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Abstract—A composite constituted of a steel sheet taken in a sandwich between two aluminum (Al) sheets is produced by cold
roll bonding. A good adherence between Al and steel sheets, ensuring a good mechanical resistance, is obtained with a specific
process. A previous work of the authors has shown that optimal condition between adherence and magnetic shielding
effectiveness (SEn) is obtained with a 230 pm composite produced with an initial thickness of Al and steel sheets respectively
of 250 and 100 pm. In this paper, the 230 pm Al/Steel/Al composite is used in three applications modelized by 2D numerical
simulations. To facilitate calculations, a homogenization method is applied to the composite. Studied applications are a
cylindrical box containing a coil, a square box under an external magnetic field and a high voltage cable. In each application,
SEn is calculated at low frequency (1 Hz — 100 kHz) and different materials (Al/Steel/Al, Al, steel, and copper) are compared.
It is observed that, in each application, the composite is more advantageous at equal mass and especially at frequencies higher
than around 5-10 kHz.

Index Terms—Cold Roll Bonding, Finite Element Method, Homogenization, Shielding Effectiveness

I. INTRODUCTION interesting advantage of this solution is that Al layers in

Electromagnetic pollution is a source of disturbance to ~ the composite protect the steel layer from potential
sensitive electrical and electronic devices [1] and can be ~ ©xidation. Thus, the composite presents the advantage of
potentially harmful to human beings [2]. Living and being adapted to oxidizing atmospheres. Consequently,
critical components must be then protected from electric ~ SEn is studied in this paper for a magnetic field at low
and magnetic fields, and electronic devices must confine  frequencies from 1 Hz to 100 kHz. Both experimental and
them thanks to electromagnetic shielding [3, 4] numerical approaches, including homogenization process,

Common materials used for electromagnetic shields ~ are used to present the global study, from the elaboration
are metals [5, 6] and carbons [7, 8]. Lightweight of the composite material to the shielding application.
materials, required in the transportation industry,
composed of metal or carbon reinforced polymer have
been greatly studied [9, 10]. However, polymers are
insulating, and reinforced polymer composites show
lower electrical conductivity than metal bulk. Multilayer
composite is also an effective means to shield against
electromagnetic fields [11, 12].

Low frequency magnetic fields can cause noise and
disturbance to sensitive devices and are emitted, for
example, by motors, power supplies, and switches. In this
paper, the shielding effectiveness (SEun) of a
230 um Al/Steel/Al composite with homogenized
properties is studied and compared to Al, steel, and
copper ones in various applications modelized by the
finite element method (FEM). The idea is to propose a
solution that gives an efficient shielding effectiveness
against both static and low frequency electromagnetic
fields. Furthermore, the thin composite thickness allows
ensuring its lightness and flexibility. Another main

II. MATERIALS AND APPLICATIONS

A. Al/Steel/Al composite

The studied composite is composed of one layer of
steel sandwiched between two layers of aluminum (Al).
Commercial low carbon steel DCO1 and 801 1-aluminum
alloy are chosen as raw materials with a respectively
initial thickness of 100 um and 250 pm.

DCO1 steel is mainly used for drawing and forming
applications. 8011-Al is a Fe and Si based aluminum
alloy which is widely used in the industry. The chemical
compositions of these two materials are listed in Table 1.

The Al/Steel/Al composite is produced by cold roll
bonding (CRB) with different reduction rate (hy / h;).
Figure 1 presents a schematic diagram of the composite
CRB following rolling-normal cross-section (RD-ND).

TABLE 1
CHEMICAL COMPOSITIONS (%WT.) OF DCO1 STEEL AND 8011-AL ALLOY

Al8011
%Al %Fe %Si %Mn %Zn %Cu %Ti %Cr %Mg
Bal. 0.6-1 0.5-09 <0.2 <0.1 <0.1 <0.08 <0.05 <0.05
DCo1
%Fe %C %Mn %P %S %Si %Al
Bal. <0.12 <0.6 <0.045 <0.045 <0.03 <0.02
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Figure 1: Cold roll bonding of Al/Steel/Al composite

In a previous study [13], the trade-off between
shielding effectiveness and Al/Steel interfaces adherence
has been studied. The following part proposes a summary
that justifies the later thickness of the composite used for
our applications.

Figure 2 shows the electronic assembly used to
measure the experimental shielding effectiveness of the
composite. A sinusoidal current is produced by a low-
frequency generator associated with a linear amplifier.
The effective intensity of this current is 2 A. A coil with a
height of 18.5 mm, an inner and outer diameter of 15 and
30 mm generates a magnetic field. This magnetic field is
then measured by a Hall effect sensor with a sensibility of
5.0 £ 0.1 mV/G. A cooling fan is employed to limit the
temperature influence.
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Figure 2: Electronic assembly scheme

Figure 3 shows that the experimental shielding
effectiveness of 3 x 3 cm? samples measured at 1 Hz and
10 kHz decreases firstly linearly due to the thickness
reduction, and then continues to decrease with a steeper
slope due to the steel fragmentation that occurred during
the CRB.

