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Coupled Circuit Method Applied to the detection of Defects in a

Conductive Multilayer Device

Abstract. The work present the coupled circuit method applied to an eddy current nondestructive testing (EC-NDT) problems. The device is
consisting on a conductive multilayer structure having an air gap (delamination), or a physical defect (lack of material). The purpose of the study is to
identify the presence of the delamination when a physical defect can occur simultaneously. The use of Coupled Circuits Method permits to reduce
the discretization to only the active parts without mesh air gap. The results obtained are compared to finite elements ones. A good agreement is

observed between results. Interesting and useful conclusions are made.

Streszczenie.

W pracy przedstawiono metode obwodéw sprzezonych zastosowang do badan nieniszczacych pradéw wirowych (EC-NDT).

Urzadzenie sktada sie z przewodzgcej konstrukcji ze szczeling powietrzng (rozwarstwieniem) lub wada fizyczng (brak materiatu). Celem badania jest
identyfikacja obecno$ci rozwarstwienia, gdy jednoczes$nie moze wystgpi¢ wada fizyczna. Zastosowanie metody obwodéw sprzezonych pozwala
zredukowac dyskretyzacje tylko do aktywnych cze$ci bez siatkowej szczeliny powietrznej. Uzyskane wyniki poréwnuje sie z wynikami elementéw
skoniczonych. Obserwuje sie dobrg zgodno$¢ wynikéw. (Zastosowanie metody obwodow sprzezonych do detekcji defektéow w materiatach

przewodzgcych)
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Introduction

The eddy current testing is used in all types of industries
using parts of electrically conductive material, particularly
metallurgy, nuclear power, petrochemicals, railways,
aerospace, armaments, industry shipbuilding, automotive
and aerospace.

This popularity and diversity are due to technical
features including simplicity, the implementation of complex
structures with adaptable sensors, portable equipment, high
sensitivity, non-necessity of contact with the target, real-
time response, the ability to automate the testing and
analysis of test results [1] with aging, had become sensitive
to cyclic fatigue defects in multilayer structures [2,3]. In
addition, delamination between the different layers is one of
the observed damage modes [4,5,6], the propagation of one
or the other causes the inevitable rupture.

In The semi-analytical formulations based on integral
equations realize an interesting compromise between
accuracy and computational time which results in a
relatively reduced calculation time. In this work we are

interested in the method of electric coupled circuits
developped and applied to several devices [7,8,
9,10,11,12]. Based on the calculation of mutual

inductances, this method has the advantage of discretizing
the actives parts and thus the advantage of do not meshes
air region and mainly fine gap layer. Others semi-analytical
solutions use either a magnetic vector potential as unknown
variable when applying coupled circuits method [12] or a
solution of partial differential equations in its 2D or 3D forms
[13,14,15].

The most previous works in NDT consider a monolayer
structure; some ones use an hybrid method with the
association of coupled circuit method in an optimization
procedure when a delamination occurs in the multi-layer
plate[16]. A stratified metallic cylinder is also studied for
mechanical stress evaluation [16,6].

The aim in this work is to detect and identify the presence
of delamination separating the conductive layers
simultaneously when a physical defect (lack of material)
exists in the structure [2,3,5,6].

The geometry of the survey system is represented by
Fig.1. The three-dimensional model is reduced to a two-
dimensional one in the study by considering an
axisymmetric physical problem.
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Fig. 1. Structure of the study device

Coupled Circuits Method

The method of coupled circuits operates a calculus for
assessing the electrical parameters of the system from the
mutual inductances. This process makes it possible to
express the self-inductance, the resistance of each
elementary coil and mutual inductances between coils. The
resistance R; of the elementary turns i is obtained using
analytical formula. Terms that allow the calculation of the
latter are given by equations (1) (2) and (3) below [17,18]
respectively:

) Ri=po

(2) . =27r,

pi: electrical resistivity, S;: cross section of elementary
section, I,: average radius of the elementary coil.

