
envelope slop relationship experiment, and lift-off experiment are carried out on the LDC-based pulse eddy
current detection method. Experimental results show that this method is feasible, and the research results help
to miniaturized pulsed eddy current flaw detection equipment. This work illustrates integrated approach of
signal conditioning and digital interface for multiple parameter or feature measurement for integrated eddy
current NDT. The work open a new way for addressing multiple parameter measurement of eddy current NDT
& E including lift-off estimation and multiple pulsed eddy current via digital interface. It has potential to
bridge the gaps of metrology of geometry, displacement measurement and NDT & E for defect detection and
material characterisation.

Key words: Digital interface; Frequency output sensors; LDC interface sensors; LDC based pulse eddy
current detection; Multiple parameter

1. Introduction

Eddy current testing (ECT) is a non-destructive testing method based on electromagnetic induction, which
is suitable for surface or near-surface defect detection of conductive materials and composite materials
containing conductive components. ECT has become one of the most widely used NDT technologies for
material characterization, defect detection and metal thickness measurements in industrial production. To
overcome the shortcomings of single frequency ECT, several excitation methods have been applied to ECT.
And, there has been great progression in the study of ECT in lift-off distance, defect detection and material
characterization. However, at present, ECT can only measure these parameters separately. Their separation
remains a challenge for some critical application areas, such as oil-gas pipeline inspection, where simultaneous
measuring lift-off, defect or material characterization is required.
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Thus to bridge the gap, LDC chip based hybrid eddy current sensor system developed for displacement or
lift-off measurement, defect defection and characterization is presented and evaluated in the paper.

2. Hybrid eddy current sensor systems and studies

Fig.1 (a) illustrates the block diagram of the measurement principle of the proposed hybrid eddy current
sensor. It includes LDC1614, LC resonator composed of an inductor (coil ) in parallel with a capacitor C, and
transient signal acquisition circuit. The LDC provides an AC current matching the sensor resonator frequency
across the LC resonator. The change in coil inductance can be obtained by measuring the frequency of the LC
resonator. And the envelope line of the ADC capture transient excitation is used to measure the impedance
change of the coil. The inductance and impedance of the coil are the function of target distance, target material,
and sensor characteristics. A typical eddy current probe is used for our proposed hybrid signal condition
system as illustrated in Fig. 1(b) with a sample of three man-made slots of same widths and different depths of
0.2,0.5, 1.0 mm.

(a) 0 +— | (b)

L) SRe@) |
§ —— Cear * Cranx

Fig. 1 The measurement principle and experimental setup of hybrid eddy current sensor

3. Initial tests

As illustrated in Fig. 2, different frequency outputs and transient responses are produced monotonically. It
can be seen from Fig.2 (a), the frequency of the LC resonant circuit corresponds to the depth of the defects. At
the same time, we use transient signal acquisition circuit to obtain the envelope of the transient signal. Fig. 2(b)
is the first derivative of the envelope curves of the defect and sound area.

67 X 107 The relation of frequency and defect depth o 4first derivative of envelope curves of the defect and sound area
1.767 T T T T T T T T T T T T T T T T

sound area
1.766 0.3 0.2 mm crack
0.5mm crack

1mm crack
1.765 0.2

1.764 1 0.1[

1.763 1 [

Count

1.762 q 0.1

1.761 q 02

1.76 | 03

1759 L L . L L . L L 04 L L L . L L L . L
50 100 150 200 250 300 350 400 450 500 0 200 400 600 800 1000 1200 1400 1600 1800 2000

sample

(@) (b)
Fig. 2 Frequency output and transient responses of hybrid signal conditionings for eddy current NDT

4. Conclusion and future work
The conclusions are drawn from this study:
(1) The depth of the defect, the lift-off can be characterized by the frequency count value of the
LC resonator.
2) The transient excitation signal envelope of the LDC output can also characterize the depth of
the defect.
Future works include quantitative analysis and instrument miniaturization.
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Abstract. The main purpose of the metal magnetic memory (MMM) method is
determination in the express control mode of stress concentration zones (SCZs) —
the main sources of developing damages — on equipment and in structures using
specialized instruments and scanning devices. SCZs are not only areas, which are
known beforehand, where structural features create various conditions for
distribution of stresses created by external load, but these are also randomly
located areas where, due to initial metal heterogeneity, large strains occur in
combination with off-design additional workloads. Inspection by the MMM
method is carried out without metal dressing or artificial magnetization. Residual
magnetization, formed naturally in the course of products manufacture and during
their operation, is used.

Keywords. Metal magnetic memory, non-destructive testing, stress control, stress-
strained state

The metal magnetic memory (MMM) method, which appeared in Russia in the early
90s of the XX century and gained recognition at the level of an international ISO
standard [1], [2], is currently being actively developed in Europe, America and Asia.