Figure 4 shows that the quality of Al/Steel interface
adherence increases with the reduction rate. Adherence
has been determined by tensile bond strength test (TBST)
and the mean value has been calculated for each reduction
rate. This method is detailed in a previous paper [13].
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Figure 3: Shielding effectiveness of 3 x 3 cm? tri-layer samples at
different reduction rate measured experimentally [13]
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Figure 4: Tensile Bond Strength (TBS) of Al/Steel interfaces [13]

The optimal condition between shielding effectiveness
and adherence of Al/Steel interfaces is then obtained with
a 230 pm thickness composite. Indeed, the 230 pm
composite shows very little steel fractures, that limit the
negative effect on shielding effectiveness, and attain a
good quality of adherence with a tensile bond strength
around 19-20 MPa. In this case, aluminum and steel layer
thicknesses of the composite considered in the numerical
approach are then around 191.6 (2 x 95.8) and 38.4 um.

B. Applications

In this paper, three applications are modelized in
Comsol Multiphysics with AC/DC module and studied in
the range of [1 Hz — 100 kHz]: a cylindrical box
containing a coil to simulate the confinement of a
magnetic field, a squared box placed in an external
magnetic field to simulate the protection of a sensitive
component and finally a simplified model of a high
voltage cable that is closer to actual industrial
applications. Figures 5, 6 and 7 show the modelized
geometry of the three applications.
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Figure 5: Cylindrical shielding box (50 x 50 mm) containing a coil
(2D-axi). SEn measurement points are indicated

The cylindrical box is modelized with a 2D
axisymmetric model. The box has a diameter and a height
of 50 mm. In this first approach, the coil is considered
centered inside the cylindrical box. To simulate the
magnetic field, an effective current of 2 A, corresponding
to a current density of around 1.44e¢6 A/m?, is considered.
The shielding effectiveness of this box is studied at two
points, one horizontal and one vertical, both situated at
15 mm of the shield. This first application allows
simulating the magnetic shielding with a near-field
condition.
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Figure 6: Square shielding box (50 x 50 mm) under an external H-field
(2D). SEn measurement point is located at the box center

The squared box is modelized with a 2D plane model.
The box has a side of 50 mm and is placed in an external
magnetic field obtained with magnetic vector boundaries
condition (n X A =n X Ag). The shielding effectiveness is
studied at the center of the box. This second application
allows simulating the magnetic shielding with a far-field
condition.

The high voltage cable is also modelized with a 2D
plane model. The simplified modelized geometry (Figure
7) has been inspired by the work of [14]. Figure 8 shows
the actual geometry of the high voltage cable studied by
[14]. In a high voltage cable, perturbations can take place
affecting cable integrity and leading to malfunctions. A
correct shielding can prevent these perturbations.

The total diameter of the cable is 78 mm. The cable has
four copper wires with a diameter of 16.4 mm. The
current density running through the copper wires is equal
to 1e6 A/m? and is defined positively in two wires and

negatively in the two others. A shield surrounds each wire
to limit proximity effects, and another one surrounds the
four wires for a global shielding of the cable. The area,
other than copper and shield, is considered as PET
(polyethylene terephthalate). The shielding effectiveness
is studied at 1 cm from the high voltage cable.
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Figure 7: Simplified model of a high voltage cable (2D). SEn
measurement line is at 1 cm away from the cable
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Figure 8: Example of an actual high voltage cable with four copper
wires [14]

In each application, the following equations are
resolved:

VxH=] (1)
B=VxA )
E=—joA 3)
J=0E+ ], “4)

with H the magnetic field, B the magnetic induction, 4 the
magnetic vector potential, £ the electrical field, J the total
current density, J. the external current density, o the
electrical conductivity, and w the angular frequency.

For the near-field application and the high voltage
cable, the modelized system is bounded by a layer of
infinite elements.



The magnetic shielding effectiveness (SEn) is defined
by:

SEy = 201logy, )

shield

with Hy and Hyiela respectively the magnetic field without
and with the shield at the different measurement points
defined previously. SEy is studied in each application at
low frequencies from 1 Hz to 100 kHz.

The use of the 230 um Al/Steel/Al composite in these
applications is compared to aluminum (Al), steel, and
copper (Cu) in two cases: first with equal thickness for
applications with low space available, and then with equal
mass especially adapted for embedded applications. The
following densities are used for calculations: 2.71 for Al,
8.96 for Cu, 7.85 for steel and 3.57 g/cm® for the
composite. Thus, the 230 um Al/Steel/Al composite is 2.5
and 2.2 times less dense than Cu and steel, but 1.3 times
denser than Al.

