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Magnetic Response of Anisotropic Metal Fiber
Material Using Homogeneous Technique in ECNDT

Vincent Doirat, Samir Bensaid, Javad Fouladgar, Gérard Berthiau, and Anthony Lefevre

CRTT-IREENA, 44600 Saint Nazaire, France

The 3-D shell elements model is used to determine the sensor impedance variation due to anisotropic metal fiber composite materials
(AMFCM). The homogenization of these materials is realized by the inverse problem method. The impedance variation gives the infor-

mation about the lift off and/or the integrity of the AMFCM.

Index Terms—Anisotropy, eddy currents, homogenization, nondestructive testing, shell elements.

1. INTRODUCTION

HE anisotropic metal fiber composite materials (AMFCM)
T allow to manufacture flexible and resistive structures used
in automobile and nautical industries. They are made of several
superimposed metallic fiber layers with different orientations as
shown in Fig. 1. Due to their structure, these materials are non-
isotropic and the study of their lift off or their integrity requires
an anisotropic electromagnetic formulation.

Finite elements has been used to determine the stress inside
nonisotropic structure [1]. In this paper, we propose to study
the electromagnetic behavior of an AMFCM sheet. Our main
contribution in this paper consists in taking into account of
anisotropy in a shell element formulation. For that, we adapted
a homogenization technique. We suppose that the excitation
currents are sinusoidal with frequencies such that quasi-static
approximation could be applied. The ability to simulate and
anticipate the influence of composite materials on the sensor
impedance is possible thanks to 3-D finite-elements modeling
(3-D FEM). However, the great number of fibers in the AMFCM
does not allow us to take into account the real geometry in the
simulation. Homogenization techniques should, therefore, be
used to evaluate the terms of equivalent conductivity tensor
0eq and relative permeability tensor p.q of the material [2].
Moreover, the thickness of the AMFCM is negligible with
regard to the other dimensions. An anisotropic shell element
formulation is consequently used to minimize the number of
mesh elements [3], [4].

II. HOMOGENIZATION OF AMFCM

Various methods of homogenization can be used according
to the studied structures: microscopic, macroscopic, or periodic
[2]. In our case, the nonhomogeneous material studied possesses
a microscopic regular anisotropy.

The inverse problem methodology is, therefore, used to cal-
culate the homogeneous conductivity and relative permeability
of the equivalent material. This method enables us to have the
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same active and reactive powers, be it in equivalent or in real
materials.

As in the electromagnetic wave propagation, two modes
should be studied: transverse electric (TE), with magnetic field
parallel to the fibers and transverse magnetic (TM) with electric
field parallel to the fibers Fig. 2.

Fig. 3 shows the algorithm for the two homogeneous param-
eters. The inverse problem method searches the terms of ocyfin
and fi;, by minimizing F". This objective function represents
the difference between the active and the reactive powers of the
real and equivalent materials. The Nelder and Mead Simplex al-
gorithm is used to solve minimization problems [5].

We apply this homogenization process to a layer of ny
metallic fibers of radius Ry, electric conductivity o, and rel-
ative permeability p,.. The linking matrix is supposed to be
nonconductor. The occupancy rate of the fibers with regard to
the volume of material is noted 7. In the TE case, the equivalent

0018-9464/$25.00 © 2007 IEEE
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Fig. 3. Algorithm of homogeneous parameters calculation by power
minimization.

relative permeability is weighted proportionally to the fibers
and linking matrix volumes

fireq = paT + (1= 7). 6]

The active and reactive powers in the real material are ana-
Iytically estimated. The eddy currents inside the fiber are cal-
culated by Kelvin distribution for constant tangential magnetic
field Hy. The complex Poynting vector integral is then used to
calculate the complex powers inside the fibers (.S, f)

. —Jo(kajl'5)
J =HgkjP 2L 2 2
okJ T, (kR j15) )
Pooyn = —n¢ jé E x HydS 3)
Jo(kRsj1®
Srf — —nf27erH(2)a_1kj1'5 0( £J ) (4)

Ji(kRpjt2)

Moreover, the magnetic power stored in the linking matrix is
Qrm - jw 1o H% Sma~ (5)

The active and reactive powers in the composite are, respec-
tively, the real and imaginary parts of S,. given by (6)

JO(kajl.S)

ST = -—n¢2rR HZO'_lkll's—_-
f f o J Jl(kajl'o)

+ JNOWH[Z)Sma

(6)
where k = \/j wopop, Jo and Jy are the zero- and first-order
Bessel functions of first kind, w is the angular frequency and
Sma 1s the surface of the linking matrix.

Active and reactive powers in the homogeneous material are
estimated thanks to a 2-D FEM magnetic field formulation ap-
plied with equivalent conductivity and relative permeability.

The TM case is studied in the same way replacing 1 by o and
using a 2-D FEM electric field formulation.
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Fig. 4. (a,b) Equivalent conductivity and (c,d) equivalent relative reluctivity.

(a) Re(oeq) versus Frequency. (b) -Im(o.q) versus frequency. (c) Re(veq)
versus frequency. (d) Im(v.q) versus frequency.

10

To estimate the homogenization values, we have used the ma-
terial characteristics shown in Table 1.

Fig. 4(a) shows the variation of the real part and Fig. 4(b)
shows the negative imaginary part of the equivalent conductivity
in the TE case as a function of frequency. As mentioned before,
the equivalent relative permeability depends on the occupancy
rate 7. In this way, it is 80.6 for 7 = 40% and 160.2 for 7 =
80%.