The fundamentally new magnetic method of non-destructive testing (NDT) is
based on the use of residual magnetization that has formed naturally during products
manufacture and in the course of their operation under conditions of a weak
geomagnetic field. It was proposed by the authors of the MMM method that this
magnetization, which experts considered and still continue to consider as interference
(noise) in the development of electromagnetic NDT methods, should be used for the
purposes of technical diagnostics.

The presented regularities, established between the natural magnetization and the
mechanical characteristics of the metal, led to emergence of the metal magnetic
memory concept.

The MMM method uniqueness is that it is based on the use of the self-magnetic
stray field (SMSF) occurring in stress concentration zones (SCZs) due to metal
inhomogeneities and defects formed during products manufacture or under the effect of
workloads under the conditions of their operation[3].

The studies found that variation of products magnetization during operation is due
to the magnetoelastic and magnetomechanical effects, as well as magnetoplastics. It
was also found that variation of the measured self-magnetic leakage field H during
tension, compression, torsion and cyclic loading, for example, of ferromagnetic pipes is
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unambiguously related to the maximum acting working stresses, which allowed to use
this parameter as a memory element during the MMM method development [4], [5].

Basic practical advantages of the new diagnostics method as compared to the
known magnetic and other traditional methods of non-destructive testing are:

e special magnetizing devices are not required as the phenomenon of equipment
and structures units magnetization in the process of their operation is used;

e locations of stress concentration due to working loads, which are unknown
beforehand, are determined in the course of their inspection;

e metal dressing or any other preparation of the test surface is not required;

e the MMM method can be applied both at the test object operation and at its
repair;

e small-sized instruments with self-contained power supply, recording devices
and a memory unit up to 1 Gb are used for inspection by the proposed
method;

e special scanning devices allow testing of pipelines, vessels and equipment in
the express-control mode at a speed of 1000 m/h and more.

The main task of the MMM method is detecting on the test object of the most
dangerous sections and units characterized by stress concentration zones. Then, using,
for example, ultrasonic inspection in stress concentration zones, the presence of a
specific defect is detected.

Metallurgical and technological manufacturing defects create in local areas of
products a high level of residual stresses (RS), which remain undetected due to
imperfections of the used NDT methods. For engineering products the MMM method
allows to ensure 100% quality control and their sorting in mass production, as well as
control of local residual stress zones.

The MMM method is the most suitable practical NDT method at assessment of
actual stress-strained state. The method allows performing an integral evaluation of a
unit state, taking into account the metal quality, actual operating conditions and its
structural features. Therefore application of the new diagnostics method is the most
effective for equipment life assessment.

The paper considers examples of the practical application of the MMM method in
diagnostics of equipment and structures.
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Abstract. This study proposes a method to calculate the probability of detection
(POD) using TM;; mode microwaves as a function of both the depth and
circumferential length of pipe wall thinning. Experiments were conducted to
construct a multivariate regression model considering the amplitude of reflection
signals, wall thinning depth and circumferential length. A two-dimensional POD
model was constructed based on the obtained regression model. The POD contour
demonstrates the good detection capability of microwave testing against wall
thinning with different depths and circumferential lengths even at a long distance.

Keywords. Two-dimensional POD, TMy; microwaves, Multivariate regression

1. Introduction

Microwave NDT is effective in the fast inspection of a long pipe because of its fixed
transmit-receive probe. Its basic principle is that the metal pipe works as a waveguide,
and microwaves propagating inside it are reflected if there is a defect on the inner surface.
To assess the detection performance of microwave NDT, a POD model was built
considering the depth and location of full circumferential wall thinning [1]. However,
the circumferential length of wall thinning, which is also important, was not considered
in the previous POD model. Thus, this study proposed a two-dimensional POD model
considering the depth and the circumferential length of wall thinning to assess the
detection capacity of microwave NDT. In addition, the sensitivity of reflection signal
amplitude to the depth and circumferential length was studied in experiments.

2. Materials and Methods

The experimental setup is illustrated in figure 1. Microwaves of TEM mode at 12.1-21.1
GHz (1.4 MHz step) were converted to TMo; mode by a TEM-TMy; probe. Generated
TMoi mode microwaves were used to detect the wall thinning in a 15-m-long straight
pipe. A joint with wall thinning structure, characterized by depth d and length [ and
circumferential length 6, was inserted using a flange connection into the main pipe to
emulate the wall thinning at the location of 13.5 m. Emulated d and 6 ranged 0.2-2.0
mm and 45°-360°, respectively. The average amplitude of processed reflection signal y
for 3 measurements using each joint was used for the following multivariate regression.

