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Experimental and Numerical Multi-defects Analysis in
Ferromagnetic Medium

Abstract. In this work, we describe an experimental and analytical study on the inspection and evaluation with eddy current testing (ECT) signals of
two different thin cracks, realized with an electro-erosion process on two ferromagnetic sheets. We solved the direct problem by means of a Finite
Elements approach, solving the 2D magnetodynamic electromagnetic equation. and then the inverse problem using artificial neural networks. The
numerical calculated values are compared with measurements.

Streszczenie. Opisano analize analityczng | eksperymentalng metody defektoskopii z wykorzystaniem pradéw wirowych do badania materiatu
ferromagnetycznego ze szczeling. Wykorzystano metode elementéw skornczonych do konstrukcji modelu dwuwymiarowego. Metoda wspomagana
Jest wykorzystaniem sztucznych sieci neuronowych. Eksperymentalna i numeryczna analiza defektoskopii wiropragdowej do badania probek z
wieloma defektami
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Stowa kluczowe: defektoskopia wiropragdowa, metoda elementéw skonczonych, prébka z wieloma defektami

Introduction Table 1. Physical parameters of specimens

Eddy current testing (ECT) is a non-destructive Material Electrical conductivity Relative magnetic
evaluation (NDE) technique that is gaining increasing MS /m permeability
interest as a key technology in the detection of small cracks AlSI 430 0, =169 b = 110
in ferromagnetic specimens. Its main applications regard S235 JR 0,=7.48 b = 178
the analysis and testing of metallic components employed
in transportation, nuclear, and other industrial plants. The
method is based on the detection of the magnetic field due
to the eddy currents induced on the specimen [1, 2]. f L ]

One of the activities in the research field about the Y Wzt Z 2
electromagnetic  non-destructive  evaluation is the | T
discussion dealing with the efficiency of different numerical Scan direction | DI

methods in solving both forward and inverse problems. |
From the computational point of view, a direct and an
inverse problem have to be solved. The direct problem
consists of the evaluation of the field perturbation at the
measurement probe locations, for a given exciting field and
geometry of the flaw (or flaws). In the inverse problem, one
has to find the dimensions and the shape of the flaw(s),
assuming the measurements and the forcing field as known

quantities [3, 4]. As the inverse problem is the key objective Surface breaking cracks of 0,22 mm width appears in

in NDE, the success of any inversion procedure requires the middle of each plate (JSAEM Benchmark Problem 6)
fast and accurate solutions for reconstruction of the [2]. They are modelled as regions having different

geometric and physical characteristics of the thin cracks. electromagnetic properties from the base material. The both
To overcome these difficulties and reconstruct these shapes of cracks are illustrated in Fig. 2 '

cracks, we used an algorithm based on an artificial T

reasoning system built on the basis of the human brain. A

Fig.1. A coil and a test piece with a crack.

calculation tool developed under MATLAB environment was 0.75 mm 1.5mm
used. [—\_{__—’/’—L‘
Numerical model T 7

In this study two specimen plate having the | 10 mm ol
electromagnetic parameters of ferromagnetic materials is !
inspected. Elliptical shape crack

It is a ferromagnetic stainless AISI 430 steel and a
ferromagnetic S235JR steel (matter number are 1.4016 and

1.0037 respectively). The 3D configuration of the plate with 0.25mm 05mm 0.75mm 1.5mm
the crack and the coil is shown in Fig. 1. 3 4 il

The specimens have a width 140 mm, a length 140 mm
and a thickness 1,5 mm. The physical proprieties for each t T
nuance are listed in Table 1. 3.3mm 3.3mm_3.4mm

The magnetic relative permeability and the electrical
conductivity of the samples were measured respectively

with the Epstein frame and a micro-ohmeter. i i oo

Fig.2. Forms of cracks studied.
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The pancake coil is employed for the inspection of the
specimen with crack. It is positioned normally regarding the
surface of plate (parallel to the x-axis), and moves placed
along the crack length direction. Its axis is parallel to the z-
axis of the coordinate system shown in Fig. 1.

The probe is made of 140 turns, his Inner diameter is
1,2 mm, the outer one has a value of 3,2 mm and a height
of the winding is 0,8 mm. It is supplied with a current of 8
mA. The frequency of the feeding driving signal is adjusted
to f=10 kHz.

The field equations describing low frequency
electromagnetic phenomena are derived from Maxwell’'s
equations. The numerical calculations are performed using
a finite-element code in resolution of the 2D magneto
dynamic electromagnetic equation in terms of the magnetic
potential vector. In the two-dimensional case, the current
density ] and the magnetic potential vector 4 act in the
positive z direction [5, 6].