In the this study, we consider that the mutual inductance
mj; between two elementary coils i and j, assumed to be
filaments elementary coils, is given by [18]:
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The total inductance L;; between elementary coils i and j

(4)

of the conducting ring is obtained by expression (6):

1 vy 1
(6) Lij =—5 2 2mj+- 2Ly,
1

Ho: magnetic permeability of vacuum, I : radius of the

elementary coil i, I’j
between the two elementary coils, K(k) et E(k): elliptic
integrals, r : radius of the copper conductor.

The self-inductance is given by the formula (7):

- Lpi = 4o @ (m(gTa - 1.75])

The well known Kirchhoff's laws are applied to the
equivalent electrical circuit of the non-destructive testing
device, having a tube with conducting layers (two and three)
and a sensor of 140 turns, given in Fig. 3, allow us to obtain
the associated electrical equations for each filament m and
n as following:

: radius of the turn j, h: distance
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The geometry of the studied problem concerns a 2D
axisymmetric structure considered in (r, z) coordinates as
shown in the following Fig. 2:
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Fig. 2. Representation in the (r, z) plane of the NDT device

The equivalent electrical circuit considered for the
current study device when the inductor is divided into m
elementary turns and the load piece (the two and three
layers) into n elementary turns respectively is represented
by Fig. 3. In this study the inductor is assumed to be a one
coil with : 0.75 mm x 0.75 mm section and then divided to n
elementary turns [10].

Note that electrical equivalent circuits of conducting layers
representing the load piece with the air-gap are short-
circuited.
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Knowing that: Rc1, Rcz, Rb, Let, Leo Ly, le1, lco, Ip: are
resistances, self-inductances and electrical currents of layer
1, layer 2 and inductor coil elements respectively. The
mutual inductance coefficients Mc1c1, Mcaco, My, Mc1co, Mcis,
Mco, determine the influence between layer 1 (index c1),
layer 2 (index cy) and inductor coil (index b) respectively
when Uy represents the supply voltage.
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Fig. 3. Electrical equivalent circuit representing the sensor and 2 layers of conducting load

The algebraic matrix system

When writing the electrical equation for the set of

elementary turns of the complete device (sensor and
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layers), the algebraic matrix system obtained has the form
bellow:

(11) M1+ jo[N])[11=[K]
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(12) w=2rf

f is the frequency, [l]is the unknown vector which

represents the electrical currents of elementary turns with
dimension (2*n + m). The second term in equation (11)
contain the source terms of dimension (2*n + m) with n non
zeros source terms. The self-inductance and the mutual
inductance of each elementary turn are given in the square
matrix [N] of dimensions (2*n + m) x (2*n + m); [M] is
square matrix which terms are the resistances of
elementary turns.

Application and results

The geometry represented in Fig. 2 is discretized to
elementary turns (inductor: 24 elementary coils, layer tube:
30x10 elementary coils), as its symmetry only a half part of
the 2D geometrical model is considered. The geometry
shown in Fig. 4 is consisting of a half part of a cylindrical
two layers structure having a defect at the outer layer and
an air-gap representing the delamination. The effect of the
delamination or the physical defect (lack of material) or both
them on the non-destructive testing study in cases of two
layers at first and three layers later, is investigated.

Non Destructive Testing Study of a Two Layers
Cylindrical Tube

The resolution domain for the sensor-load system is
represented by Fig. 4. The physical and geometrical
characteristics of NDT system are given in Table 1.

Table 1. Physical and Geometrical Parameters

Physical Sensor Conducting | Conducting | Defect
and Layer 1 Layer 2
Geometrical
Parameters
Length [m] | 0.75*10° 60*10 60*10 6*10°
Thickness 0.75*10° 0.6*10° 0.6*10° | 0.3*10°
[m]
Inner radius |  0.5*107 1.3*10° 1.9*10° -
[m]
Magnetic 41107 4m*107 4m*107 -
Permeability
[H/m]
Electrical 1.79*10° 2.62*10° | 2.62*10® -
Resistivity
[Q.m]
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Fig. 4: Discretization of resolution domain (Half device)

Detection of the air gap (Delamination) Between Two
Layers Cylindrical Tube

The study of the detection of the air gap between two
layers in cylindrical tube is conducted by computing the
variation of the difference impedance AZ =|Z -Zo|. It is
obtained by calculating the difference between the
impedance Z of the sensor, including the two layers
cylindrical tube, with the presence of the simulated constant
air gap and the one obtained when the two layers cylindrical
tube are considered without presence of the air gap (called
Zy).

