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 A B S T R A C T

Controlled Curie point materials are considered innovative due to their property of abrupt magnetic extinction 
when their temperature exceeds a specific threshold. This property could be used to make them very suitable 
for a variety of industrial processes that require temperature self-regulation. The use of these materials in 
magnetic induction heating may allow the power transfer to be greatly reduced at the Curie point, ensuring 
precise control of the heating process. However, recent developments have enabled the design of customisable 
materials, where the Curie threshold can be precisely adjusted during the manufacturing process in a range 
from ambient temperature to several hundred degrees. This tunability is commonly achieved in FeNi-based 
alloys, where the Curie temperature is controlled by adjusting the composition ratio of nickel and iron. Other 
alloying elements, such as aluminium or rare earth metals, can also be incorporated to further modify the 
magnetic and thermal properties. Therefore, designers need modelling tools to handle these phenomena. In this 
paper, a two-dimensional coupled electromagnetic and thermal model for the induction heating of magnetic 
materials with a low Curie point temperature is developed to validate the proof of concept.
1. Introduction

In recent years, metallurgists have developed innovative material 
solutions combining low Curie point alloys with aluminium or even 
stainless steel to achieve self-regulated induction heating, particularly 
for cooking utensils [1,2]. However, the concept of ferromagnetic alloys 
with a low Curie temperature is not new, as pioneering studies date 
back to the work of P. Chevenard nearly a century ago [3].

These ferromagnetic materials lose their magnetic properties when 
the temperature exceeds a specific threshold, corresponding to the 
Curie temperature. As a result, energy transfer by electromagnetic 
induction could be greatly reduced, opening the door to thermal self-
regulation of the process without sensors. This threshold is typically 
around 800 ◦C. However, by adjusting the alloy composition, it is 
now possible to develop materials with a tunable Curie point, ranging 
from ambient temperature up to 800 ◦C, opening new perspectives for 
temperature-sensitive applications.

The temperature range opens interesting perspectives for the pro-
duction of thermoplastic (preforming, forming, welding, . . . ) and ther-
moset composites (polymerisation, recycling, . . . ) for the aerospace 
industry, where precise temperature control is essential, with target 
temperatures often close to the degradation threshold. Although these 
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materials have been utilised in various applications, including magnetic 
hyperthermia [4], thermal control of induction cooking devices [2], the 
design of self-regulating soldering irons [5], and the development of 
smart nanocomposites for uniform heating materials [6], their potential 
in the field of composites remains largely unexplored.

When alternating current is supplied to the coil, the transmitted 
power increases as a function of temperature, as seen in Fig.  1, due to 
the nonlinearity of ferromagnetic material properties. When the Curie 
temperature is reached, the material becomes paramagnetic, inducing a 
collapse in the magnetic permeability property. As a result, the induced 
power is strongly reduced, causing the temperature to fall.

The material regains its ferromagnetic property as soon as the 
temperature drops below the Curie point, and eddy currents increase, 
opening the door to open-loop thermal self-regulation of the process 
without the use of sensors.

The main objective of this paper is to evaluate the potential of 
integrating these materials in the elaboration processes of glass or 
carbon fibre composites through the implementation of multiphysics 
and multiscale finite element modelling that integrates the strong mag-
netothermal coupling of the phenomena associated with the crossing of 
the Curie point.
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Fig. 1. Magnetothermal autoregulation.
A simulation tool must be designed to predict the behaviour of 
ferromagnetic materials as they approach the Curie point in elec-
tromagnetic induction heating devices. Given the heating technique 
employed and the types of materials processed, several challenges must 
be addressed, particularly the dual nonlinearity of magnetic parameters 
to temperature and magnetic field [7,8]. This nonlinearity results in 
meshing challenges, as the magnetic parameters vary significantly with 
the temperature near the Curie point, leading to variations in skin 
depth [9]. Another scientific issue is the strong magnetothermal cou-
pling, which leads to an excessive number of unknowns and, therefore, 
long simulation times.

In a previous study, a one-dimensional (1D) electromagnetic and 
thermal model was initially developed to understand the physical 
phenomena behind the induction heating of Curie materials, overcome 
meshing difficulties, and ensure reasonable simulation times. The elec-
tromagnetic model is based on analytically solving the magnetic field 
equation obtained by combining Maxwell’s equations. For the thermal 
component, the heat equation, expressed in terms of temperature 𝑇 , 
was solved numerically using the finite difference method [10]. This 
coupling of electromagnetic and thermal effects enabled a detailed 
simulation of the temperature evolution within the material, account-
ing for complex interactions with the magnetic field. The analysis 
of thermal dynamics revealed a slope discontinuity around the Curie 
point, confirming thermal self-regulation and demonstrating that the 
induced power decreases sharply as the magnetic permeability drops 
abruptly at this transition [11].

Although this 1D model is highly useful for simple configurations, 
it remains limited in its ability to capture complex spatial phenomena, 
particularly in geometries where thermal and electromagnetic gradients 
vary significantly in multiple directions. This limitation motivates the 
transition to a two-dimensional (2D) model that incorporates spatial 
effects in both dimensions and solves the electromagnetic and thermal 
equations using the finite element method (FEM).

In this paper, a two-dimensional magnetothermal model is proposed 
to predict the behaviour of a ferromagnetic material heated by electro-
magnetic stimulation. The experimental magnetisation data are then 
adjusted to predict the magnetic permeability values at high magnetic 
fields suitable for induction heating. This involves finding an analytical 
model that can describe the set of experimental measurements with 
the least numerical error. The magnetothermal coupling is illustrated 
by an algorithm integrating the magnetic nonlinearity of this material 
as well as its thermal nonlinearity. Numerical linearisation and tem-
poral approximation methods are used to ensure the modelling of the 
physical phenomena involved in the induction heating of a Curie point 
material. Simulation results such as induced power and temperature 
curves according to time are presented, and an analysis is provided to 
confirm whether the main objective of thermal self-regulation without 
the use of sensors can be achieved.
2 
Table 1
Composition of Phytherm260®.
 Element Ni Cr Fe  
 Typical percentage (%) 50 9 Bal 

2. Adjustment of magnetic data

The material under study is the ferromagnetic alloy Phytherm260®
(Aperam Alloys), part of the Fe–Ni–Cr austenitic family containing 5% 
Ni with varying chromium content, allowing the Curie temperature 
𝑇𝐶 to be adjusted between 20 ◦C and 450 ◦C. For numerical simula-
tions, Phytherm260® with a Curie temperature of 𝑇𝐶 = 280 ◦C was 
selected [12,13] (Table  1).