From simulation results, which will be presented in the conference, the influence of
l on ¥ is negligible relative to that of d and 6. In addition to linear relationships among

! Yijun GUO, Corresponding author, Department of Quantum Science and Energy Engineering, Graduate
School of Engineering, Tohoku University, Sendai, Miyagi, Japan; E-mail: guo.yijun.rl @dc.tohoku.ac.jp.
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logarithmic values of these parameters, which is illustrated in section 3, we can obtain:
In(9) = C; XIn(d) + C, X In(0) + C5 + ¢ €))]
where C;, C,, and C; are the undetermined coefficients and will be determined by
multivariate regression; e~N (0, ¢) is a random error term, postulated to be normally
distributed with the mean of O and the standard deviation of the residual of the
multivariate regression. Then, POD is calculated by:
POD = (D(Clxln(d)+C2Xln(9)+C3—37th) )

g
where @ denotes the cumulative distribution function of the standard normal distribution

and y;;, is the decision threshold, determined by measured noise.
3. Results and discussions

Figure 2 presents the linear relationship among (n(¥), In(d) and In(8), which confirms
the feasibility of Eq. (1). Parameters in Eq. (1) and (2) were determined by multivariate
regression using experimental results: C;=0.8719, C,=1.0440, C3=-8.9537, 0=0.1232.
The value of C; and C, implies that the reflection amplitude is more sensitive to 8 than
d. This is also verified by the influence of d-6 combinations at the same volume of wall
thinning on reflected signals as shown in figure 3. Calculated POD contour in figure 4
indicates wall thinning with d=0.019 mm and 6=360°can be reliably detected with the
lower 95% confidence bound of 0.9 POD, which will be verified in future.
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Figure 3. Amplitudes of reflection signals from wall Figure 4. Contour line of POD=0.9 together with
thinning with the same volume but different dimensions.  the 95% confidence bounds.

4. Conclusions

This study proposed a multivariate POD model considering wall thinning depth and
circumferential length and proved the good detection capacity of microwave NDT to
detect wall thinning at a long distance of 13.5 m, according to POD analysis. In addition,
a larger influence of circumferential length on the amplitude of reflection signals
indicates the importance to consider circumferential length in the POD analysis.
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Abstract. The design of a battery-powered pulsed eddy current (PEC) portable
system is in urgent need for the evaluation of corrosion in oil, gas and power
generation industry. An ARM Cortex microcontroller is applied to generate
excitation signal, measure magnetic field via a tunnel magnetoresistance (TMR)
sensor, and control measurement channels and the process. The hardware has been
integrated into an instrument with the size of 21mmx18mmx18mm. In terms of
software, the graphical user interface (GUI) is based on Qt5 and implemented with
the instrument. The GUI features a touchable interaction function provides the
magnetic field measurements for various testing configurations. When operating
with an extremely low frequency of 1Hz, the system can detect aluminum
thickness of 80mm with the ADC sampling rate of 6000 Hz. With a battery life of

more than 8 hours, the portable system can fulfil the demands of the industry.

Keywords. Pulsed eddy current, Electromagnetic, Battery-powered instrument
1. Introduction

Pulsed Eddy Current (PEC) has been deployed for the purpose of corrosion-related
applications for some time and it is still intensively studied and developed by
researchers around the world. This technology can provide an efficient screening tool
that can detect corrosion without having to remove coating or insulating material over
the samples [1]. Basically, a PEC system consists of an excitation coil, magnetic
sensors, conditioning electronics, and microcontroller (MCU) system. The magnetic
sensor can convert the magnetic field to the voltage signal for system to measure the
variation of the magnetic field due to metallic objectives. The excitation square wave
contains an infinite train of sinusoidal waveforms, which can reflect the feature of test
sample at a one-time test [2].

The proposed system applied a TMR sensor to provide accurate magnetic field
data [3], and an ARM microcontroller embedded with ADCs to decrease the power
consumption and circuit scale, which achieves the advanced battery-powered system.

2. System Design

This section presents the hardware and software design of the proposed system. The
system shown in Figure 1 includes the instrument with an eddy-current sensor.

1 Wauliang Yin, Corresponding author, Department of Electrical and Electronic Engineering, University
of Manchester, Manchester, M13 9PL, UK; E-mail: wuliang.yin@manchester.ac.uk.
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Figure 1. System overview Figure 2. GUI of system

The hardware consists of the front-end driver circuits, communication circuits and
MCU minimum system circuit, which are integrated in a portable device with the size
of 21x18x18 mm. Front-end driver circuits are for amplification and multiplexing.
Communication circuits convert serial port to USB protocol and encode data from
MCU to guarantee data integrity. The MCU generates pulsed excitation signal with
PWM, reads magnetic field data from the embedded ADC.

For the software, the GUI is developed with Qt5, as shown in Figure 2. The
software supports real-time data visualisation, benchmark comparison and thickness
estimation, which is ideal for various field measurement applications.