At the first step, the study concerns the two layers
cylindrical tube having an air-gap between the layers but
without physical defect (lack of material). The scan is
realized by moving the sensor at the inner tube, the
difference impedance AZ is then computed for each position
(total number of computed positions is 40). This operation
is repeated for three value of the air-gap (0.1 mm, 0.2 mm,
0.3 mm) and the results are presented in Fig. 5.
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Fig. 5: Difference impedance AZ variation versus the
displacement "z" for three values of the air-gap width

The results obtained and given in Fig.5 show that, for a
constant thickness of the air-gap, the difference impedance
gives a same value for all sensor displacements and its
amplitude grows when the air-gap becomes higher. This
allows us to an easy detection of the presence of an air gap
defect (delamination) in the conducting multilayer’s tubes.

Defect Detection on a Two Layers Cylindrical Tube
In the current section we consider the two layers
conducting tube which contain a defect realised at the outer
layer of the conducting tube. The defect has a thickness of
0.3 mm with 6 mmof length. The inspected tube is
considered with no presence of air gap (delamination).
In Fig. 6 is shown the evolution of the difference
impedance AZ when the position of the sensor change
along the z direction (Fig. 6).
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Fig. 6: Difference impedance behavior
sensodisplacement along z coordinate

AZ according to
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The results given in Fig. 6 show a variation of
difference impedance AZ from z=0.0023 m to z=0.038 m
which variation correspond to the defect position in the
conducting two layers tube. The response of the sensor
signal, by computing the difference impedance AZ =|Z -
Zo|, in case of defect zone or delamination (air-gap) allows
quick recognition of the nature of the abnormality holding
account of the parabolic shape of the signal obtained when
the abnormality is a fault corresponding to a lack of
material. For a delamination fault the obtained signal is a
constant amplitude level.

Defects Detection of Simultaneous Abnormalities on a
Two Layers Cylindrical Tube

Studying the possibility that the part to be inspected can
have both types of defects , namely a lack of material and
air gap inclusion (delamination), is necessary in order to
achieve characterize each type of anomaly by the analyze
of the response of the sensor signal corresponding to a di-
fference impedance variation according to sensor position.

Thus, the multilayer conductive tube inspected in this
case includes a groove on the outer layer of the load and an
air gap between the two conductive layers of the tube. The
dimensions of the groove are identical to those of the
problem discussed above. The air gap represented by a
constant thickness between the two layers was taken
successively equal to: 0.1 mm, 0.2 mm and 0.3 mm.

The results without presence of air gap defect are added
and represented in the same graph shown by Fig. 7.

It is noted that the difference impedance reaches its
maximum value in the defect zone and its value increase as
the thickness of the air gap increases. Against, by the
impedance does not vanish, outside the defect area but
tends towards a constant value whose magnitude depends
on the thickness of the air gap layer.
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Fig. 7: Evolution of the difference impedance AZ according to
sensor position for different values of air-gap thickness

The simulations realized when considering different
cases of abnormalities occurring on the conducting
multilayer load piece: a flawless load with air-gap, a load
with defect represented by a lack of material without
inclusion of air-gap and finally a simultaneously presence of
a lack of material and an air-gap are summarized and
shown in Fig. 8.

One notices that the sensor difference impedance for a
load simultaneously presenting defects of a lack of material
and an air-gap is predominant, held account of the
cumulative effects of the defect and the air-gap presence,
the first modifies the currents trajectory and the second
reinforces the reluctance value which reduces the magnetic
flux and consequently the magnetic flux density. Finally the

difference impedance computed becomes higher because
of the inverse proportionality variation of the inductance.
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Fig. 8: Evolution of the difference impedance AZ according to
sensor position for different abnormalities in the load

Comparison with numerical calculation

The comparison of the obtained results using circuits
coupled method, based on the use of the mutual indu-
ctances computation approach, with the results given when
the resolution method chosen is finite elements one are
given for 2D axisymmetric solution in the following Fig 9.