Below 𝑇𝐶 = 280 ◦C, the material retains its ferromagnetic properties, 
characterised by a high relative magnetic permeability 𝜇𝑟.

As the material approaches its Curie point, it undergoes a critical 
phase transition to a paramagnetic state, characterised by an abrupt 
decline in relative permeability 𝜇𝑟 towards unity (Fig.  2).

This sharp drop in 𝜇𝑟 leads to a significant reduction in the mate-
rial’s ability to concentrate magnetic flux, thereby altering the distri-
bution of induced currents and the resulting heating patterns. These 
rapid and nonlinear changes in magnetic properties pose substantial 
challenges in accurately modelling induction heating processes, as they 
necessitate the use of advanced numerical techniques to account for the 
abrupt loss of magnetic permeability and its effects on the thermal and 
electromagnetic behaviour of the system.

2.1. Nonlinear behaviour and magnetic permeability

At ambient temperature, Phytherm260® exhibits high magnetic per-
meability (𝜇𝑟 ≈ 104 before magnetic saturation), which depends on both 
the magnetic field 𝐻 and the temperature field 𝑇 , introducing a dual 
nonlinearity. Accurate modelling of this dual dependency is critical for 
simulating the material’s behaviour during induction heating, where 
eddy currents induce spatially and temporally varying 𝐻 and 𝑇 .

The material’s high permeability at ambient temperature enhances 
magnetic flux concentration, facilitating the generation of induced 
currents [15].

Fig.  3 presents experimental measurements of 𝐵(𝐻) curves for 
Phytherm260® at different temperatures. These curves illustrate the 
steep drop in 𝜇𝑟 as the temperature approaches and reaches the Curie 
point (𝑇𝐶 ), beyond which the magnetic induction 𝐵 becomes nearly 
proportional to the applied field 𝐻 , tending towards 𝜇0𝐻 . This be-
haviour highlights the need for precise modelling of permeability vari-
ations, particularly near magnetic saturation.
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Fig. 2. Experimental 𝜇𝑟(𝐻) curves of the Phytherm260® at different temperatures [14].
Fig. 3. Experimental 𝐵(𝐻) curves of the Phytherm260® at different temperatures [14].
2.2. Extrapolation and analytical modelling

While experimental data provide essential information, they often 
fail to capture the full range of 𝜇𝑟 behaviour at high magnetic fields or 
temperatures near saturation. Extrapolation techniques and analytical 
models, such as the Langevin model, are proposed to overcome these 
limitations. The Langevin model is particularly suited for describing 
magnetic saturation, accounting for the nonlinear response of magneti-
sation 𝐵(𝐻) under strong applied fields. The model is given by [16,17]: 

𝐵(𝐻) = 𝐵sat
(

coth
(𝐻
𝑎

)

− 𝑎
𝐻

)

+ 𝜇0𝐻, (1)

where 𝐵sat is the saturation induction, and 𝑎 is a parameter dependent 
on temperature and material properties. The parameters 𝑎 and 𝐵sat
were identified through an optimisation process based on minimising 
the discrepancy between simulated and experimental magnetisation 
curves. This was achieved by iteratively adjusting 𝑎 and 𝐵sat using a 
least-squares fitting approach applied to the measured 𝐵(𝐻) response of 
the material (Table  2) and then interpolated over a temperature range, 
from −20 ◦C to 280 ◦C in steps of 1 ◦C [18].

𝜇exp𝑟  represents the experimental relative magnetic permeability 
measured at the highest applied magnetic field.

The interpolation of these parameters allowed the accurate mod-
elling of 𝐵(𝐻) and 𝜇𝑟 over a wide range of temperatures, including 
regions beyond experimental measurements. Figs.  4(a) and 4(b) illus-
trate the temperature dependence of 𝑎 and 𝐵sat and the validation of 
the adjustment of the experimental measurements so that the value of 
the magnetic permeability can be predicted at higher magnetic fields.
3 
Table 2
Identification of Langevin model parameters 𝑎 and 𝐵sat.
 Temperature (◦C) 𝑎(𝑇 ) 𝐵sat(𝑇 ) 𝜇exp𝑟 (𝐻 = 800 A∕m) 
 0 < 𝑇𝐶 54.91 0.83 828  
 70 < 𝑇𝐶 19.92 0.75 751  
 150 < 𝑇𝐶 4.37 0.63 627  
 240 < 𝑇𝐶 6.54 0.36 361  
 280 > 𝑇𝐶 265.27 0.001 1  

2.3. Magnetic permeability according to temperature and field

The evolution of relative permeability 𝜇𝑟 with temperature and mag-
netic field strength is shown in Figs.  5 and 6. At low magnetic fields, 𝜇𝑟
initially increases with temperature, peaking below 𝑇𝐶 , before sharply 
dropping as the material transitions to a paramagnetic state. At high 
magnetic fields, the saturation effect dominates, causing 𝜇𝑟 to decrease 
according to the magnetic field and to approach 1 asymptotically. These 
trends are critical for dynamic modelling, where 𝜇𝑟 must be iteratively 
updated in response to changes in 𝐻 and 𝑇 .

The obtained magnetic property for Phytherm260® serves as input 
parameters for the coupled magnetothermal model, described in the 
next section.
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Fig. 4. Adjustment of magnetic data using Langevin’s analytical model.

Fig. 5. Extrapolated magnetic permeability curves as a function of temperature.
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Fig. 6. Evolution of 𝜇𝑟 with temperature and magnetic field strength.
Fig. 7. Axisymmetric bidimensional geometry.

3. Development of the model

3.1. Geometry

The application considered in this study is the induction heating 
of a magnetic disc placed above a pancake coil powered by a current. 
This configuration, represented schematically in Fig.  7, which has an 
axis of symmetry, makes it possible to go from three-dimensional to 
two-dimensional, which simplifies the analysis and provides computa-
tional advantages. This setup is commonly used in various industrial 
applications requiring efficient and uniform heating [19].

3.2. Mesh

Once the axisymmetric geometry had been defined, it was discre-
tised in finite element form to numerically solve for the magnetic vector 
potential 𝐀 at the mesh nodes. Initially, a triangular mesh was used for 
this modelling. However, this approach quickly showed its limitations 
due to the specific constraints associated with the configuration studied 
and, in particular, the significant variations in magnetic permeability. 
In the case of ferromagnetic materials, the magnetic permeability can 
reach very high values, leading to a significant reduction in skin 
thickness, defined by the following relationship: 

𝛿 =
√

2
𝜔𝜇𝜎

, (2)

where 𝛿 is the skin depth, 𝜔 is the angular frequency of the excitation 
current (in rad∕s), 𝜇 is the magnetic permeability, and 𝜎 is the electrical 
conductivity.