Materials properties considered into the numerical
model for the magnetic shielding are summed up in Table
2.

TABLE 2
RELATIVE PERMEABILITY AND CONDUCTIVITY OF Cu, AL AND STEEL

. Relative Conductivity o.
Material — meabilitypn  10%6 S/I:IY '
Cu 1 59.98
Al 1 33.61

Steel 250 9.02

The numerical modeling of actual devices with the
consideration of the heterogeneous layers of the
composite is a real challenge regarding the scale
differences from the material to the application. As a
consequence, the composite material properties are here
homogenized to give reasonable computation time for the
simulations. The principle of homogenization is shown in
Figure 9. The properties of an equivalent layer are
determined in order to obtain the same shielding
effectiveness of the tri-layer composite.

In the case of the 230 pm composite, the determined
equivalent properties are resumed in Table 3. A slight
difference is observed between RD and TD properties.
The presence of a few steel fractures considered in the
homogenization process explains this difference. More
details of the method to determine these properties by an
energy approach can be found in our previous paper [13].
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Magnetic shielding
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Figure 9: Homogenization principle of the tri-layer composite

TABLE 3
EQUIVALENT RELATIVE PERMEABILITY AND EQUIVALENT CONDUCTIVITY

OF A 230 um AL/STEEL/AL COMPOSITE

Direction Relative Conductivity o,
permeability p 1076 S/m
Rolling direction (RD) 41.61 29.507
Transverse direction (TD) 42.40 29.511
Normal direction (ND) 1.20 23.140

III. RESULTS AND DISCUSSION

A. Homogenization validation

Before comparing the shielding effectiveness of the
composite with Al, Cu and steel, homogenization method
has to be validated by comparing the shielding
effectiveness of the equivalent layer with the tri-layer one.

The comparison between the tri-layer and the
equivalent layer is shown in Figure 10 for the cylindrical
box with the measurement of the magnetic field at the
vertical point.
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Figure 10: Shielding effectiveness of the tri-layer Al/Steel/Al and its
equivalent layer in the cylindrical box application (vertical point)

It is observed that the equivalent layer, with its
properties determined by homogenization, has an
excellent concordance with the tri-layer.

However, a slight difference can be seen for
frequencies higher than 5 kHz. Indeed, the equivalent
layer shows shielding effectiveness lower than the tri-
layer with a maximal difference around 4 dB.

One parameter linked to the shielding effectiveness at
high frequencies is the skin depth [15]. Table 4 gives the
skin depth of Al, steel and the equivalent layer at different
frequencies.

TABLE 4
SKIN DEPTH AT DIFFERENT FREQUENCIES IN AL, STEEL AND THE
EQUIVALENT LAYER

Skin depth (um)

Frequency

(Hz) Al Steel Equivalent
layer
1 86 813 10 598 14 296
1000 2745 335 452
10 000 868 106 143
100 000 274 335 452




As a reminder, the Al layer and steel layer thicknesses
are respectively around 95.8 and 38.4 um. Figure 11
shows the layer thickness divided by the skin depth in
function of frequency for Al, steel and the equivalent
layer.

The skin depth in Al is thicker than the layer thickness
for all frequencies, then the magnetic field is very little
absorbed by Al. The skin depth in steel attains the layer
thickness at around 77 kHz. By definition [15], around
63 % of the magnetic field is then absorbed by steel at
77 kHz. The skin depth attains the equivalent layer
thickness at around 4 kHz. Thus, the equivalent layer
absorbs better the magnetic field than the tri-layer
composite. This difference in skin depth could explain the
slight difference in shielding effectiveness at a frequency
higher than 5 kHz.
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Figure 11: Layer thickness divided by the skin depth for Al, steel and
the equivalent layer

B. Applications

The shielding effectiveness of the cylindrical box
measured at the vertical and horizontal points are
respectively presented in Figures 12 and 13. SEg is
calculated with shields at equal thickness and at equal
mass. The results at these different points are sensibly
similar. The shielding effectiveness is, nevertheless, a
little higher at the vertical point than at the horizontal one.

As expected, copper and aluminum do not shield low
frequencies under 500 Hz due to their low relative
permeability (close to 1). At higher frequencies, Cu
shows better shielding effectiveness than Al with equal
thickness due to its higher conductivity.

Steel can shield low frequencies thanks to its high
relative permeability. Furthermore, its increase in higher
frequencies is steeper than Cu and Al. This steeper slope
could be explained by a thinner skin depth in steel than in
Cu and Al for a given frequency. Moreover, it can be
noticed that the increase of shielding effectiveness of steel
begins at a higher frequency (= 2 kHz) than for Cu or Al
(= 500 Hz) due to its smaller conductivity.