(104 2104}, i,

M ox\ u ox oy\ u oy

The solution of the forward problem requires the
determination of the impedance change of the probe. The
impedance of a circular filament of radius r can be
calculated directly from the distribution of the magnetic
potential vector [6, 7].

2
2 Re(Z) = - j\;z w”27rr Im( A)ds
N’ :
3) Im(Z) = - E a)ﬂ 27r Re (4)ds

This parameter is evaluated by calculation of the
difference between the values obtained for the plate without
crack and the values obtained for the plate with crack.

Architecture of the artificial neural network (ANN) for
cracks recognition

This section describes the ANN architecture designed
for the sizing of different form of crack. An artificial neural
network (ANN) can be used to make an approximation
function by learning from collected data, and it can
objectively classify unknown data based on this
approximation function. The ANN consists of a number of
processing elements that are connected to form layers of
neurons, although the networks may be complex. The
missing links between sets of inputs and outputs were
found by determining the optimal synaptic weights, based
on the available training data of the inputs and outputs. In
this research, various impedances of the probe were
extracted and used as training data to train the ANN
classifier for the purposes of estimating depth and width of
the cracks [4, 8, 9].

Layer

Layer

0 1

Fig. 3. Architecture of the ANN.

A multilayer perceptron (MLP) neural network was used,
consisting of one input layer, one hidden layer and one
output layer (Fig. 3.) as it showed a better generalisation
capability. A tangent sigmoid function has been used as the
activation function for the hidden layer due to its non-linear
and saturation properties for inputs of large absolute values.
A linear transfer function has been used for the output layer.
The Levenberg-Marquardt (LM) algorithm, which is similar
to the Newton method, is used for the back-propagation
error in the supervised learning of the ANN. The root mean
squared error (RMSE) was used as the performance index
in this study [10, 11].

Measurement

Measurements by the eddy current method were carried
out using two types of devices, the first to detect the
signature of ferromagnetic steels with and without crack in
impedance plane, the second to quantify (measure) these
cracks.

Signature of ferromagnetic steels in impedance plane

To detect the characteristic signature in the complex
plane, we used a Nortec 500 series eddy current cracks
finder from the Olympus firm, with a sensor consisting of a
single coil, emitter and receiver with a frequency of 100 kHz
to 500 kHz. (Fig. 4).

Fig. 4. Nortec 500 eddy current flaw detectors.

We present in Fig. 5 the signatures registered with two
samples ferromagnetic and one sample non-ferromagnetic
without cracks. This is a graphical representation of the
complex probe impedance where the abscissa (X value)
represents the resistance and the ordinate (Y value)
represents the inductive reactance.

Reactance (Chm)

Resistance (Ohm)
Fig. 5. Impedance plane without crack.

58 PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 96 NR 4/2020



We observe that the increasing of the material
permeability has a direct influence on the coil magnetic field
causing an increase in the coil Inductive Reactance (XL),
and the characteristic signatures in the complex plane of
these materials are similar to those of the curves existing in
the literature [12, 13].

For locating the cracks in the plane of the inspected
part, a scan of the workpiece surface by the Eddy current
Sensor is necessary.

Resistance (Ohm)

Resistance (Ohm)
Fig. 6. Impedance plane with crack.

The signals recorded in the case of steel ferromagnetic
stainless AISI 430 and steel ferromagnetic S235JR,
containing Slope shape crack and Elliptical shape crack are
given in (Fig. 6).

(b) Inductive sensor & ferromagn‘etic plates with thin
cracks.
Fig. 7. Equipment used

Quantification of the signal

A series of experimental studies was carried out to
examine the capabilities of the fine crack detection and
quantification technique on ferromagnetic materials. The
test setup for measuring Eddy currents signals was
composed of a dual function inductive sensor, an
impedance analyzer, and two specimen plates containing
cracks, as shown in (Fig. 7).

The sensor (Fig.7.b) is connected to Agilent 4294A
impedance analyzer (Fig. 7.a) which provides a supply

current and measures the impedance at its terminals. The
maximum output current is 20 mA and it varies depending
on the measurement frequency from 40 Hz to 110 MHz.

To perform the experiments, two thin cracks are

artificially realized in the center of each plate using the
electro-erosion process. The shape and the dimensions of
cracks are shown in (Fig. 2).
If we place the eddy current sensor in a marked spot of the
sample, we can then measure the electrical impedance of
that coil (influenced by material properties at that position),
and if we measure this impedance in the presence of a
crack at the same position, we get the trend or evolution of
that impedance at that position.

