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Electromagnetic and Thermal Behaviors of Multilayer
Anisotropic Composite Materials

Samir Bensaid, Didier Trichet, and Javad Fouladgar

Institut de Recherches en Electrotechnique et Electronique de Nantes Atlantique (IREENA), 44602 Saint-Nazaire cedex, France

A methodology based on shell elements, to study the electromagnetic and thermal behavior of multilayered anisotropic conductive
composite materials, is presented. The anisotropic behavior and orientation of each layer of the composite material has been taken into
account. The model is validated with experimental results. It is then applied to study the induction heating of composite materials, and
also to detect the delamination in these materials.

Index Terms—Delamination, induction heating, multilayer composite material, shell elements.

I. INTRODUCTION

COMPOSITE materials have benefited from a remarkable
growth in manufacturing industries such as aeronautic,

aerospace, and automobile. Carbon fibers composites have su-
perior specific mechanical properties compared to conventional
metallic materials. To form a composite sheet, carbon fibers are
immerged in a thin layer of resin. Several layers are then assem-
bled together with different fibers orientations to achieve the re-
quired thickness and the mechanical strength. In recent years,
several works have been realized, carrying a considerable in-
terest in induction heating [1]–[4] and structural monitoring [5],
[7]–[9]of carbon fiber composite materials.

Due to the important number of carbon fibers impregnated in
each layer, it is very difficult to take into account the real geom-
etry in the simulation. The composite layer is then replaced by
a homogenized one [1], [2]. Moreover, as the composite sheets
have a small thickness compared with their other dimensions,
shell elements can be used to reduce the number of unknowns.
In our previous work [1], the case of three-dimensional (3-D)
induction heating simulation of composite plate with equivalent
anisotropic conductivities has been presented. It was shown that
induction heating has best performance when the inductor cur-
rents’ direction is in the low conductivity direction of the com-
posite plate. This is verified only for single layer and plates of
anisotropic composite material that has the same layer orienta-
tions. This model, however, does not work for the multilayer
composite sheet with different fibers orientation in each layer.

In this work, we present a 3-D induction heating simula-
tion model of a multilayer anisotropic composite materials. The
real geometry of multilayer composite materials with equiva-
lent anisotropic individual layer is taken into account. A global
equivalent model is then introduced to take into account the dif-
ferent fibers’ orientations. The model is validated with experi-
mental results.

II. PROBLEM FORMULATION

The electrical and thermal conductivities of the layers
are anisotropic and have a tensor form. Due to the small polymer
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Fig. 1. Laminate anisotropic composite materials.

gap between the layers, electrical conductivity in direction is
considered null

(1)

(2)

Shell elements are introduced in [6] to solve the 3-D electro-
magnetic problem on thin plate for isotropic materials, and have
been generalized for an anisotropic conducting plate in [1]. One
considers in the following calculus a multilayered composite
plate with equivalent anisotropic layers (Fig. 2). To obtain the
electromagnetic shell elements formulation, one follows the fol-
lowing stages.

A. Electromagnetic Problem in the Layer

To have the analytic solution of the magnetic field in the layer
, one solves the following equation system:

(3)

with the following boundary conditions:

(4)

where is the thickness of the layer .
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Fig. 2. Shell multilayers representation.

By introducing the analytic solution of the magnetic field in
Faraday’s law combined with the local form of Ohm’s law, one
obtains the anisotropic surface impedance description of each
layer [1]:

(5)

where is the normal vector and with are the tensors coef-
ficients depending on the tensors of conductivity , the perme-
ability of the layer, and the angular frequency of the magnetic
field [1].

B. Electromagnetic Problem in the Assembled Layers

For an anisotropic composite plate of layers one obtains
the anisotropic surface impedance equations (5). To have
the global anisotropic surface impedance description, the in-
termediate magnetic fields , and electrical fields

are eliminated successively to obtain

(6)

where and are the tensors coefficients that
appear in the finite-element formulation. This procedure is illus-
trated by direct algorithm of Fig. 3.

The tangential magnetic fields on both sides of the composite
plate according to reduced scalar potential are written as

(7)

where is the source field, calculated by Biot and Savart’s
law.

The finite-element formulation in side 1 of the general
problem (Fig. 4) is written as [1], [6]

(8)

The other equation corresponding to the side “2” of the shell is
obtained by permuting of the index 1 and 2 of normal vector
and reduced scalar potential [6].