When the permeability becomes large, the skin thickness reduces 
sharply (Fig.  8), concentrating the eddy currents in an extremely thin 
5 
region near the surface of the ferromagnetic material. This phenomenon 
leads to very high gradients in the electromagnetic fields within that 
region.

In the context of a triangular mesh, these abrupt variations in 
skin thickness impose geometric constraints on the mesh elements. 
To capture these gradients accurately, the triangles in these regions 
must flatten considerably, resulting in elements with very high aspect 
ratios. Such a configuration can induce significant numerical errors, 
mainly due to the loss of accuracy in the evaluation of finite element 
integrals [20]. Very flattened elements degrade the quality of the mesh 
and amplify the errors linked to the interpolation of the fields in these 
critical zones [21].

Faced with these limitations, a rectangular mesh was adopted, pro-
viding a solution adapted to the specific characteristics of the problem. 
This choice made it possible to better manage the high gradients in 
areas where the magnetic permeability varies greatly while maintain-
ing good numerical accuracy. The rectangular mesh provides better 
geometric regularity and limits the errors associated with excessive 
deformation of the elements [22,23]. It was designed to be regular in 
the inductor region, while a logarithmic mesh was used in the plate, air 
gap, and air box in the 𝑧-direction, where the logarithmic progression 
requires at least 3 elements in the skin depth. This approach aims to 
optimise resolution in the areas of interest where the field gradients 
are most pronounced while reducing the density of elements in the less 
critical regions to limit computing costs.

Fig.  9 shows the rectangular mesh produced using the GMSH soft-
ware [24]. Particular attention has been paid to the fineness of the 
mesh in strategic regions, such as the interface between the ferromag-
netic plate and the air, and in the air gap, where the gradients in the 
magnetic vector potential are greatest. This local refinement ensures 
greater accuracy in these sensitive areas while providing a gradual 
transition to coarser meshes in remote areas, such as the inside of the 
airbox. In this way, the logarithmic mesh maintains an optimal balance 
between numerical accuracy and computational efficiency [25].

This mesh, which contains 19 434 elements and 19 760 nodes, proved 
robust in solving the problem studied, significantly reducing numerical 
errors compared with the initial triangular mesh. It enabled the com-
plex physical phenomena associated with electromagnetic induction 
heating to be modelled accurately while minimising the numerical 
artefacts related to geometric constraints.

3.3. Magnetic potential formulation

One establishes the vector potential formulation 𝐀 for a magnetic 
problem in the magnetoquasistatic regime, assuming an axisymmetric 
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Fig. 8. Evolution of the skin depth as a function of the relative magnetic permeability.
Fig. 9. Bidimensional rectangular mesh produced using GMSH [24].
configuration. This approach is commonly used in systems with cylin-
drical geometry, such as electrical machines, where the magnetic field 
exhibits rotational invariance about an axis.

For axisymmetric configurations, it is natural to adopt cylindrical 
coordinates (𝑟, 𝜃, 𝑧), where 𝑟 represents the radial distance to the axis 
of symmetry (the 𝑧 axis), 𝜃 the azimuth angle about this axis and 𝑧
the coordinate along the axis. This coordinate system is particularly 
suitable for describing physical phenomena in cylindrical systems, such 
as coils and rotating structures, because it simplifies the expression of 
fields by taking advantage of the symmetry of the system.

In an axisymmetric problem, the physical quantities do not depend 
on the azimuthal angle 𝜃. In other words, all derivatives with respect 
to 𝜃 are zero:
𝜕
𝜕𝜃

= 0.

Thus, the fields and potentials only vary as a function of the coordinates 
𝑟 and 𝑧. The magnetic vector potential 𝐀 in such a context can be 
expressed as: 
𝐀 = 𝐴𝜃(𝑟, 𝑧) 𝐞𝜽, (3)

where 𝐴𝜃 is the only non-zero component of 𝐀 oriented towards 𝐞𝜽. This 
reduction is a direct consequence of the invariance of the system by 
rotation about the axis 𝑧 and means that the magnetic field generated 
will be contained in the plane 𝑟-.𝑧.
6 
In coordinated cylindrical, if only 𝐴𝜃 is non-zero, then the magnetic 
field has only 𝐵𝑟 and 𝐵𝑧 components, given by: 

𝐵𝑟 = −
𝜕𝐴𝜃
𝜕𝑧

, 𝐵𝑧 =
1
𝑟
𝜕
𝜕𝑟

(𝑟𝐴𝜃). (4)

These relations express the magnetic field induced by 𝐴𝜃 in the radial 
and axial plane.

Developing the magnetic vector formulation in cylindrical coordi-
nates for a component 𝐴𝜃 only, we obtain: 

div
(

− 𝜈
𝑟
𝐠𝐫𝐚𝐝

(

𝑟𝐴𝜃
)

)

+ 𝜎
𝑟
𝜕(𝑟𝐴𝜃)
𝜕𝑡

= 𝐽 𝑠
𝜃 . (5)

Putting 𝐴 = 𝑟𝐴𝜃 , we get: 

div
(

− 𝜈
𝑟
𝐠𝐫𝐚𝐝𝐴

)

+ 𝜎
𝑟
𝜕𝐴
𝜕𝑡

= 𝐽 𝑠
𝜃 . (6)

To apply the finite element method and find a solution to the tran-
sient magnetic formulation, a weak formulation must be established 
using Green’s formulae.

We apply Green’s formula to the magnetic vector potential 𝐴 ∈ 𝐸0
𝐵

and a test function 𝐴′ on the first equation of the strong formulation in 
𝐴 and we get [26]: 

(𝜈 𝐠𝐫𝐚𝐝 𝐴, 𝐠𝐫𝐚𝐝 𝐴′) 2 +
(

𝜎 𝜕𝐴 ,𝐴′
)

= (𝐽 𝜃 , 𝐴′) 2 . (7)
𝐿 (𝐷) 𝜕𝑡 𝐿2(𝐷) 𝑠 𝐿 (𝐷)
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The potential 𝐴 is decomposed on the nodal finite elements to be 
injected into the formulation (7):
𝑛𝑁
∑

𝑘=1
𝐴𝑛𝑘 (𝑡)

(

𝜈 𝐠𝐫𝐚𝐝𝑤𝑛𝑘 (𝑥), 𝐠𝐫𝐚𝐝 𝐴′(𝑥)
)

𝐿2(𝐷)