3. Results

The system has been implemented for the measurement of metallic plates, of which the
evaluation results are shown in Figure 3. Furthermore, both forward and inverse solvers
have been developed and numerical studies carried out for the modelling and
simultaneous retrieval of various properties of the object under investigation.
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Figure 3. PEC testing results, (a) experimental measurements for aluminium plates of various thickness, (b)
forward model results by analytical and FEM solver and (c) the frequency spectra of DP600 plate obtained
from simulation and inverse solution.
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1. Introduction

Dielectric permittivity estimation of materials is a well-known problem with established
theoretical background and measurement practices . In particular free-space methods
are capable to determine dielectric properties of materials of various geometries with-
out making direct contact with the specimen [1]. However, most of these methods have
their limitations when e.g. the sample thickness, or permittivity exceeds a certain value.
However, in some practical cases the material can not be shaped or sliced to arbitrary
thickness and geometry, instead a piece of bulk material is present. The most common
free-space methods are performed using antennas at one or several frequencies [2]. The
estimations are based on a reflection and a transmission measurement characterized by
the scattering parameters S and Sz, respectively. Often calibration measurements are
also performed without the specimen and/or replacing the specimen with a conductive
sheet.

2. Proposed method

In our work we investigate the benefits of using more than two antennas which are placed
around the material. Thus, there are not only the two scattering parameters (or 2 x 2
scattering matrix), but an N X N scattering matrix is available when using N antennas.
In cases when the bulk material is long enough in one dimension the problem can be
treated in two dimensions. Thus, we conduct 2D simulations assuming an infinite length
in one dimension. We then show what the relationship between the elements of scattering
matrix are in function of the dielectric permittivity of the material.

! Corresponding Author: E-mail : csatho.botond @edu.bme.hu
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3. Results

We performed a simulation where the bulk material is 2 x 1 meter, and the distance of
the antennas is 6 meters and the excitation is a plane wave. The received power at each
antenna is estimated by integrating the real part of the Poynting vector on a line element.
We then perform a multiple linear regression, where the target variable is the real part of
the permittivity € and the conductivity is constant ¢ = 0.02 for a single frequency. In
figure 3 we show the result of the linear regression. It can be seen that even for a bulk
material the estimated permittivity is within an acceptable range.
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Abstract. For the accurate 3D modeling of a common mode choke, it is essential
to know the frequency dependent permeability of the core. To establish the
electromagnetic properties of the core of the choke, a simple impedance analyzer
and a partly disassembled CMC is enough. The impedance measured this way
is suitable to express the permeability, that can be subsequently used to build an
accurate coupled 3D-circuit model of the CMC. This model can be utilized to
examine near-field couplings between the choke and other nearby placed filter
components, e.g., capacitors.

Keywords. EMI filter, common mode choke, complex permeability, 3D modeling

1. Introduction

In the power supply of electrical devices electromagnetic interference (EMI) filters
are widely used to provide noiseless, disturbance free power flow. In the filter, the
components are placed close to each other, thereby near-field couplings are present
between them, that affects negatively the efficiency of the filter [1]. In order to describe
the proper operation of the filter, its circuit model — which is generally used during the
design process — should be supplemented with the near-field couplings described by
mutual inductances. The latter can be extracted from 3D simulations, provided precise
3D models of the components are at hand [2]. The case of the CMC is especially difficult,
apart from handling the frequency-dependent complex permeability of the core, its 3D
modeling poses further challenges.

2. Modeling problems

The most significant difficulty of the 3D modeling of the CMC was caused by the coils.
In reality the two coils around the toroidal core are irregular, the loops are dense and
overlap each other. Instead of building up an even more accurate geometry, it is more
advantageous to apply regular coils, with equidistant loops, and compensate with parallel

! Corresponding Author: Arnold Bingler; E-mail: arnold.bingler@edu.bme.hu
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capacitors to correct the values of the coils” winding capacitances. Another difficult point
was obtaining the frequency-dependent permeability and permittivity curves of the core.
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Figure 1. 3D model of the common mode choke (left) and comparison of the measured, simulated and the
compensated impedance of the CMC in the one coil case (right)

3. Material parameter identification

The scientific literature offers methods to measure the permeability of a toroidal ferrite
core [3], however these are difficult and require expensive instruments (e.g. VNA), or
valid only in very high frequencies (GHz range with e.g., waveguide measurements)
which is out of the scope of this work. In this method, only an impedance analyzer
was used, which is a simple and cheap device, and available for every engineer. The
characterization is based on measurements, where the decomposed CMC — consisting
of only one coil or one turn — was measured in open-circuit measurement setup. The
measured impedance still contains the effects of the coils’ winding capacitance and the
leakage inductance [4]. However, with some appropriate corrections one can compensate
their effects and extract the permeability values from the input impedance as

27'CZi
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With the yielded material parameters and the extra capacitors, an accurate 3D-circuit
model of the CMC can be created as depicted in Fig. 1.
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Abstract. Examples of electromagnetic quality control of thermal and
thermochemical treatment of mechanical components.