To start we measure the impedance for a plate without
crack (Zo), then after we measure this impedance for a plate
with crack (Z). The probe impedance is calculated for lift-off
of 0.15 mm above the plate surface for different coil
locations, starting from x = -10 mm till x = 10 mm at every 1
mm along the crack direction. The settings of the
impedance analyser (feeding current, frequency) are the
same as those used in simulation and remain unchanged
for all measurements and until the end of the tests

Results & discussion
In table we reported the details about the numerical
method used.

Table 2. Parameters used in numerical analysis.
The number of total elements 50656
The number of total nodes 25405
Computer hp EliteBook 840
Processor Intel(R) Core (TM) i5-4300U
CPU @ 1,90GHz 2,50 GHz
Installed memory (RAM) 4 Go (3,90 Go Usable)
Operating system (bits) 64

In Fig. 8. is reported the used mesh for the modelling of
the geometry. In the field of electromagnetism, the
triangular element is used for 90% of cases. The calculated
values obtained using this mesh are always the closer ones
to the measurements.

Mesh with triangular shape element
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Fig. 8. Meshes for the plate with crack and the probe coil.

The results of measurement and simulation for S235JR
steel and AISI430 stainless steel are plotted in Fig. 9 (b, c¢)
and Fig. 10 (b, c). Signals were repeatedly measured 30
times at each specimen, with 1mm of displacement pitch.

Fig. 9(a) and Fig. 10(a) show the impedance plane of
materials without cracks for various frequency and for a
sensor fixed position in experiment case. The simulation
results show that the measurement is appropriated since
these results well agreed with results obtained in Fig. 5.
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S235 R

Imag (Z) (Ohms)

(a) Impedance plan.

8235 JR
1.5

—— Experiment —©

Simulation

0.03
Sensor position (m)

(b) Absolute impedance vs sensor position
(Elliptical shape crack).

S$235 JR
1.5

—e— Experiment —<— Simulation

Z,-2)12,-2), ., (%)

Sensor position (m)

(c) Absolute impedance vs sensor position
(Slope shape crack)

Fig. 9. Comparison of measurement and analysis for S235 JR.

We can see in the Fig. 9 (b, c) and 10 (b, c) that the
amplitude of the signal increases with the depth of the
defects in all peaks sections, and that the distribution of
absolute impedance (Zo - Z) versus the position of the cail
with respect to the defect are always of the same shape of
those measured.

Knowing that the sensor displacement was done
manually, the offset of the charts is due to the lack of
precision during the displacement

If we make a comparison with a previous article [4], we
find that the AZ signals are inversed, which can tell us if any
material presents the magnetic character or not.

Imag(Z) (Ohms)

| | | | | |
| | | | |
1 1 1 1 1
7 72 7.4 7.6 7.8

6.6 6.8
Real(Z) (Ohms)
(a) Impedance plan.
AISI 430
1.5

——— Experiment —S— Simulation

2,-2)1(2,-2) . (%)

0.03
Sensor position (m)

(b) Absolute impedance vs sensor position
(Elliptical shape crack).

AIS1 430

—e— Experiment —=— Simulation

0.03

Sensor position (m)

(c) Absolute impedance vs sensor position
(Slope shape crack)

Fig. 10. Comparison of measurement and analysis for AISI 430.

Results of the Network Validation

The measured signals in the first part were then
processed to characterize these cracks. The neural network
input ANN is constituted of thirty values of impedances. The
results are shown in Fig. 11; for different shapes of cracks
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Fig. 11. Crack reconstruction.

The results show that the used network can predict the
length and the depth of a crack cluster with a verry good
accuracy. Note that the learning base was built with
experimental and simulation data and of course the results
give the same for both cases.

Conclusion

Finite element modeling and results of numerical
analysis for eddy current testing of ferromagnetic materials
with a thin crack were described in this paper. For two
cases, 1) elliptical shape crack, 2) slope shape crack, the
comparison of numerical analysis and measurement were
discussed. The change in Eddy currents signal were
determined according to shape and dimensions of cracks.
The results verified the accuracy of the modeling and the
analysis method.

Both in measurement and simulation, the impedance
changes from the sensor position show that the detection of
thin cracks in the ferromagnetic materials is possible
through detection of the Eddy current testing signal.