+
𝑛𝑁
∑

𝑘=1

𝜕𝐴𝑛𝑘(𝑡)
𝜕𝑡

(

𝜎 𝑤𝑛𝑘 (𝑥), 𝐴
′(𝑥)

)

𝐿2(𝐷)

=
(

𝐽 𝑠
𝜃 (𝑥), 𝐴

′(𝑥)
)

𝐿2(𝐷) ∀ 𝐴′ (8)

Finally, the following matrix formulation can be written [27]: 

𝐾 𝐀𝐧 +𝑀
𝜕𝐀𝐧
𝜕𝑡

= 𝐅 (9)

where

𝐾 =
[

(

𝜈 𝐠𝐫𝐚𝐝𝑤𝑛𝑘 (𝑥), 𝐠𝐫𝐚𝐝𝑤𝑛𝑙 (𝑥)
)

𝐿2(𝐷)

]

1≤𝑙,𝑘≤𝑛𝑁
,

𝐀𝐧 =
[

𝐴𝑛𝑘 (𝑡)
]

1≤𝑘≤𝑛𝑁
,

𝑀 =
[

(

𝜎 𝑤𝑛𝑘 (𝑥), 𝑤𝑛𝑙 (𝑥)
)

𝐿2(𝐷)

]

1≤𝑙,𝑘≤𝑛𝑁
,

𝐅 =
[

(

𝐽 𝜃
𝑠 (𝑥), 𝑤𝑛𝑙 (𝑥)

)

𝐿2(𝐷)

]

1≤𝑙≤𝑛𝑁
.

To solve this equation, numerical methods are employed. First, we 
discretise the time derivative using the Euler method, which gives: 
(

𝐾 + 𝑀
𝛥𝑡(𝑗)

)

𝐀𝑛(𝑗+1) =
𝑀
𝛥𝑡(𝑗)

𝐀𝑛(𝑗) + 𝐅 (10)

Subsequently, the nonlinear term is handled using the Newton–
Raphson method, which involves linearisation. The iterative scheme for 
the Newton–Raphson method is expressed as: 

(𝐾 (𝑛+1)
1 + 𝜕𝐾 (𝑛+1)

𝜕𝐀𝑛(𝑗+1)
𝐀(𝑛)
𝑛(𝑗+1)

)∆𝐀(𝑛+1)
𝑛(𝑗+1)

= 𝐅𝟏 −𝐾 (𝑛+1)
1 𝐀(𝑛)

𝑛(𝑗+1)
(11)

where

𝐾1 = 𝐾 + 1
𝛥𝑡(𝑗)

𝑀,

𝐾 =

[

(

𝜕𝐻 (𝑛)

𝜕𝐁(𝑛)𝑇
𝐠𝐫𝐚𝐝𝑤𝑛𝑘 , 𝐠𝐫𝐚𝐝𝑤𝑛𝑙

)

𝐿2(𝐷)

]

1≤𝑙,𝑘≤𝑛𝑁

,

𝑀 =

[

(

𝜕𝐉𝐢(𝑛)
𝜕𝐄(𝑛)𝑇

𝑤𝑛𝑘 , 𝑤𝑛𝑙

)

𝐿2(𝐷)

]

1≤𝑙,𝑘≤𝑛𝑁

,

∆𝐀(𝑛+1)
𝑛(𝑗+1)

= 𝐀(𝑛+1)
𝑛(𝑗+1)

− 𝐀(𝑛)
𝑛(𝑗+1)

.

3.4. Thermal formulation

A material with a thermal conductivity 𝜆, a density 𝜌 and a heat 
capacity 𝐶𝑝 subjected to a temperature 𝑇  created by a density 𝑃  has a 
thermal behaviour defined according to the heat equation [28]: 

div (𝜆 𝐠𝐫𝐚𝐝 𝑇 ) + 𝑃 = 𝜌 𝐶𝑝
𝜕𝑇
𝜕𝑡

(12)

with:

• div (𝜆𝐠𝐫𝐚𝐝 𝑇 ): exchanged power density,
• 𝑃 : induced power density [W m−3],
• 𝜌 𝐶𝑝

𝜕𝑇
𝜕𝑡 : variation in internal energy density.

The boundary condition for heat transfer by convection at the 
surface is given by: 
−𝜆 𝐠𝐫𝐚𝐝 𝑇 ⋅ 𝐧 = ℎ(𝑇 − 𝑇amb) (13)

where:

• ℎ: heat transfer coefficient [W m−2 K−1],
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• 𝑇amb: ambient temperature,
• 𝐠𝐫𝐚𝐝 𝑇 ⋅ 𝐧: normal temperature gradient at the surface.

The thermal formulation, containing the heat Eq. (12) and the 
boundary convection condition (13), is solved on the conducting do-
main. The time derivative 𝜕𝑡𝑇  is approximated by (𝑇𝑖+1 − 𝑇𝑖)∕𝜕𝑇 . The 
heat equation is written: 

𝜌𝐶𝑝
𝑇𝑖+1
𝜕𝑇

− div (𝜆𝐠𝐫𝐚𝐝 𝑇𝑖+1) = 𝑃 + 𝜌𝐶𝑝
𝑇𝑖
𝜕𝑇

(14)

Let 𝑤𝑘
𝑛 be a test function for 𝑘 = 1 to 𝑁𝑛. Applying the weighted 

residual method, we obtain the following expression:

∫𝐷𝑐

𝑤𝑘
𝑛

𝜌𝐶𝑝

𝛿𝑇
𝑇𝑖+1𝑑𝐷 − ∫𝐷𝑐

𝑤𝑘
𝑛 div(𝜆𝐠𝐫𝐚𝐝 𝑇𝑖+1)𝑑𝐷

= ∫𝐷𝑐

𝑤𝑘
𝑛𝑃𝑑𝐷 + ∫𝐷𝑐

𝑤𝑘
𝑛

𝜌𝐶𝑝

𝛿𝑇
𝑇𝑖𝑑𝐷, ∀𝑘 = 1,… , 𝑁𝑛. (15)

By applying Green’s identity to the second term on the left-hand 
side, we obtain:

− ∫𝐷𝑐

𝑤𝑘
𝑛 div(𝜆𝐠𝐫𝐚𝐝 𝑇𝑖+1)𝑑𝐷 = ∫𝐷𝑐

𝐠𝐫𝐚𝐝 𝑇𝑖+1𝜆𝐠𝐫𝐚𝐝𝑤𝑘
𝑛𝑑𝐷

− ∫𝛤𝑐
𝑤𝑘

𝑛𝜆
𝜕𝑇𝑖+1
𝜕𝑛

𝑑𝛤 . (16)

Taking into account the boundary conditions, this equation can be 
reformulated as follows:

− ∫𝐷𝑐

𝑤𝑘
𝑛 div(𝜆)𝐠𝐫𝐚𝐝𝑇𝑖+1𝑑𝐷 = ∫𝐷𝑐

𝐠𝐫𝐚𝐝𝑇𝑖+1𝜆𝐠𝐫𝐚𝐝𝑤𝑘
𝑛𝑑𝐷

− ∫𝛤𝑐
𝑤𝑘

𝑛𝜆ℎ(𝑇𝑖+1 − 𝑇∞)𝑑𝛤 . (17)

Assuming that the temperature at the initial time is uniform in the 
composite material and assuming 𝛥𝑇 = 𝑇𝑘 −𝑇∞, the equation becomes: 

∫𝐷𝑐

𝑤𝑘
𝑛𝜌𝐶𝑝

𝛥𝑇𝑖+1
𝛿𝑇

𝑑𝐷+∫𝐷𝑐

𝐠𝐫𝐚𝐝𝛥𝑇𝑖+1𝜆𝐠𝐫𝐚𝐝𝑤𝑘
𝑛𝑑𝐷 = ∫𝛤𝑐

𝑤𝑘
𝑛ℎ𝛥𝑇𝑖+1𝑑𝛤 (18)

The matrix system resulting from the spatial discretisation of tem-
perature on the space of nodal elements, by replacing 𝛥𝑇  by its approx-
imation 𝛥𝑇 =

∑𝑁𝑛
𝑗=1 𝑤

𝑗
𝑛𝛥𝑇𝑛,𝑗 , is as follows: 

(

𝐌[𝜌𝐶𝑝]
𝑛𝑛 + 𝐺𝑇𝐌[𝜆]

𝑎𝑎𝐺 +𝐌[ℎ]
𝑛𝑛

)

𝛥𝑇𝑛,𝑖+1 = 𝐌[𝑃 ]
𝑛 +𝐌[𝜌𝐶𝑝]

𝑛𝑛 𝛥𝑇𝑛,𝑖, (19)

where :

• 𝐌[𝜌𝐶𝑝]
𝑛𝑛 : a mass matrix of dimension 𝑁𝑛 × 𝑁𝑛, whose coefficients 

are given by: 

𝑚
[𝜌𝐶𝑝]
𝑛𝑛 (𝑖, 𝑗) = ∫𝐷𝑐

𝜌𝐶𝑝

𝛿𝑇
𝑤𝑖

𝑛 ⋅𝑤
𝑗
𝑛𝑑𝐷, (20)

• 𝐌[𝜆]
𝑎𝑎 : a mass matrix of dimension 𝑁𝑎 ×𝑁𝑎, with coefficients: 

𝑚[𝜆]
𝑎𝑎 (𝑖, 𝑗) = ∫𝐷𝑐

𝜆𝐰𝐢
𝐚 ⋅ 𝐰

𝐣
𝐚𝑑𝐷, (21)

• 𝐌[ℎ]
𝑛𝑛 : a mass matrix of dimension 𝑁𝑛 ×𝑁𝑛, whose coefficients are 

defined by: 

𝑚[ℎ]
𝑛𝑛 (𝑖, 𝑗) = ∫𝛤𝑐

ℎ𝑤𝑖
𝑛 ⋅𝑤

𝑗
𝑛𝑑𝛤 . (22)

• 𝐌[𝑃 ]
𝑛 : a mass matrix of dimension 𝑁𝑛 × 1.
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Fig. 10. Weak magnetothermal coupling algorithm.
3.5. Magnetothermal coupling

A weak coupling for magnetothermal modelling, with iterative up-
dating of material properties (magnetic permeability and electrical 
conductivity) as a function of temperature, is realised for several rea-
sons. Firstly, it maintains a clear separation between the resolution of 
electromagnetic and thermal problems, while integrating the nonlinear 
effects induced by temperature. Secondly, it offers better management 
of computing resources by limiting the number of unnecessary tempera-
ture and magnetic field calculations that would be necessary in a strong 
coupling with a very fine time step. Finally, the iterative updating 
of properties as a function of temperature compensates in part for 
the limitations of weak coupling by ensuring progressive convergence 
towards a stable thermomagnetic state.

Beyond the temperature dependence of material properties, the fer-
romagnetic nature of Phytherm260® introduces an additional complex-
ity due to the strong nonlinearity of its magnetic behaviour, particularly 
near the Curie point. To accurately capture this nonlinearity within 
the electromagnetic resolution step, a Newton–Raphson method to 
iteratively solve the nonlinear system resulting from the finite element 
discretisation of Maxwell’s equations is used.

At each electromagnetic iteration, the nonlinear relationship be-
tween the magnetic field 𝐻 and the magnetic flux density 𝐵 ne-
cessitates solving a system of equations where the permeability 𝜇
varies as a function of the local magnetic field and temperature. The 
Newton–Raphson method is applied to linearise the system by itera-
tively updating the magnetic vector potential 𝐀 until the convergence 
criterion is met. This ensures that, at each electromagnetic step, the 
computed values of 𝐀 correctly reflect the nonlinear magnetic response 
of the material.

To manage the coupling process, two key timescales are introduced 
implicitly in the algorithm: the electromagnetic resolution time, 𝑇 , 
𝑒𝑚
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and the thermal resolution time, 𝑇𝑡ℎ. The electromagnetic model is it-
eratively solved as long as the electromagnetic resolution time remains 
within 𝑇𝑒𝑚, ensuring that the magnetic field and eddy currents are 
accurately captured within the given time window. The application of 
the Newton–Raphson method within each electromagnetic step guar-
antees convergence towards a physically consistent solution despite 
the highly nonlinear magnetic behaviour. Similarly, the thermal model 
is resolved iteratively until the thermal time, 𝑇𝑡ℎ, reaches the total 
heating time of the system. This strategy enables the decoupling of the 
electromagnetic and thermal domains while respecting their inherent 
timescales, avoiding over-resolution where unnecessary.

Thus, the combined use of weak coupling and Newton–Raphson 
linearisation effectively addresses the double nonlinearity inherent in 
the problem: the temperature-dependent variation of electromagnetic 
properties and the strong magnetic nonlinearity near the Curie tem-
perature. This methodological choice allows for the modelling of the 
magnetothermal behaviour of Phytherm260® while maintaining com-
putational efficiency over extended simulation periods.

Fig.  10 presents the algorithm used to ensure the weak magnetother-
mal coupling.

4. Simulation parameters

The geometric and general parameters used for the simulation are 
listed in Table  3, while the electromagnetic and thermal properties 
are presented in Tables  4 and 5 respectively. These values have been 
chosen to be consistent with available experimental data and material 
specifications.