Keywords. Barkhausen noise, 3MA, electromagnetic methods, thermal and
thermochemical treatment, nitriding, carburizing, retained austenite, NDE

1. Introduction

Heat and thermochemical treatments of materials are an effective means of optimizing
their mechanical properties, ensuring both high hardness and good resistance to contact
fatigue, particularly on mechanical transmission components. Today, the quality
controls of the heat treatments are generally destructive, costly, and polluting, with a
long response time. However, the 100% quality approach and the growing demands of
customers, increasingly require rapid and reliable checks on all production. Several
electromagnetic methods meet these needs, and are well suited to the problems
encountered in treatment processes: (i) measurement of the depth treated in the cases of
surface and case hardening, (ii) analysis of multilayers in nitriding, (iii) detection of
nonconformities in carburizing: retained austenite ratio / decarburization / presence of
carbides, (iv) evaluation of residual stresses linked to the method of production of
components, etc.

In this article, we will present 3 industrial applications: nitriding, residual stress,
and retained austenite ratio, analyzed with the Barkhausen noise (BN) and the 3MA.
These methods, only applicable on ferromagnetic materials, require calibration on parts
that are of the same geometry, same material and obtained with the same process, but
which cover the range of variability of the characteristic to be monitored.

2. Examples of applications of electromagnetic quality control
e Analysis of nitriding multilayers by 3MA

Two batches of cylindrical samples: one of 18 parts with 6 different nitriding layer
depths and a second of 14 parts of a given diffusion layer depth, but with varying levels
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of compound layer compactness, were analyzed. Calibration was made with a few
samples and the rest of the parts were used for validation. The accuracy and fidelity of
the estimates obtained are respectively around 0,06 and 0,1 mm for the estimation of
the diffusion layer depth, 1,8 and 3 mm for the estimated compound layer depth, and 2
and 4% for the estimation of the compactness of the compound layer.

The 3MA device was also tested on real parts with success: injection rings treated with
gas nitriding and tooth flanks treated with deep nitriding.

e Evaluation of residual stress by 3MA

A series of case-hardened transmission parts have undergone different mechanical
surface treatments to deliberately obtain variable stress profiles on the surface and in
depth. By calibrating the 3MA device with surface stresses and subsurface stresses, the
3D image of the stress profile along the entire circumference of the part could be
constructed (Figure 1).
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Figure 1. Stress profile of several transmission parts: (Left) X-ray diffraction. (Right) 3MA: top,
compressive stress and bottom, tensile stress on surface.

e Retained austenite ratio estimation by 3MA and Barkhausen Noise

A series of 7 batches of 3 carburized bearing rings with different retained austenite
ratios were made by varying the tempering conditions (duration and temperature). The
retained austenite (AR) ratio was determined with X-ray diffraction. For the 3MA
evaluation, the calibration of the testing was performed with 4 parts from different
batches, while the rest were for validation. This same series of parts was also analyzed
with the BN method. A machine learning analysis was performed on the BN
parameters using the Lasso algorithm to define a model of the AR ratio. 2/3 of the parts
available were used for the learning process and the last 1/3 for validation of the model.
The accuracy and fidelity of the 3MA and BN estimation models of the AR ratio of
bearing rings are respectively < 2.5% and 3% with 3MA and 3% and 3% with BN.

3. Conclusion

In this article, we have demonstrated, through some examples, the potential of
electromagnetic methods for the quality control of thermal and thermochemical
treatments as well as for the characterization of the resulting residual stresses. The main
constraint in the implementation of these methods lies in the necessity for calibration of
the device used, which can turn out to be complex depending on the application. The
more complete the calibration is by integrating all the variability of the production, the
more the prediction model will be accurate, and the control will be reliable and robust.
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Abstract. High-frequency eddy-current testing (ECT) has previously demonstrated its capability for
detecting orientation related features, including fibre orientation and waviness, however, without
accurate validated modelling techniques to simulate CFRP features, accurate sensor optimisation and
inversion of orientation & material structure cannot be achieved. The lack of suitable models is in part
due to CFRP exhibiting highly-complex electromagnetic interactions between fibres, lamina and the
ECT sensors, which are difficult to integrate. In this work, a novel finite element modelling approach
is proposed to simulate the ECT response to planar multi-layered CFRP components. The fibre tow
structure of each unidirectional ply is modelled using orientation dependant 2D conductivity tensor
waveforms, and virtual 2D ECT scans are simulated by shifting the waveforms within the model mesh.
The results demonstrate that idealised electromagnetic characteristics of the CFRP structure can be
successfully modelled compared with experimental data and that 2D ECT data of complex CFRP
layers structures can be simulated with improved computational speeds, up to 5x faster compared to
standard approaches. The simulation is also used to demonstrate the reduced resistivity losses
compared with isotropic materials, caused by the different heterogeneous and multi-layer structures,
and predicts high current densities at interfaces of plies with orthogonal orientations, resulting in an
effective interface skin-depth.

