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The purpose of the study is to propose a thermodynamical description of the full magneto-mechanical coupling in electrical steel sheets, including both elasticity and plasticity influence. Kinematic and isotropic hardening are considered as state laws and included by adding cubic invariants to a second-order magneto-elastic energy. The magnetic behaviour of pre-plastified samples submitted to several elastic stress is in good agreement with measurements carried out on Fe-3%Si sheets.

Introduction

The electrical steel sheets used in the manufacture of rotating electrical machines are affected by numerous mechanical stresses during their life cycle. During manufacture, plasticization occurs during the cutting and punching processes. In addition, mechanical stresses in service can reach several MPa for massive rotors. These different mechanical loadings have a great influence on the magnetic behaviour [START_REF] Bozorth | Effect of small stresses on magnetic properties[END_REF]. The complete description of the strong coupling requires a thermodynamically coherent formulation.

Magneto-elastic coupling

The Fe-3%Si alloy is known to have a so-called secondorder behaviour [START_REF] Mason | A phenomenological derivation of the first-and secondorder magnetostriction and morphic effects for a nickel crystal[END_REF], i.e., having an initial susceptibility as a function of mechanical stress passing through a maximum. One way to describe this phenomenon is to use a non-linear free enthalpy density in the stress σ σ σ and quadratic in the magnetization m m m [START_REF] Taurines | Modeling of the morphic effect using a vanishing 2nd order magneto-elastic energy[END_REF]. A Legendre transformation allows to write the Gibbs free energy density g which is a function of the magnetic field h h h and σ σ σ. The magnetization and the total strain ϵ ϵ ϵ follow the state laws

m m m = - 1 µ 0 ∂g(h h h, σ σ σ) ∂h h h and ϵ ϵ ϵ = - ∂g(h h h, σ σ σ) ∂σ σ σ . (1) 
The Gibbs free energy density g is a function of invariants respecting the symmetry of the material at a given scale (e.g. cubic at the scale of a magnetic domain).

Adding plasticity

Plasticity is governed by two state variables: the kinematic hardening X which corresponds to a shift of the centre of the elastic domain and the isotropic strain hardening R which is an increase of its radius. Assuming that the isotropic strain hardening does not influence the coupled part of the Gibbs free energy, we have the relation * Corresponding author: julien.taurines@aalto.fi

g(h h h, σ σ σ, X, R) = g 1 (h h h, σ σ σ -X) + g 2 (σ σ σ -X, R).
(

) 2 
This formulation does not involve any new parameters compared to the one describing the magneto-elastic coupling.

It has been introduced in a multi-scale model where a dependence of the initial susceptibility χ 0 on the total strain hardening σ u has been added so that

χ 0 = χ 0 (σ u = 0) 1 + cσ u ( 3 
)
where c is the only new parameter in the model. Figure 1 illustrates that the model is able to describe the magnetic behaviour for different levels of plasticity. 
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 1 Figure 1: Comparison between experimental magnetic field (left) and simulations (right) for 0.4% (top) and 5% (bottom) plastic strain.