The results represented in Fig. 9 are relative’s values.
The results are reproduced correctly by finite element
model. The difference appears at the corners zones of
defect due to finite elements mesh quality.

The coupled circuits solution do not induces oscillations
comparing to finite element solution. Difference can be
reduced by improvement of the finite element mesh around
the edges of defect and the air-gap. The validity of the
coupled circuits Model is cheeked.
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t and air gap ( finite elements)
load with defect without air-gap ( finite elements)
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Relative values of impedance
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Displacement (m)

Fig. 9. Confrontation resuits: coupled circuits and finite elements
methods

Non Destructive Testing Study of a Three Layers
Cylindrical Tube
Study of the effects of air-gap and lack of material

In this section we are interested in a conducting
multilayer load presenting three identical layers (Fig.10).
The considered survey consists in fixing the sensor position
and proceeds to the thickness variation of the air-gap zone
situated between the conductive layers of the load. For
each value of the air-gap one recovers the corresponding
value of the sensor impedance (Fig. 11, Fig. 12).

In Fig. 11 are represented the values of the difference
impedance AZ obtained for each value of the air-gap layer’s
thickness. The results are obtained for values of the air-gap
thickness varying between 15 pm and 300 pm.
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Fig.11. Evolution of AZ with the air-gap layer’s thickness variation

It is noted that AZ value increases when the air-gap
thickness increases. The impedance variation computed
permits an analysis of the load structure that would lead to
deduce the number of air-gaps inclusion in layers in the
stratified load, as the results show a significant difference
between a load comprising only one air-gap inclusion in
layers and those with two air-gaps inclusions in layers (Fig.
11). The importance of the defect represented by the air
gap (delamination) could be highlighted by analyzing the
magnitude of the difference impedance AZ.

Difference impedance[Ohm]

|

1
25 3 35
Airgaplm] x10t

Fig. 12. Evolution of AZ value for different values of the air-gap
layer’s thickness

In Fig. 12 are shown the results corresponding to
multilayer conductive load having a lack of material. The
sensor positioned and is adjusted to z=0.03 m
corresponding to the maximum impedance value for the
vicinity of the defect center.

The same behavior could be note comparing with the
healthy multilayer conductive load. But in this case the
amplitude of the difference impedance is more important
and then the abnormality is easily detectable. It could be
also defined a range of abnormality nature or characterize
the defect nature according to difference impedance AZ

level obtained. In Fig. 13 are given the results obtained for
the different nature of defects considered occurring in case
of a healthy body, a physical defect (lack of material) and by
inserting one or two air-gaps layers, according to the air gap
thickness variation.
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Fig. 13. Evolution of AZ value for healthy load and a load having a
lack of material as defect

One notices that impedance corresponding to a load
including a defect (lack of material) and two air gaps is
major (Fig.13). One also notes that the defect presence of
300 um in a conductive layer with a delamination of 10 um
makes invisible the delamination anomalies whose
thickness is lower than 300 um (Fig. 13).

The sensor impedance corresponding to a load
including a lack of material and two air gaps layers is
superior to that of a load with lack of material and having a
single air-gap layer. When the delamination zone has an
important thickness, the sensitivity of the sensor to the
presence of two air gaps zones is better (Fig. 11, Fig. 12).
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Fig. 14. Solving domain with external and internal defects

Load presenting internal and external defects Variation
of the air-gap layer’s thickness

In this case, one inserts an external defect of 300 um of
thickness and 6 mm of length in one of the conductive
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layers of the load presenting a single air-gap layer at first
and then two air gaps layers (Fig.14. a) for the second
steps. An internal defect of same dimensions (300 um of
thickness and 6 mm of length) has been inserted in one of
the conductive layers of the load (Fig.14. b) for further
analysis.

The results obtained in terms of difference impedance
AZ value according to the air gap thickness changes are
given in the following Fig. 15.

