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Controlled Curie point materials are considered as innovative
materials due to their property of abrupt magnetic extinction
when their temperature exceeds a specific threshold. A coupled
electromagnetic and thermal FEM model for induction heating
of a magnetic material with a low Curie point temperature is
presented.
The simulation results allow a comparison of the induced power
density for different temperatures.

Curie temperature, Ferromagnetism, Finite Element method.

I. INTRODUCTION

IN recent years, metallurgists have developed so-called
"controlled Curie point" materials. These materials have

the property of being magnetically extinguished when their
temperature exceeds a specific threshold. The transfer of power
by electromagnetic induction could be strongly reduced in
these regions, which opens the door to a thermal self-regulation
of the process without sensors and only in the zones of interest
(low energy).
This threshold is usually around 800◦C for steel , but there are
now materials whose threshold is determined during manufac-
ture over the range from ambient to 800◦C. This temperature
range opens interesting perspectives for the elaboration of
thermoplastic (preforming, forming, welding, ...) and thermoset
composites (polymerisation, recycling, ...).
The main objective is to evaluate the potential of integrating
these materials in the elaboration processes of glass or carbon
fibre composites widely used in aeronautical and space indus-
tries.

II. MATHEMATICAL MODELLING

The magnetic vector potential formulation in magnetoquasi-
statics is written as follows [1] :

−∇ . (ν∇A) + σ(
∂A

∂t
+∇V ) = Js, (1)

where V is the scalar electric potential [V ].
In order to solve this partial differential equation, the finite
element method is used. Knowing that ferromagnetic (Curie
point) materials are doubly non-linear in magnetic field, thus
in magnetic vector potential, and in temperature, a method for
solving a system of non-linear equations must be adapted to
the finite element code [2]. In order to simplify the calculations
and given the long simulation times, a 2D geometry in axisym-
metric configuration is chosen. With axisymmetric hypothesis,
magnetoc vector potentiel A and source current density Js
have only one component in the azimuthal direction [3].

A = (0, Aθ, 0) ; Js = (0, Jsθ , 0) (2)

The development of (1) in [r,z] plan yields to the expression
below :

−∇ . (
ν

r
∇ (rAθ)) + σ

∂(rAθ)

∂t
= Jsθ , (3)

In this case, the finite element matrix formulation is [4] :

[K][Aθ] + [M ]
∂[Aθ]

∂t
= [F ], (4)

where [K] and [M ] are respectively the stiffness and mass
matrices. The time derivative of the formulation in A can be
approximated by the Euler method, which is a method for
solving ordinary differential equations. In our case, an implicit
Euler method was adapted to the finite element code and it
leads us to a system of non linear equations :

[K1(Aθ(tj+1)
)][Aθ]tj+1

= [FT ](tj+1) (5)

with [K1(Aθ(tj+1)
)] = [K]+ [M ]

∆tj
and [FT ](tj+1) = [F ](tj+1)+

[M ]
∆tj

+ [Aθ](tj).
Due to the non-linearity of the [K1] matrix in magnetic vector
potential A, the Newton-Raphson method can be used to linea-
rise the equations and by combining it with a method of solving
the system of linear equations such as the biconjugate gradient
method, the values of the nodal potentials are computed.

([K1] +
∂[K]

∂AT
θ(tj+1)

[Aθ]
(n)
(tj+1)

)∆A
(n+1)
(tj+1)

= [FT ](tj+1)−

[K1][Aθ]
(n)
(tj+1)

(6)

The thermal equation will be presented in the final paper.