Keywords. High-frequency eddy current, Carbon fibre reinforced polymer, Fibre orientation, FEM
modelling
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1. Introduction

In previous works, eddy current has been applied for the detection and evaluation of
the fibre orientation [1, 2], misorientation (off-axis) as well as in- & out of plane
waviness have been characterised by ECT [3, 4].However, the interaction between
composite structures and electromagnetic fields remains poorly understood in terms of
the current density as a function of depth within CFRP structures and the electrical
response of a coil. This hinders the accurate inversion of defects or layer depths based
on the fibre orientations[5]. The work in the current paper simulates the electromagnetic
modelling of the spatial variation observed in ECT scanning by modelling the electrical
conductivity of lamina as a continuous 2D spatial wavefunction to emulate the
experimentally observed fibre density variations, as demonstrated in Figure 1(a) and (b).
Thus, a multi-layer and spatial variant tensor is calculated to model the composite's
electromagnetic properties, shown in Figure 1(c). A virtual ECT scan is simulated over
the material using the model to retrieve the electrical properties of the coil, building up
a 2D map of coil impedance. The results demonstrate the agreement between modelling
and experiments for fibre characterization, as shown in Figure 2, while the limitations of
current modelling approaches are discussed.
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Figure 2 - Comparison of real part and imaginary part of ECT impedance (resistance and reactance)
from unidirectional an bi-directional sample. In each row, left two images are simulated data while right
ones are experimental ECT data.
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Abstract. This work presents an electromagnetic method for mechanical stress
evaluation using a U-shaped eddy current (EC) sensor. This technique exploits
the magneto-elastic constitutive laws of ferromagnetic materials. Observing the
sensor impedance provides information on both the initial magnetic anisotropy
and the stress-induced magnetic anisotropy. Measurements from API-5L X52 steel
pipelines in the longitudinal (DL) and transverse (DT) directions are used to vali-
date this methodology.

Keywords. Magneto-elastic coupling, Eddy current non-destructive testing, anisotropy,
API-5L X52.

1. Introduction

In this paper the EC non-destructive testing using a U-shaped sensor (Fig. 1.a) is
employed to detect mechanical stress T in anisotropic ferromagnetic material. For a
magneto-dynamic problem, the key parameter to include the stress effect is the magnetic
permeability u [1]. u is sensitive to stress [2], and the electrical conductivity is assumed
constant within an applied stress range from 0 MPa to 160 MPa [3]. Therefore, any vari-
ation of the measured impedance signal is from magnetic properties once the lift-off is
constant.
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Figure 1. a) Sensor geometry. b) Schematic of specimens cut-out. ¢) 1, of DL and DT specimens under stress.
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2. Stress effect on the EC sensor impedance

The magneto-elastic characterization of two specimens extracted from an API-5L X52
pipeline! in the directions DL and DT Fig. 1.b, shows that the material is anisotropic
and that p, (T) increases with respect to uni-axial tensile stresses(Fig. 1.c). Thus the
sensor impedance depends on stress. Using a U-shaped EC sensor provides information
on the direction of the initial magnetic anisotropy as well as the direction of the induced
magnetic anisotropy from uni-axial stresses (Fig. 2). The anisotropy can be estimated
by comparing the measured sensor impedance Zg (T) to a reference impedance Z to
calculate the relative variation |AZg (T )|, where 6 is the angle between the uniaxial
stress direction and the sensor orientation, and Zy is the impedance for an unstressed
material at 6 = 0.

3. Results

Zy is measured after demagnetizing the specimen. Then a frequency sweep of the
impedance is performed for each stress state. Good sensitivity was found for anisotropy
detection (Fig. 2.a) and stress evaluation (Fig. 2.b); however, the latter depends on ma-
terial magnetization M,.. A numerical model of impedance computation will be included
in the extended version.
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Figure 2. Magnetic anisotropy evaluation at 180 kHz. a) Initial magnetic anisotropy in DL. b) Stress-induced
magnetic anisotropy in DL.
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Abstract. Interstitial free (IF) steels are used in the automotive industry for applications requiring good formability,
strength and a superior surface quality. The formability is achieved by having a desired strong gamma fibre
crystallographic texture, which is typically measured using EBSD or XRD, and is quantified by measuring the r-
value from tensile tests. It is desirable to be able to evaluate the crystallographic texture using non-destructive
testing on production material. Magnetic anisotropy measurement is an attractive approach as the magnetic
behaviour of steel is known to be affected by the crystallographic texture. A set of IF steel specimens, at different
states of recrystallisation (commercially cold rolled and annealed to give partially recrystallised and fully
recrystallised microstructures) and accordingly different texture components have been used to investigate the
measurement and prediction of magnetic anisotropy. A finite element microstructure model that considers
crystallographic texture has been developed for the evaluation of magnetic anisotropy in polycrystalline steels. The
modelling results have been experimentally validated using a laboratory based electromagnetic (EM) sensor. The
results show that the proposed deployable non-destructive approach (U-based sensor that can be placed onto a sheet
sample) is promising for the quick evaluation of the magnetic anisotropy in IF steels.