Electromagnetic properties take into account the dependence of 
magnetic permeability 𝜇 on magnetic field 𝐻 and temperature 𝑇 . Elec-
trical conductivity 𝜎 also varies with temperature, where an almost lin-
ear decrease in this property is observed with increasing temperature. 
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Table 3
General model parameters.
 Parameter Value  
 Plate thickness 5 mm  
 Maximum current 1500 A  
 Current density 8.33 × 106 A m−1 
 Coil frequency 20 kHz  
 Curie point 𝑇𝐶 280 ◦C  

Table 4
Electromagnetic model parameters.
 Parameters Value  
 Magnetic permeability 𝜇(𝐻,𝑇 )  
 Electrical conductivity 𝜎(𝑇 )  
 Electromagnetic time 2𝑇 = 2∕𝑓 = 0.1 ms 
 Time step 1 μs  
 Number of time steps 100  

Table 5
Thermal model parameters.
 Parameter Value  
 Density 𝜌 8200 kgm−3  
 Thermal conductivity 𝜆 13W m−1 K−1  
 Specific heat capacity 𝐶𝑝 500 J Kg−1 K−1 
 Heating time 200 s  
 Time step 1 s  
 Number of time steps 200  

These variations are essential for capturing the nonlinear behaviour of 
materials subjected to an oscillating electromagnetic field.

The thermal conductivity 𝜆, density 𝜌, and specific heat 𝐶𝑝 are 
considered constant to simplify the model, although the temperature 
dependence of the electrical conductivity is taken into account. These 
data are used to capture the heat transfer associated with induction 
heating.

It is crucial to define an appropriate time duration for the electro-
magnetic analysis. The electromagnetic time, denoted as 𝑇em, corre-
sponds to the period of variation of the simulated magneto-harmonic 
phenomenon. To ensure accurate results while minimising computa-
tional costs, it is necessary to determine the minimal duration required 
to achieve a stable response of physical quantities, particularly the total 
induced power.

A simulation was performed over a duration equivalent to ten 
electromagnetic periods (𝑡em = 10𝑇 ). Fig.  11 illustrates the evolution 
of the total induced power as a function of electromagnetic time at an 
ambient temperature of 20 ◦C.

From the second period onwards, the variations in 𝑃ind become pe-
riodic and stabilised, indicating the end of the initial transient regime. 
The near-identical repetition of cycles after 𝑡 = 2𝑇  reflects convergence 
towards a steady-state regime. This implies that beyond this duration, 
the temporal variations of the induced power no longer provide signifi-
cant additional information that could influence the physical results or 
conclusions. The electromagnetic time is then fixed at two periods and 
each period contains 50 iterations.

Table  6 summarises the values of the total induced power in the 
plate for each electromagnetic period. These values were obtained 
through magneto-harmonic modelling. It is observed that the power 
gradually increases during the initial periods, reflecting transient be-
haviour. From the second period onward, the computed values stabilise, 
converging to a constant value of 23.66W. This confirms that two elec-
tromagnetic periods are sufficient to capture the established behaviour 
of the system.

This table highlights the convergence of the total induced power 
towards a constant value after the second period. Therefore, selecting 
an electromagnetic duration of 𝑡em = 2𝑇  appears to be a judicious 
choice, ensuring accurate modelling of the studied phenomena while 
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Table 6
Evolution of the total induced power 𝑃ind in the plate as a function of the 
electromagnetic period. The results were obtained using magneto-harmonic 
modelling at 2020 ◦C.
 Period 1 2 3 4 5 6 7 9 10  
 Total induced 19.64 23.65 23.68 23.69 23.66 23.66 23.66 23.66 23.66 
 power (W)  

optimising computational resources. Extending the simulation beyond 
this duration would yield no significant benefit in terms of accuracy or 
additional information, thus confirming the efficiency and relevance of 
this approach.

In conclusion, the analysis of the induced power evolution and the 
observed convergence validate the choice of a temporal duration of 2𝑇
as representative of the steady-state regime.

5. Numerical results

5.1. Induced power evolution

The evolution of the induced active power within the simulated 
ferromagnetic plate, calculated from the magnetic vector potential 𝐀
has been analysed. The induced active power density is obtained by 
integrating the induced power density on each element of the digital 
mesh, which is calculated from the currents induced in the plate. This 
integration is performed over the second period of electromagnetic time 
set at 2𝑇 = 0.1 ms, to capture a stable regime of electromagnetic 
oscillations. Then, to obtain the total active power induced at each 
thermal instant, the active power density is multiplied by the area of the 
corresponding element, before being aggregated over all the elements 
of the plate. This methodology allows us to follow, in the form of a 
time vector, the evolution of the induced active power throughout the 
heating process. Fig.  12 shows the temporal evolution of the active 
power induced within the plate during the thermal simulation. The 
𝑥-axis corresponds to the heating time in seconds, while the 𝑦-axis rep-
resents the induced active power. The curve shows a marked decrease 
in active power, followed by a stabilisation phase at around 1 kW.

At the start of the heating process, the induced active power is rel-
atively high, reaching an initial value of around 10 kW. However, this 
power decreases rapidly to reach a stabilised value of around 1 kW after 
about 66 s. This decrease is directly linked to changes in the magnetic 
properties of the material, in particular the dependence of the magnetic 
permeability 𝜇 on temperature and magnetic field. As the temperature 
increases and approaches the Curie point 𝑇𝐶 = 280 ◦C, the magnetic 
permeability drops significantly due to the transition of the material 
from the ferromagnetic state to the paramagnetic state. This transition 
leads to a reduction in the electromagnetic induction effect, and there-
fore a reduction in the induced current density. As a result, the active 
power generated by these currents decreases concomitantly. Once the 
Curie temperature is reached, the magnetic permeability becomes al-
most constant and the material loses its ferromagnetic properties, which 
explains why the active power stabilises at around 1 kW.

Between 50 s and 75 s, the power curve shows slight but visi-
ble oscillations. These oscillations are mainly due to transient effects 
associated with the thermal and magnetic dynamics near the Curie 
temperature. In this temperature range, the magnetic permeability still 
varies nonlinearly, creating fluctuations in the induced current density 
and, consequently, in the power density. Local variations in tempera-
ture gradients within the plate can also contribute to these oscillations, 
by locally modifying electrical conductivity and power dissipation.

