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Abstract:

This paper presents an electromagnetic analytical model and finite volume model was used to give the
relationship of the Aluminum layer thickness coated steel, and then looking for the optimal working frequency
according to a given criterion. A Dodd and Deeds model was used for the analytical model and finite volume
method looking to find the error between a two methods. A good accuracy and agreement between the numeri-

cal and analytical results were observed.
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I.  Introduction

Industrial components are commonly surface treated
by the application of engineering coatings, conferring
new functional properties to the material surface
such as hardness, electrical conductivity, and thermal
insulation...etc. The material composition of coat-
ings, and desired properties such as thickness and
adhesion to substrates, is controlled by specific dep-
osition techniques and processes, i.e., PVD, CVD,
electroplating, thermal spray, and others. Regardless
of the selected process, rigorous control over coating
quality is essential to ensure that the treated surfac-
es meet specified standards. When the coating pa-
rameters such as thickness is out of required specifi-
cations; the performance will be then negatively al-
tered. Hence, the ability of the assessment of coat-
ing properties by the mean of non-destructive meth-
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od offers a crucial importance for many industries as
in aerospace, and energy.

Steel is a metal that has several and very important
applications. Indeed, this metal is very crucial in sev-
eral fields of technical applications such as in me-
chanical components. The diversity of use gives im-
portance to researchers to study its mechanical pro-
prieties and its state against defects and fatigue.
Therefore, nondestructive testing methods are re-
quired. Such tests include radiographic, ultrasonic,
eddy current...etc.

Different protective coatings or surface treatments
are used to improve the behaviour of steel. This
coating acts as a physical barrier which isolates the
steel from the exterior environment. Unprotected
steel is used only in a dry environment and not
corrosive, therefore to use the steel outside this
environment various solutions such as Aluminium
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metallic coating can be used[1-5]. Thickness
measurement and controlling of the Aluminium
coating are necessary for the steel fabrication. As
well, in the manufacture and maintenance of
industrial metal pieces, it is very important to make
the control and the measurement of their
geometrical properties. Eddy current based methods
which are widely used in non-destructive testing of
conductive materials; can be also used as an
alternative method for thickness measurement. The
main advantages of eddy current methods are the
low cost and the robustness [6-12]. According to the
penetration depth equation, we can understand that
the penetration of eddy current in the material is
relative to geometrical, electric and magnetic
proprieties and the working.

On the other hand, in real conditions, there are a lot
of parameters that affect the eddy current
distribution in the material under test such as the
eddy current sensor dimensions, material thickness,
and the gap between the sensor and the material so-
called lift-off. If one or more of these parameters
change, the response of the eddy current sensor
changes. By using an appropriate processing of the
sensor response a lot of material properties can be
evaluated such as its thickness.
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The relationship between the sensor reactance and
the Aluminum layer thickness has been obtained by
the electromagnetic analytical model of Dodd and
Deeds [6-11, 13-17], the optimal working frequency
is selected according to the sensitivity The numerical
[1,12] results and the analytical thicknesses com-
pared to exact ones, show the good accuracy of the
experimental setup where the maximum relative er-
ror doesn’t exceed 1%. the average numerical error is
about 1.6% with maximum error 3.8% for different
aluminum layer thicknesses.

II. Problem discription

Our study assumes that the provided problem is an
axisymmetric eddy current. We adapt the system
utilized in previous works (Figure 1). A cylindrical coil
of rectangular cross-section serves as the excitation
source, positioned above a two-layer material where
the first layer is a conductive material (aluminum)
and the bottom layer is a ferromagnetic material
(steel). Once more, the computation of the coil
impedance changes induced by eddy current in the
multilayer conductor is of primary concern.

Figure 1:lssue description

Il. 1. Numerical solution

The FVM method is demonstrated as a promising and
competitive method in solving electromagnetic prob-
lems [1,12]. Compared to the popular Finite Element
Method (FEM), the FVM is particularly attractive be-
cause a number of features such as a small storage
memory is required and reduced CPU time.