Difference impedance [Ohm]

W
i

load with external defect with only one air-gap
—+—load with extemal defect with two air-gaps
,,,,,,,,,,,, —&—1oad with internal defect with only one air-gap | _|
——load with internal defect with two air-gaps
T T T

|
L L L
0 05 1 15 2 25 3 35

Airgapi] xi0*

Fig. 15. Evolution of AZ impedance value according to the air-gap
thickness changes for internal and external defects

From Fig.15 we can see that the internal defect (lack of
material) allows to easily detection of the abnormality
because of the importance of difference impedance AZ
parameter. We notice that the internal defect is detected
more. Indeed, the AZ amplitude is greater than that
obtained in the case of the external defect since it is closest
to the sensor (Fig. 15). The AZ parameter does also
increase with the increase of the number of air gaps layers
representing the delamination.

In Fig. 16 are given the results in percent related to the
difference impedance for the case of a load with two
airgaps (the two air gaps have the same thickness) and the
load with simultaneously occurring two air gaps and a lack
of material (defect). In the second case when the defect is
present we could note that the difference impedance
present an important gap regarding to the case of only the
delamination exist in the load piece. This results appears
clearly in Fig. 16 where is presented the difference between
the impedances Zaigap (corresponding to the impedance of
the load with two defects) and Zairgap+detect (COrresponding to
the impedance of the load with two air gaps and a lack of
material).
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Fig. 17. Evolution of the difference between impedance values
according to the total air-gap thickness changes

This result obtained seems to highlight the delamination
when operating an inspection of multilayer load as its effect

could be detected by computing the relative value of the air
gap impedance. In Fig. 17 is presented the result
concerning the difference between two values of the
impedance corresponding to the two cases presented in
Fig. 16. The total air gap represents the air gaps occurring
between the three layers (two air gaps).

Effect of the defect thickness variation

In order to study the effect of the defect thickness
change which is consisting of lack of material defect type
one fixes the corresponding thickness to each air gap layer
and one achieves a variation of the defect thickness (100
um, 200 um, 300 um) for a fixed sensor position (to the
defect center vicinity z=0.03 m). Figure 18 represents the
evolution of the difference impedance AZ according to the
different values considered of the defect thickness.

Difference impedance[Ohm]

1| —©— load with defect without air-gap

‘ load with defect with only one air-gap of 0.15mm | —
1| —+— load with defect with two air-gaps each of 0.15mm

I I
1 2 3 4
Defect thickness[m] 4

Fig. 18. Evolution of the difference impedance AZ with defect
thickness change (for different air gap defect)

The AZ parameter provided increases when the
thickness of the defect increases, which consequently
increases the sensor sensitivity. Figure 18 also shows that
a delamination on two layers (2x150 um) and a physical
defect of 100 um makes transparent (invisible) a defect of
300 pm without delamination. In this case the
characterization of the anomaly nature must be subject to a
further analysis.

Conclusion

In this work we have implemented a Half-analytical
method called” Coupled Circuits Method” based on the
evaluation of mutual inductances under MATLAB
environment that has the advantage of not discretizing non-
conductive regions (air, air gap) and offers an intrinsic
precision to the model. Multilayer structures were treated (2
and 3) for non-destructive testing using eddy currents to put
in evidence the presence of an air gap (delamination) which
is not masked by the defect presence. Thus, the Coupled
Circuits Method allows not mesh the delamination zone
which is often thin thickness. Numerical methods as finite
elements presents some difficulties in modeling thin
thickness. The gotten results permit to separate the
influence of an air gap (delamination) with that of a defect
on the sensor response. A confrontation with a finite
element analysis was achieved. The presence of an air gap
generates a nearly constant impedance variation whereas
the one of a defect produces a peak of the impedance
variation in the defect zone. The simultaneous presence of
air gaps (delamination) and a defect as lack of material
drives to a cumulative of the two effects in the sensor
response. In this case further analysis is recommended in
order to separate the effects of delamination and those from
a material defects. The results obtained allow giving the first
answers to the understanding of the effects associated with
each phenomenon.
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