The final stabilisation of active power can also be interpreted as a 
manifestation of the material’s thermal self-regulation. Once the Curie 
temperature is reached, the disappearance of the ferromagnetic prop-
erties prevents any further increase in induced currents, thus limiting 
power dissipation to relatively low levels. This self-regulating property 
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Fig. 11. Evolution of the total induced power 𝑃ind as a function of the electromagnetic time (𝑇em = 10𝑇 ) at a temperature of 20 ◦C.
Fig. 12. Induced active power as a function of heating time.
is intrinsic to ferromagnetic materials and is an advantage for applica-
tions where precise temperature control is required. Thus, the temporal 
evolution of the induced active power directly reflects changes in the 
magnetic and thermal properties of the material, in particular the 
ferromagnetic–paramagnetic transition [29]. This analysis highlights 
the importance of taking into account the temperature dependence of 
magnetic permeability in numerical simulations and demonstrates the 
ability of the model developed to capture these complex phenomena.

5.2. Temperature evolution

In this subsection, we analyse the temporal evolution of the temper-
ature within the simulated ferromagnetic plate. This result is obtained 
by solving the heat equation using the finite element method. Fig.  13 
shows the evolution of temperature as a function of heating time. The 
𝑥-axis corresponds to the time expressed in seconds, while the 𝑦-axis 
represents the temperature in degrees Celsius.

The curve shows a gradual and regular rise in temperature, from 
the ambient temperature of 20 ◦C to the Curie temperature of 280 ◦C. 
This rise phase is characterised by a transient regime dominated by 
the dissipation of active power induced within the material, generated 
by induced currents and converted into heat. This temperature rise 
takes place over about 66 s, after which the curve shows almost perfect 
stabilisation around the Curie temperature until the end of the heating 
time heatThermal2020.

The observed evolution highlights a key phenomenon: the ther-
mal self-regulation of the material. This particular behaviour can be 
explained by the intrinsic properties of the ferromagnetic material. 
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Below the Curie temperature, the material retains its ferromagnetic 
properties, resulting in high magnetic permeability and significant gen-
eration of induced currents. However, as the temperature increases and 
approaches the Curie temperature, the magnetic permeability decreases 
in a nonlinear fashion, due to the gradual transition of the material 
to the paramagnetic state. This change reduces induced currents and, 
consequently, heat dissipation, which slows the temperature rise and 
leads to thermal stabilisation around 280 ◦C.

This thermal self-regulation is the direct result of the complex 
interaction between electromagnetic and thermal phenomena in the 
material. On reaching the Curie temperature, the loss of ferromag-
netic properties limits heat generation, while thermal diffusion, which 
tends to balance temperature gradients, becomes the dominant mech-
anism [30]. This phenomenon is of particular interest in applications 
where precise temperature control is required, such as induction heat-
ing or localised heat treatment. It also illustrates the importance of the 
material’s magnetic properties in the dynamics of heat transfer.

The thermal stabilisation observed around the Curie temperature is 
a central feature of this work, as it confirms the ability of the model 
developed to capture self-regulation phenomena [31]. This behaviour, 
which is often sought after in industrial applications, makes it possible 
to guarantee the thermal safety inherent in the process, by preventing 
any uncontrolled temperature rise.

This curve illustrates not only the validity of the proposed ther-
mal and electromagnetic model but also the relevance of combining 
these two disciplines to explain complex phenomena such as thermal 
self-regulation. These results highlight the fundamental role of the 
ferromagnetic–paramagnetic transition in the thermal dynamics of the 
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Fig. 13. Temperature as a function of heating time. The red line indicates the Curie temperature (𝑇𝐶 = 280 ◦C).
Fig. 14. Influence of the electric current and plate thickness on the temperature evolution.
material and pave the way for future investigations aimed at optimising 
this type of behaviour for practical applications.

6. Sensitivity analysis

The fundamental thermal and electromagnetic behaviours of the 
system were established, highlighting the interplay between induced 
power, thermal evolution, and material properties near the Curie tem-
perature. Building on these findings, it is crucial to evaluate how 
external factors, such as the applied electric current and the thickness 
of the ferromagnetic plate, influence the system’s thermal response 
and self-regulation behaviour. To this end, a sensitivity analysis was 
conducted, providing deeper insights into the system’s operational 
boundaries and potential for optimisation.

This sensitivity study aims to evaluate the impact of two key simula-
tion parameters—the imposed electric current and the thickness of the 
ferromagnetic plate—on the system’s thermal behaviour. Specifically, 
the temperature evolution was simulated for nine different combina-
tions of these parameters: three values of the electric current (𝐼 =
1200A, 𝐼 = 1500A, and 𝐼 = 1800A) and three plate thicknesses 
(𝑒 = 0.001m, 𝑒 = 0.003m, and 𝑒 = 0.005m). Fig.  14 presents the 
temperature evolution as a function of time for each combination of 
these parameters.

The resulting curves provide critical insights into how each param-
eter affects the thermal response and, in particular, the phenomenon 
of thermal self-regulation, which is a central focus of this study. This 
phenomenon is intrinsically linked to the ability of ferromagnetic ma-
terials to lose their magnetism above the Curie temperature. A detailed 
analysis of the results reveals several significant trends.
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First, the influence of the electric current is particularly pronounced. 
When the electric current reaches a high value 𝐼 = 1800A (represented 
by the solid lines), the temperature exceeds the Curie temperature 
without stabilisation. Contrary to expectations, thermal regulation does 
not occur in this case: the temperature continues to rise, although with 
a slightly reduced slope after surpassing the Curie temperature. This 
behaviour can be attributed to insufficient dissipation of accumulated 
thermal energy, exacerbated by the high current intensity, which gener-
ates increased Joule heating losses. As a result, thermal self-regulation 
becomes ineffective at this level of current.

At an intermediate current of 𝐼 = 1500A (dashed lines), the 
phenomenon of thermal self-regulation is observed. The curves show 
that the temperature approaches the Curie temperature and exhibits 
characteristic oscillations around this value. These oscillations reflect 
periodic transitions between the ferromagnetic and paramagnetic states 
of the material: the appearance and disappearance of ferromagnetic 
properties directly influence the magnetic permeability and, conse-
quently, the induced power in the system. These results align with 
theoretical expectations for Curie-point materials, where self-regulation 
is achieved through the interaction of electromagnetic and thermal 
properties.