Keywords. Magnetic anisotropy, electromagnetic sensor, crystallographic textures, FE texture model,
recrystallisation, Interstitial free steels

Introduction

Interstitial free steels (IF steels) find wide application in the automotive industry, due to their excellent
formability. Formability is known to depend on the crystallographic textures present after recrystallisation, and
there is a strong correlation between the ratio of near {111} and near {100} texture components; the higher this
ratio, the better the formability [1].

Conventionally processed IF steel is hot rolled and coiled, resulting in a randomly textured hot band strip.
Cold rolling of this randomly textured material causes the individual crystals to rotate by slip processes towards
two sets of orientations, the a fibre set, and the y fibre set [2]. The strength of these texture components,
particularly the a fibre, increases with cold rolling reduction [3]. During the final continuous annealing step the
cold rolled steel recrystallises and a strong v fibre texture develops. It is desirable to be able to measure the extent
of texture that develops, for example using magnetic anisotropy, as this can be related to the final product
properties and, if measured non-destructively could be used for product quality control during production. There
are commercial electromagnetic sensor systems used to non-destructively monitor strip steels during steel
production, such as the IMPOC, 3MA and EMspec systems, but these do not currently consider anisotropy and
are not used to evaluate texture. There are off-line EM systems used on products or laboratory samples, such as
Magnetic Barkhausen Noise (MBN) sensor, Epstein Frame (EPF) and Single Sheet Testers (SST) [4] and these
can be used to measure samples machined in different orientations. However, there are no current systems
designed to assess crystallographic anisotropy in structural / automotive steels. The aim of this paper lies in
investigating the magnetic anisotropy of three IF steel sheets by means of EM sensor measurements and
microstructural modelling considering the crystallographic texture.

I Corresponding Author, Corresponding author, Mohsen Jolfaei, mohsen.Jolfaei @warwick.ac.uk.
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Results and discussion

IF steel strips as cold rolled and annealed to different recrystallisation levels have been provided by Tata Steel
Europe. Texture analysis was carried out using Electron Back Scattered Diffraction (EBSD). Magnetic anisotropy
characterisation was performed using a laboratory EM sensor measuring along different directions with respect to
the rolling direction (RD). In this work three IF samples in different heat treatment conditions have been selected:
a partially recrystallised IF steel with high density of dislocations (IF-A), a partially recrystallised IF steel with
low density of dislocations (IF-B) and a fully recrystallised IF steel (IF-C). In terms of the texture, a mixture of
relatively strong « fibre and weak v fibre in IF-A, a mixture of relatively strong y fibre and weak « fibre in IF-B
and a single strong v fibre in IF-C (fully recrystallised sample) can be observed, Figure 1 (column left). Kernel
Average Misorientation (KAM) values from EBSD characterisation of the samples has been used to evaluate the
recrystallisation fraction and correlate that to the texture.

A laboratory based electromagnetic (EM) U shaped sensor, operating at low magnetic field, has been designed to
determine the magnetic anisotropy in the IF samples by measuring inductance (which is directly related to the
magnetic permeability of the steel) at angles varying from 0° to 90°, in steps of 15°, with respect to the rolling
direction. A finite element microstructure model [5] that considers crystallographic texture has been used to
predict the magnetic anisotropy in the IF steel samples based on the measured texture, the model potentially can
be used in the reverse manner to characterise texture from magnetic measurements. The texture model predicts a
strong anisotropic pattern for the fully recrystallised sample which agrees well with that of the measured real
inductance value, Figure 1. The predicted and measured values show less agreement for the partially recrystallised
samples, this is because the texture model currently does not take into account the effect of the dislocation density
present in unrecrystallised grains, which will affect the local magnetic properties (reducing the permeability
values). In partially recrystallised samples, where there is a mixture of a-fibre texture grains (typically
unrecrystallised with a high dislocation density) and y-fibre grains (typically recrystallised with a low dislocation
density), the model predicted permeability will be higher than the measured permeability and the measured
anisotropy will be more affected by the recrystallised grains whereas the model predicts anisotropy from all grains.
This will be addressed in future model development.
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Figure 1. Orientation distribution function (ODF) maps for the three samples studied (left column), real inductance measurements using the
EM sensor (middle column) and the predicted magnetic anisotropy using the texture model (right column) for IF-A, IF-B and IF-C.
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Abstract. The coercivity changes and Barkhausen noise properties of the
martensitic stainless steel with a tensile and compressive stress by a 4-point
bending method was evaluated for aiming nondestructive assessment of residual
stress of the steel. Both coercivity and Barkhausen noise signal shows
monotonically changes against applying stress when the materials have different
microstructure states.
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1. Introduction

Quantitative assessment of the residual stress on the steel used in turbine components
for a thermal power generation plant nondestructively is important. We believe a
magnetic method is an effective candidate for such purpose instead of the current X-ray
method because magnetic properties are very sensitive to stress and microstructures of
the material [1-4]. On turbine components, the steel is quenched to enforce its strength,
therefore, the steel has a different microstructure in the same component. Previously,
we investigated the effect of quench on magnetic properties and recognized the quench
brought to the steel to be hardened in both mechanical and magnetic properties [5].