The homogenized composite can also shield low
frequencies with a shielding effectiveness a little lower
than the steel one due to its lower relative permeability. In
the equal thickness study, the shielding effectiveness of
the composite is lower than the steel one on the entire
frequency range. The use of the composite is then more
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advantageous at equal mass, its shielding effectiveness is
greater than other ones at frequencies higher than 2 kHz.
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Figure 12: Shielding effectiveness of the cylindrical box with equal
thickness (a) and equal mass (b) measured at the vertical point
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Figure 13: Shielding effectiveness of the cylindrical box with equal
thickness (a) and equal mass (b) measured at the horizontal point



Figures 14 and 15 introduce respectively the results of
the equal thickness and equal mass studies for the squared
box and the high voltage cable.
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Figure 14: Shielding effectiveness of the squared box with equal
thickness (a) and equal mass (b) measured at the central point
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Figure 15: Shielding effectiveness of the high voltage cable with equal
thickness (a) and equal mass (b) measured at 1 em away from the cable
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The curves obtained are very similar to the cylindrical
box ones. As previously, it is observed that the
Al/Steel/Al composite is more advantageous at equal
mass and at frequencies higher than 2 — 10 kHz.

The composite could be still interesting at equal
thickness. Indeed, its shielding effectiveness at high
frequency is near to the steel one and can be higher than
the Cu one with a lower density.

To give some quantitative comparisons, Figure 16
resumes the results of the equal mass study for the three
applications. The shielding effectiveness at 1 Hz, 1, 10
and 100 kHz are drawn for the four studied materials. Cu
has a shielding effectiveness a little bit lower than Al due
to its higher density. Indeed, SEuy of Cu and Al at
100 kHz is respectively around 37.8 and 43.2 dB in the
far-field application and 34.2 and 39.4 dB in the near-
field application. Steel is able to shield low frequencies
(< 1 kHz) but has a lower shielding effectiveness at high
frequency than Cu and Al: at 1 Hz and 100 kHz,
respectively 2.7 and 32 dB in the far-field application,
and 4.7 and 30.7 dB in the near-field application.

The shielding effectiveness attained with the high
voltage cable is greater than with the two previous
applications: at 100 kHz, SEx of Cu, Al, steel, and the
composite is respectively 54.5, 65.4, 552, and
104.5 dB. The presence of several shields, around each
wire, and around the four wires, explains this difference.

It is observed that for each application, the
homogenized composite is an interesting compromise at
equal mass to shield low frequency (< 1 kHz) and high
frequency (> 10 kHz). In the case of the cylindrical box
(near-field application), its shielding effectiveness at 1 Hz
is around 2.1 dB, lower than the steel one, but better than
the Cu and Al ones that do not shield very low
frequencies. At 100 kHz, its shielding effectiveness is
around 57.7 dB, better than Cu, Al and steel ones.

I 1 Hz [ squaredb
: quared box
] cylindrical [l 1 kHz

box - 10 kHz :r""j High voltage cable
100 kHz Tt

Shielding effectiveness (dB)

Cu Al Steel

Alisteel/Al

Figure 16: Shielding effectiveness of the cylindrical box, the squared
box and the high voltage cable with different materials and frequencies
at equal mass



IV. CONCLUSION

A composite constituted of a steel sheet sandwiched
between two aluminum (Al) sheets has been successfully
elaborated by cold roll bonding. The optimal condition
between magnetic shielding and Al/Steel interface
adherence is attained with a tri-layer composite of
230 um. The homogenization method used to determinate
the material properties of an equivalent layer of this
composite has been validated by the great concordance
between the shielding effectiveness of the equivalent layer
and the tri-layer one.

The shielding effectiveness of the 230 um Al/Steel/Al
composite has then been studied in three applications with
numerical simulation and compared to individual Cu, Al,
and steel layers. It has been shown that the Al/Steel/Al
composite is more advantageous at equal mass in each
application. Indeed, the tri-layer composite is able to
shield very low frequency (< 1 kHz) and has shielding
effectiveness at high frequency (> 10 kHz) greater than
Cu, Al, and steel. Its shielding effectiveness at 1 Hz varies
in function of the modelized application between 0.8 and
2.1 dB compared to the steel one that varies between 2.2
and 4.7 dB. At 100 kHz, it varies between 57.7 and
104.5 dB compared to the Cu, Al, and steel ones that vary
respectively between 34.2 and 54.5, 39.4 and 65.4, and
30.7 and 55.2 dB.

Thereby, the study of the shielding effectiveness of the
composite with more complex and realist geometry could
be interesting. The equivalent layer with homogenized
properties can be used in 3D models to reduce calculation
and CPU time. This work can be extended to other
materials in order to increase the shielding effectiveness,
especially at low frequency with a higher relative
permeability material.
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