For a lower current (𝐼 = 1200A, dotted lines), thermal self-
regulation is also observed, but the attainment of the Curie temperature 
occurs more gradually. This can be explained by a more moderate gen-
eration of Joule heating, which delays the temperature rise. However, 
once the Curie temperature is reached, thermal oscillations also appear, 
demonstrating behaviour similar to that observed at 𝐼 = 1500A, albeit 
with slower temporal dynamics.
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Regarding the thickness of the ferromagnetic plate, its influence 
is less pronounced but remains noticeable. At a constant current, the 
temperature rise is slightly faster for thinner plates (𝑒 = 1mm) com-
pared to thicker ones (𝑒 = 5mm). This difference can be attributed to 
the dependence of Joule heating losses on the system’s geometry. A 
thinner plate is associated with lower thermal inertia, allowing a more 
rapid temperature increase. However, this trend does not significantly 
affect the general self-regulation behaviour: for all three thicknesses, 
the curves reach the Curie temperature at different times but exhibit 
similar behaviours once this temperature is achieved.

Finally, it is important to emphasise that thermal self-regulation 
relies on a delicate balance between the system’s electrical parameters 
and thermal properties. Excessively high current intensity, as observed 
for 𝐼 = 1800A, can disrupt this balance and compromise stabilisation 
around the Curie temperature. Conversely, moderate current intensities 
(𝐼 = 1200A or 𝐼 = 1500A) effectively exploit this intrinsic property 
of ferromagnetic materials, rendering the system thermally stable and 
better suited for applications where thermal regulation is critical.

These findings highlight the importance of selecting appropriate 
simulation parameters, not only to ensure a rapid temperature rise but 
also to guarantee precise thermal control. They also provide valuable 
insights for optimising operating conditions in practical applications 
involving Curie-point materials.

7. Computation time analysis and algorithmic bottlenecks

An analysis of the simulation times enables us to assess the distribu-
tion of computational costs between the different stages of the calcula-
tion. The complete simulation required a total time of 2 h 16 min 8 s. 
A detailed study of the average times per thermal, electromagnetic, 
and nonlinear iteration provides a better understanding of the time 
structure of the calculation.

On average, a magnetothermal iteration takes 40.8 s, which rep-
resents the main component of the computational cost. This value 
includes the cumulative time of the electromagnetic iterations and the 
finite element solution of the heat equation. For each magnetother-
mal iteration, the solver performs 100 electromagnetic iterations, each 
taking an average of 0.4 s. The contribution of the electromagnetic 
iterations to a magnetothermal iteration can therefore be estimated 
by multiplying 100 by 0.4 s, giving a total of 40 s. By isolating this 
contribution from the average time of a thermal iteration, we obtain 
the clean time for solving the heat equation: 

𝑇th = 𝑇magth − 100 × 𝑇em = 40.788 − 40.57 = 0.218 s (23)

The electromagnetic iteration is the most intensive phase of the 
simulation. The choice of a Newton–Raphson algorithm to take ac-
count of magnetic nonlinearity also leads to internal sub-iterations, 
the average time per iteration of which is estimated at 4 ms. Given 
that each electromagnetic iteration requires several resolutions of linear 
systems depending on the number of nonlinear iterations, this relatively 
low time suggests rapid convergence of the Newton–Raphson method 
within the framework of the model studied.

The time distribution within a magnetothermal iteration highlights 
the predominance of the electromagnetic calculation, which represents 
around 99.5% of the time of a magnetothermal iteration, compared 
with only 0.5% for the thermal resolution itself. This observation 
confirms that most of the computational effort is devoted to simulating 
the magnetic field, while the heat equation is solved relatively quickly 
in comparison.

8. Conclusion

A two-dimensional multiphysics and multiscale model to accurately 
model the behaviour of Curie point materials heated by electromagnetic 
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induction was developed. This work required a rigorous and pro-
gressive approach to overcome the numerical and physical challenges 
inherent in this type of problem.

A fundamental step in this development was the implementation of 
a mesh adapted to the specific characteristics of the problem studied. 
Using the GMSH software, we designed a rectangular mesh that proved 
particularly effective in managing the numerical problems associated 
with the significant variations in magnetic permeability as a function 
of temperature. These variations, which are directly linked to the ferro-
magnetic behaviour of the material, induce very pronounced gradients 
in the electromagnetic and thermal fields, requiring fine, localised 
resolution. Unlike a conventional triangular mesh, the rectangular mesh 
enabled us to significantly reduce numerical errors, by ensuring better 
quality and regularity of the elements, while respecting the geometric 
constraints imposed by the thickness of the skin and the zones of high 
magnetic nonlinearity.

Robust numerical methods were used to deal with the nonlin-
ear aspects of the system, particularly those arising from the depen-
dence of magnetic permeability on temperature and magnetic field. 
In particular, the Newton–Raphson method was used to linearise and 
solve the coupled equations governing the electromagnetic and thermal 
phenomena. This approach stabilised the calculations while ensuring 
rapid and accurate convergence, even under conditions of significant 
nonlinearity.

Once the model had been implemented, simulations were carried 
out to analyse the evolution of the physical quantities characteristic 
of the system. We studied in detail the power induced in the plate 
and its influence on the temporal evolution of the temperature, taking 
into account the two-dimensional dependence of the problem. The 
results revealed the existence of a remarkable phenomenon of thermal 
self-regulation under specific conditions. This phenomenon, linked to 
the appearance and disappearance of the ferromagnetic property as 
a function of temperature, enables the system to maintain a stable 
temperature without the need for sensors or external control. These 
properties offer promising prospects for industrial induction heating 
applications, particularly in constrained environments where the sim-
plicity and robustness of the systems are paramount. To gain a better 
understanding of the conditions under which this self-regulation phe-
nomenon occurs, a sensitivity study was carried out. This study assessed 
the influence of various parameters on the simulation results, in par-
ticular those relating to the thermal and magnetic properties of the 
materials and the operating conditions. These analyses provided valu-
able information on the optimal ranges of parameter values required 
to achieve effective thermal self-regulation. The absence of sensors, 
coupled with the ability of the material to adapt its thermal response 
according to its intrinsic properties, gives the system a particularly 
interesting functional autonomy.

In conclusion, this work has enabled us to develop an accurate di-
mensioning tool that is suitable for modelling induction heating systems 
that exploit the ferromagnetic behaviour of Curie point materials. This 
tool offers considerable flexibility, enabling different configurations 
and hypotheses to be tested, while guaranteeing accurate modelling 
of the complex physical phenomena involved. The proposed approach 
thus paves the way for rational, optimised design of self-regulating 
heating systems, exploiting the thermomagnetic properties of the ma-
terials being heated to achieve passive, reliable and efficient thermal 
control. Experimental validation is required to confirm the results 
obtained under the conditions imposed. This phase is essential to ensure 
the accuracy of the interpretations of thermal self-regulation due to 
induction heating of ferromagnetic materials, to use this model to 
predict their behaviour near the Curie point and to integrate them into 
industrial processes.
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