III. NUMERICAL SIMULATION
III-A. Material

Ferromagnetic Fe − Ni − Cr austenitic alloys with less
than 50%Ni have Curie point Tc varying continuously with
composition between 0◦C and 500◦C [5]. The material chosen
for the numerical simulation is a ferromagnetic material with
a Curie temperature Tc = 260◦C. The magnetisation curve
B(H) decreases progressively (Fig. 1) as the temperature
T approaches Tc, and the closer T is to Tc, the smaller
B(H) becomes. It should be noted that the permeabilities
of these materials are high (µr of the order of 20, 000),
which potentially favours the generation of of induced currents
(source of heat). As can be seen in the Fig. 1, the magnetic
field does not exceed 2.5 × 104 A/m and is still far from
magnetic saturation. It is therefore necessary to use extrapo-
lation methods to extrapolate the experimental values to the
saturation point (Hs, Bs). From this point, the permeability
becomes equal to mu0 = 4.π.10−7H/m. There are many
methods of extrapolation but for the following, we have opted
for the Exponential Law Extrapolation (ELE) which has proved
to be more accurate than the others. [6]
Fig. 1 shows the B(H) curves of the material at different
temperatures. It can be seen that when the Curie temperature
is exceeded, the relative magnetic permeability becomes equal
to 1 and B = µ0 ×H .



FIG. 1. Experimental B(H) curves in DC and as a function of the measuring
temperature of a ferromagnetic material

III-B. Numerical results

The Newton-Raphson method is used to linearise a system
of non-linear equations. In this case, the number of iterations
of the method is 100 and the tolerance is set at 10−4.

FIG. 2. Convergence of the method NR for different numbers of time
iterations

The volumic power density is evaluated according to the
following formula :

pi = Ji.E =
1

σ
Ji

2 = σ(
∂Aθ

∂t
)2 (7)

The total induced power is the average power over all elements
and therefore depends on the geometry. It also depends on the
density of the source current feeding the inductor.
If the density increases, the induced power increases.
As it can be seen from the table I, the total induced power
decreases considerably as the Curie point is reached.

TABLEAU I. Evolution of the total induced power for different temperatures
with a frequency equal to 20kHz

T = 100◦C T = 180◦C T = 240◦C T = 280◦C
Pind(W ) 2342.1 2317.9 2432.8 67.590

IV. ANALYTICAL VALIDATION
A validation step is often necessary to show the relevance of

the implemented model. In our case, an analytical solution is
studied and compared to the obtained numerical solution [7].

A(3)(r, z) = µi0

∫ ∞

0

(
1

α3

)
I (r2, r1) J1(αr) [exp (−αl1)− exp (−αl2)]

×
[
α (α1 + α2) exp (2α1c) exp (α1z) + α (α1 − α2) exp (−α1z)

(α− α1) (α1 − α2) + (α+ α1) (α2 + α1) exp (2α1c)

]
dα

(8)

where αi ≡
(
α2 + jωµσi

) 1
2 .

This formulation is only valid in the magnetoharmonic case
and for a relative magnetic permeability equal to 1.
Fig. 3 shows the evolution of the induced current density as
a function of the radial component r at an axial component
z equal to the skin thickness δ, for the analytical solution
as well as for the numerical solution obtained by the finite
element method. We can see that the two curves overlap,
which allows us to validate the numerical results obtained in
the magnetoharmonic case.

FIG. 3. Evolution of the induced current density as a function of r(z = δ)

TABLEAU II. Validation of the numerical results with the analytical solution

Puissance totale induite 878[W ]
(FEM) - Pfem

Puissance totale induite 905[W ]
(solution analytique) - Pan∣∣∣Pfem−Pan

Pfem

∣∣∣× 100 3.05%

According to the table II, there is a difference of 3%
between the total induced power calculated analytically and
numerically which is sufficient to validate the model in the
magnetoharmonic case.

V. CONCLUSION

The objective of this paper is to have a complete model for
Curie point materials taking into account the multi-scale aspect
of time between the thermal model and the electromagnetic
model and also taking into account the skin effect since at the
passage of the Curie point, the relative magnetic permeability
tends abruptly to 1 which leads to meshing difficulties due to
the sudden change of the skin thickness.
In the final paper, the application of this method to get thermal
self-regulation will be presented. This requires a magnetother-
mal coupling (strong or weak), a good choice of the numerical
methods used following a good management of the sudden
change of magnetic state in the vicinity of the Curie point and
the consideration of the non-linearity of the parameters as a
function of the temperature.
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