Here, we also investigate the effect of stress (including compressive and tensile) on
the steel with and without quench, which is quite important knowledge for realizing
residual stress evaluation using magnetic technique.

2. Experiments and results

Two kinds of martensitic stainless SUS420]J steel were used for the experiments. One is
base material, and another is quenched sample. The specimen was applied tensile or
compressive stress using a 4-poins bending method. The, hysteresis curves and
Barkhausen noise signal were measured by a magnetic yoke and a pick-up or an air-
core coil, respectively. The hysteresis curves were obtained by integration of induced

! Corresponding Author, Hiroaki Kikuchi, Faculty of Science and Engineering, 4-3-5 Ueda, Morioka,
Japan; E-mail: hkiku@iwate-u.ac.jp.

52



voltage at the pickup-coil, and Barkahausen signal was obtained by an amplified and
band-pass filtering of voltage at the air-core coil. As to hysteresis curves, coercivity
was used for evaluation, and rms voltage was used for Barkhausen noise.

Figure 1 shows the changes in magnetic properties when the specimen was applied
stress (here, positive values are tensile stress and negative is compressive). In the
figures, “B” means base material, that is, without quench, and “Q” means quench. The
coercivity decreases with increasing stress, and absolute value of quench is higher than
that of the base. On the other hand, rms values of Barkhausen noise signal increase
with increasing stress, and the values of the base are higher than that of quenching. The
difference in parameters between base and quench reflects the changes in
microstructures. We clarified the quenching decrease grain diameter, which contributes
to increased coercivity and to decrease Barkhausen signal [5]. In both cases (base and
quenching), magnetic parameter changes monotonically with increasing stress, which is
effective to evaluate stress in the material. However, here, we used 4-point bending
method for applying stress; this method applied both tensile and compressive stress in
the material at the same time. Thus, we need more detail analysis about the obtained
results.
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Figure 1. Stress dependence on magnetic properties of steel without quench (B) and with quench (Q).
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Abstract. This study establishes relations between applied extern stress and magnetic indicators read
on experimental and simulated classic and magnetic Barkhausen noise energy cycles. The objective
is to determine the most sensitive magnetic stress indicator and explain why.

1 Introduction

Magnetism can take different aspects in contemporary non-destructive testing [1]. Our group
focuses explicitly on the magnetization mechanisms and the evaluation of residual mechanical
stresses through these mechanisms.

Mechanical internal stresses are a determinant factor to material performance, structural
integrity, and lifetime of industrial systems [2]. Their estimation is of significant interest when
anticipating failures and degradations.

Ferromagnetic steels are targeted. They are used in the construction, transportation, and

energy domain. The magnetization mechanisms can be classified into five categories [3]:
¢ the magnetic domain wall bulging (low amplitude range),
the domain wall irreversible motions (middle amplitude range),
the magnetization rotation (high amplitude range),
the domain wall frequency dependence, ripples, and avalanches phenomena,
the macroscopic eddy currents (skin effect).
These mechanisms exhibit different sensitivity to stress, and a first work consists in
establishing these sensitivities. Also, most of these mechanisms are superimposed in a standard
magnetization process. Therefore, a second work consists of developing a characterization
setup that allows isolation of each mechanism. For this, measurements and simulations can be
associated. This study focuses on the mechanical stress influence on standard magnetization
B(H) and magnetic Barkhausen noise energy hysteresis MBNenergy(H) cycles [4][5].

Experimental results obtained in uniaxial traction situations are confronted with simulation
ones to establish the simulation parameters.

A multiscale simulation method based on a statistical distribution of the magnetic domains
and the knowledge of the crystallographic texture is used to predict the anhysteretic behavior
of both classical and Barkhausen noise cycles [6].

A parametric study of simulation results under tensile stress, and magnetic excitation in
every space direction of the lamination plan (FeCo alloy, Fig. 1) allows defining the most stress-
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sensitive situation. It defines the best magnetic indicator and the best position to observe stress
in typical ferromagnetic steels.
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Fig. 1: Evolution of the predicted normalized Hos: H at M = 0.95-Mj., under biaxial stress states. The
magnetic excitation and the magnetic sensors are along x (RD).

2 Conclusion

This work is a leap forward to understanding and modeling magnetization mechanisms for

MBN interpretation. By combining the proposed simulation method's predictive capability with
a new generation of magnetic sensors (local and directional), an ideal experimental
configuration can be proposed particularly useful for workshop practice.
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