Thus, starting from Maxwell’s equations in harmonic
representation, the implemented formulation is:

rot-= rotA + jwoA = JinQ
U

(1)

In equation (1), Ais the magnetic vector potential, o
is the electrical conductivity, u is the magnetic per-
meability and]; is the source current density. Q de-

elSSN1303-5150

notes the entire problem domain. The Dirichlet con-
dition is imposed as:

A=0inT"

(2)

I denotes the boundary of the entire problem do-
main. The Green-Ostrogradsky formula, give:

—divi gradA+ jwoA= Jg
i

(3)

The basic purpose in the FVM method is to subdivide
the geometrical model, which is deducted from the
entire problem domain, into a finite number of con-
trol volumes. In the case of triangular mesh scheme,
each control volume Dp is limited by three surround-
ing edges del, de2 and de3, and has three neighbor-
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hood control volumes D1, D2 and D3 of nodes P1, P2
and P3. At that time, equation (3) must be integrated
over the principal control volume Dp as:

—ffdiv(lgrad,&jJrffjWGA:fst

Dp H Dp Dp

(4)

The integration of all terms resulting from equation
(4) leads to the following algebraic equation:

A, :i(clAl +C,A, +C,A, +C,)

CP
(5)
The coefficientsc,¢,, ¢,, c,;and c,describe the physi-
cal and geometrical properties of the control volume
D :

p

ci:#,izl,&&
dyusinsin(dy,d;)
(6)
¢, =J,.S
(7)
C, = JWoS +¢ +C, + ¢,
(8)
Il. 2. Analytical Solution
Due to the superposition principle, the total

impedance of the coil is the sum of the isolated coil
impedance Z, and the impedance change AZ due to
the presence of the conductive layer system or
equivalently the effect of eddy currents induced
therein.

Dodd and Deeds formulation [18] as well as the de-
veloped model by [3,19] give an electromagnetic
analytical solution to this problem. The magnetic
vector potential A formulation in all regions satisfies
the equation (1):

Vilermate

LCR-meter
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32A+ 194 A +52A
ar? ror 1?2 09z?2

(9)

6 is the penetration depth and | is the coil current,
The total impedance of the coil is the sum of the
individual coil impedance Z0 and the change in
impedance Z produced by the conductive layer
system. This change in impedance is a result of the
presence of eddy currents within the system, which
can be explained using the superposition principle.
Having obtained the equation for Z0, equation (2)
our task now is to calculate the value of AZ.

AZ =AR +jAX =[(R], —Ro) +J (X, —X,) =

Jj2mwig T2 fzz rA{“}(r,z)drdz

z1

2 rl

(10)
l1l. Results and discussion
The investigated EC-NDE problem as it is shown in
Figure 2. is made of an eddy current sensor, with 407
turns, outer diameter (Do) 9.7 mm, inner diameter
(Di) 5 mm and the height (h) 4 mm. This sensor is
placed above a square multilayer material sample
with a side length 150mm, this sample is made of
two different layers; the
first one is Aluminium with thickness change is e=30
to 180 um, electrical conductivity 35.5 MS/m and
relative magnetic permeability 1 units. The second
layer is a steel material with thickness e1=5mm, elec-
trical conductivity 4.2 MS/m and relative magnetic
permeability 50 units. The spacing (Lift-off) between
the sensor and the sample is 0.1 mm.

Laptop
(Labview)

Figure 2: Aluminium layer thickness measurement in multilayer steel material.

The aim of the proposed method is to find the opti-
mal working frequency fo that satisfies the following
two criteria; a good sensitivity of the sensor and a
best linear relationship between the real parts of im-
pedance “Rn” or the imaginary one “Xn” and the
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Aluminum layer thickness. As a result, Figure 3 illus-
trates the analytical and numerical results of sensor,
i.e. the normalized imaginary part of impedance vari-
ation as a function of layer thickness.
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Figure 3: Normalized imaginary part of impedance for deferent frequencies as a function of Aluminum layer
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Figure 4: Impedance variation and its imaginary part in free space as a function of frequency.

Figure 4, illustrate Eddy current density for frequencies “3kHz and 6 kHz” and aluminum layer thicknesses

“e=30um and e e=180um”.

Figure 5: Normalized imaginary part of impedance for frequency “3kHz” as a function of Aluminum layer thick-
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Figure 8: Eddy current density for frequency “6kHz” and aluminum layer thickness “e=30um”.
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Figure 9: Eddy current density for frequency “6kHz” and aluminum layer thickness “e=180um”.
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Conclusion

An eddy current sensor-based system is realized for
Aluminum layer thickness measurement in multilayer
material. The relationship between the sensor reac-
tance and the Aluminum layer thickness has been ob-
tained by the electromagnetic analytical model of
Dodd and Deeds, and followed by implemented in
the developed Lab-View application. The optimal
working frequency is selected according to the sensi-
tivity and the relationship linearity of the sensor.
Some experimental samples of multilayer material
containing Aluminum layer with different thicknesses
are prepared and measured. The numerical results
and the measured thicknesses compared to exact
ones, show the good accuracy of the experimental
setup where the maximum relative error doesn’t ex-
ceed 1%. the average numerical error is about 1.6%
with maximum error 3.8% for different aluminum
layer thicknesses.
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