ANN based pattern recognition was applied to estimate
the depth and width of the cracks. The ANN classifier was
trained using diffrents values of impedances extracted from
the Eddy current signals; the trained ANN classifier can
successfully estimate the size of cracks with little error.

Overall, these results demonstrated that the proposed
damage detection and quantification method using inductive
sensors and an ANN classifier is able to diagnose defects in
steels ferromagnetic.

Authors: dr. Hamid Mehaddene, Department of Electrotechnics,
Mouloud Mammeri University of Tizi-Ouzou, BP 17RP 15000,
Algeria, E-mail: mehaddenehamid@yahoo.com; prof. dr. Hassane
Mohellebi, Department of Electrotechnics, Mouloud Mammeri
University of Tizi-Ouzou, BP 17RP 15000, ALGERIA, E-
mail:mohellebi@yahoo.fr; dr. Azouaou BERKACHE, Department of
Electrotechnics, Mouloud Mammeri University of Tizi-Ouzou, BP
17RP 15000, Algeria, E-mail: azouaoubrk@yahoo.fr. prof.
dr.Gérard Berthiau, Institut de Recherche en Energie Electrique de
Nantes Atlantiaque (EA4642), 37 boulevard de I'université, BP 406,
44602, Saint Nazaire, Cedex, France, gerard.berthiau@univ-
nantes.fr.

REFERENCES

[11 Hamel A., Mohellebi H., Féliachi M., Imperialist Competitive
Algorithm and Particle Swarm Optimization Comparison for
Eddy Current Non-destructive Evaluation, PRZEGLAD
ELEKTROTECHNICZNY (Electrical Review), R. 88 NR
9a/2012, ISSN 0033-2097.

[2] Burrascano P, Cardelli E, Faba A, Fiori S, Massinelli A.,
Numerical Analysis of Eddy Current Non-Destructive Testing
(JSAEM Benchmark Problem #6- Cracks with Different
Shapes).

[3] Albanese R., Rubinacci G., Villoney F., An Integral
Computational Model for Crack Simulation and Detection via
Eddy Currents, Journal of Computational Physics, 152 (1999),
736-755.

[4] Mehaddene H., Mohellebi H., Berkache A., Eddy Currents Non-
Destructive Testing and Evaluation of Ferromagnetic Medium,
PRZEGLAD ELEKTROTECHNICZNY (Electrical Review). R.
95 NR 2/2019, 112-116, ISSN 0033-2097.

[5] SILVESTER P., Chari M. V. K., Finite Element Solution of
Saturable Magnetic Field Problems, IEEE Trans Power Appar
& Syst, 5 (1970), No. 89, 1642-1651.

[6] Palanisamy R., Lord W., Finite Element Modeling of
Electromagnetic NDT Phenomena., IEEE Transactions on
Magnetics, 15 (1979), No. 6. 1479-1481.

[71 Thomas J-L., Modeling Simplified by Control by Eddy Current
of Type of Generator of Steam report of internship ESA
IGELEC, 1998, University of Nantes, France

[8] Schalkoff R., Pattern Recognition: Statistical, Structural and
Neural Approaches, John Wiley & Sons: New York, NY, USA,
1992.

[9] Ju-Won K., Seunghee P., Magnetic Flux Leakage Sensing and
Artificial Neural Network Pattern Recognition-Based Automated
Damage Detection and Quantification for Wire Rope Non-

Destructive Evaluation, Sensors, 18 (2018),109;
doi:10.3390/s18010109.
[10] Martin T., Hagan., Mohammad B., Menhaj., Training

Feedforward Networks with the Marquardt Algorithm, IEEE,
Trans, Neural Networks, 5(1994), No. 6, 989-993.

[11] Harzallah S., Mimouni M. L., Benissad S., Chabaat M., 3D-
FEM Computational and Inverse Problem in Nondestructive
Evaluation Using Neural Networks for Detection of Cracks,
Transylvanian Review, 12 (2018), vol. 1.

[12] Eddy Current Testing at Level 2: Manual for the Syllabi
Contained in IAEA-TECDOC-628. Rev. 2 "Training Guidelines
for Non-Destructive Testing Techniques", IAEA, VIENNA, 2011
TRAINING COURSE SERIES NO. 48, ISSN 1018-5518.

[13] Berkache A., Oudni Z., mehaddene H., Mohellebi H., Lee J.,
Inspection and Characterization of Random Physical Property
Defects by Stochastic Finite Element Method, PRZEGLAD
ELEKTROTECHNICZNY (Electrical Review). R. 95 NR 8/2019,
96-101, ISSN 0033-2097.

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 96 NR 4/2020 61