Fig. 4(c) shows the variation of the real part and Fig. 4(d)
shows the imaginary parts of the equivalent relative reluctivity
(Vreq = 1/pir,,) in the TM case. At the same time, the equiva-
lent conductivity varies from 0.6 M Sm ™! (40%) to 1.2M Sm 1
(80%).

Afterward, we note ooy and p.q the equivalent conductivity
and the equivalent relative permeability obtained thanks to the
homogenization.

III. SHELL ELEMENT FORMULATION

The shell elements formulation has proven to be very efficient
to reduce the number of nodes and the calculation time and has
been used in the finite-element simulation of thin conducting re-
gions [3]. An anisotropic shell element has been introduced in
[4], to study the induction heating inside a carbon-fiber com-
posite. Fig. 5 shows the schematic thin conducting plate with
the tangential magnetic fields (H 1., Hiy, Ha,, H>,) and Fig. 6
shows the typical associated problem to be solved.
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The anisotropic electric conductivity and magnetic relative
permeability tensors are introduced in electromagnetic equa-
tions. The electric conductivity is considered null in the plate
in the z direction

Ozz Oxy O
Ocq= | Oyx Oyy O (7)
0 0 O
Hzz  Hzy 0
Heq = | Hyz [yy O . (8)
0 0

As a consequence, the following coupled differential equa-
tions should be solved:

LH2) 4 g% Ho(2) = bx Hy(2)
L£H, () f;;(z) +ex Hy(2) = d* Hy(2)

a = —jw(0yy ez — Oy tlyz)

b= jw(oyypay — Oy tlyy)

¢ = —jw(Ozallyy — Toyhay)

d = jw(Opallyz — Ozyllzz)- 9

The shell element formulation with reduced scalar potential
¢ on side “1” is written as

/ pgrad(w) - grad(¢)dQ,
Q

L —a; —ay B [

T Fw f Brads [—ag —as fs m]
grad$(¢1)
grad, (¢1) _

X gradi((ﬁ;) dr' = LﬂwHJnldF
grady(¢2)
1 (B1—a1) (B2 —as)

ju J B [(ﬁs —o3) (i a4)}

(10)
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Fig. 8. Active power in an anisotropic plate.

where a1 2.3 4 and (1 2 3 4 are scalar coefficients depending on
Oeq» Meq and the angular frequency w [4].

The other equation corresponding to the bottom side “2” of
the plate is obtained by permuting the index 1 and 2 of normal
vector n and reduced scalar potential ¢ in (10).

Once the reduced scalar potential is computed, we determine
the magnetic and electric tangential field on both side of the

- grads ((:bl) )

composite
()-
Hj. ) \ Hjs — grad,(¢s)

where Hj; is the field calculated by Biot and Savart’s law

(1)

Ey, a; ay —pf1 — B [Hie
By, a3 ay —f3 —P4| | Hiy

=n X 12
Es, ,[31 [32 —Qq — Q2 Ho, (12)
E2y ﬂs 54 — Qa3 Ty H2y

The active power injected inside the composite material is the
real part of the Poynting vector integral. This power represents
the resistance variation of the inductor if the skin and proximity
effects in the inductor are neglected

Pactive = 1 <_// (Els X His)dS
2 J s
+// (Eq¢ X H;S)d5> . (13)
Sa

The reactive power inside the plate and in free air represents the
inductance of the sensor.

IV. SIMULATION AND MEASUREMENT

A. Simulation

A circular sensor is placed above an anisotropic conductive
plate (Fig. 7). The plate specific homogenized conductivity (o,
and o, ) has been estimated before hand.

Fig. 8 shows the active power in plate with different electrical
conductivity values according to axes. This simulation shows
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Fig. 10. Resistance variation versus frequency with anisotropic conductive
plate.

that the active power is more important in the low conductivity
direction. This is due to the fact that the eddy currents meet
more resistance in this direction. So, the sensibility of the sensor
depends on its orientation with regard to the conductivity. For
resistance measurement, it is better to orient the induced current
in the lower conductivity direction.

B. Measurement

Fig. 9 shows the sensor used to evaluate the lift off (distance
between the sensor and the plate) of an anisotropic conductive
plate. The impedance is measured by the “Agilent 4294 A preci-
sion impedance analyzer.” The sensor used directs the induced
current according to a privileged direction.

Fig. 10 shows the resistance variation versus frequency for
three directions. The measurements show that for frequencies
lower than 100 kHz, the three curves are intermingled. Distin-
guishing the orientation of fibers is thus impossible with these
frequencies. However, with more significant frequencies, it is
possible to distinguish the orientation of fibers because the re-
sistance is more important for the low conductivity direction as
predicted by the simulation of Fig. 8.

Fig. 11 shows the resistance variation versus lift off for three
directions. One observes the same result as in Fig. 10. The rel-
ative variation of resistance is about 70 m§2 per millimeter.

In a homogeneous material, not necessarily isotropic, if
resistance increases the inductance decreases. It is not the case
here as shown in Figs. 11 and 12. This phenomenon could be
explained by the presence of capacities between the fibers of
the material. In homogenization techniques, these capacities
should be taken into account to obtain a more realistic equiva-
lent material.
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V. CONCLUSION

The homogenization process has been developed from
anisotropic material and has enabled us to get a homogeneous
equivalent material. For this equivalent material, the shell
element formulation has been adapted. The simulation with
nonmagnetic, anisotropic material has proved that the active
power injected is more important in the low conductivity di-
rection. The sensibility of the resistance sensor depends on its
orientation: the eddy currents induced by the sensor should be
oriented in the low conductivity direction. In homogenization,
capacities between the fibers of the material should be taken
into account to obtain a more realistic equivalent material.
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