Fig. 3. Direct algorithm.

Fig. 4. General representation of shell elements.

Fig. 5. Inverse algorithm.

The differences of electrical conductivity of each layer make
difficult to calculate the heat source in the volume of the com-
posite plate. To solve this difficulty, one calculates the interlayer
magnetic field using the inverse algorithm described
in Fig. 5. The current density and the heat source in the volume
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Fig. 6. Experimental setup. (a) Case I. (b) Case II.

of each layer can then be computed from the interlayer magnetic
fields.

The heat source density in the volume of layer is calcu-
lated using the following equation:

(9)

with

(10)

is the current density induced in the layer “ .”

C. Thermal Problem

The thermal problem is solved only in the composite plate.
The equation to be solved is written as [1]

(11)

with the Fourier boundary condition

(12)

where is the thermal conductivity, is the volumetric masse,
is the specific heat, is the convective coefficient, is the

heat source density calculated before, is the temperature in
layer , and is the ambient temperature.

The mode of heat transfer between the layers is only by con-
duction. To solve the thermal equation, a 3-D finite-element
method is used.

For all cases, the 3-D electromagnetic and thermal formula-
tions are solved in a Matlab workspace.

III. SIMULATED AND EXPERIMENTAL RESULTS

A. Experimental Setup

The composite plate used in this experimentation is com-
posed of two layers. The conductivities of first layer are

and of the second
layer are . The in-
ductor used has a rectangular form with one turn; the current
circulates in the specified direction of Fig. 6.

The induction generator gives the current of 180 A, and an
electromagnetic frequency of 190 kHz. The air gap between the
inductor and the load is 5.2 mm. The temperatures of the load

were measured by means of thermocouples using a data acquisi-
tion device. An epoxy resin plate is heated by the two assembled
layers (Fig. 6).

Fig. 7(a) and (b) represents the simulated and measured tem-
peratures of two points below the epoxy resin plate.

A good agreement is obtained between simulated and mea-
sured temperatures in the load, with difference of 1.9%.

B. Layer Orientation

In order to see the influence of the layer orientation in the
induction heating of multilayer composite materials, two cases
are considered in the experimental setup. In the Case I, the in-
ductor is above the first layer [Fig. 6(a)], whereas in Case II, the
inductor is placed above of the second layer [Fig. 6(b)].

The experiments and simulations show that the composite
plate is more heated in Case I than in Case II [Fig. 7(a) and (b)].

In order to see more comparison between different cases of
fiber orientations in the two layers, the power source induced in
the volume of the composite material is calculated for various
cases (Table I).

With simulations, one can predict the optimal position of the
inductor, in order to have a maximum of energy transfer.

The layer orientations in composite material have a great in-
fluence on the temperature distribution, and the solution ex-
posed should be taken into account.

C. Delamination

Detection of delamination cracks in laminated composite
is very important to improve structural reliability. This re-
quires health monitoring technologies. In the literature, several
techniques based on the electrical conductivity measurement
are employed to detect delamination in laminate carbon fiber
reinforcement thermoplastic. Among them, one quotes the
electrical potential technique [7], the eddy-current method [8],
and the electric resistance change method [9].

With the proposed approach, several induction heating simu-
lation cases are investigated. It was noticed that if near the in-
ductor (in the – axes) an insulating area of 12 mm is incor-
porated in the composite sheet, local temperature elevation can
be detected on the external surface of the sheet at the top of the
insulating zone (Fig. 8). This confirms the possibility to use the
new developed model to detect the delamination.

For this application, the continuous induction heating and in-
frared camera are required.

IV. CONCLUSION

In this work, a 3-D anisotropic shell element of multilayer
composite materials is presented. The anisotropic character and
the fibers orientation of each layer in the composite material are
taken into account.

One has shown that the layer orientation has a great impact
on the induction heating of multilayer composite materials. The
method can be applied to detect the delamination in composite
materials.

With the exposed method, one can also predict the optimal
position of the inductor in order to have the best performance of
heating for the desired applications.
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Fig. 7. Measured and simulated temperature evolution. (a) Case I. (b) Case II.

TABLE I
UNITS FOR MAGNETIC PROPERTIES

Fig. 8. Temperature distribution with and without delamination.

This method has been validated with an experimental case.
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