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Electromagnetic based systems receive ever-growing interest for on-line assessment of steel strip properties for major manufacturers, especially when Advanced High Strength Steel (AHSS) products for automotive purposes are considered. Manufacturing AHSS need optimal control of the thermo-mechanical processing using in-line sensors for real time monitoring. IMPOC, 3MA and PropertyMon are some of the well-known electromagnetic sensors. Identification of a mechanical or metallurgical state from a magnetic signal is of great interest, requiring however sophisticated models to mimic the real behaviour and its sensitivity to many influencing parameters. Our paper presents a proposition to add the dependency of mechanical stress to the Jiles-Atherton hysteresis model.

Experimental data consist of B(H) curves of carbon steels strips subjected to different levels of mechanical stress applied along the magnetic measurement direction. The Jiles-Atherton model has then been used to find out a set of stress-dependent coefficients. The variation of coefficients with stress is in close relationship with the variations of coercive field, remanent induction and permeability with stress. A coupled magneto-mechanical approach allows physics-based functions to be proposed to describe the evolution of Jiles-Atherton coefficients with stress.

In this paper, experimental working conditions will be described, as well as the stressdependent Jiles-Atherton model. The model is finally implemented in FEM software, allowing more complex magneto-mechanical situations to be modelled. After matching with measurement, the new model is applied on 3MA modelling where magnetic transient analysis and magnetic AC steady state analysis are linked through incremental permeability.

Introduction

Producing Advanced High Steel Strength (AHSS) is of great interest for automotive industry by offering weight saving solution, allowing to reduce CO2 emissions and energy consumption. AHSS owe their strength to their largely refined and complex microstructures, including multiple metallurgical phases. Optimal control of the thermomechanical processing of AHSS requires inline sensors for real-time monitoring of evolution and consistency of microstructure and material properties. Different sensing systems are available such as the well-known IMPOC, 3MA and PropertyMon. Monitoring is made on laminations usually subjected to mechanical stress (band is under tension) leading to some magneto-elastic effects (e.g. change of induction level at given magnetic field). Stress can therefore modify the perception of the microstructure given by sensors. It must consequently be considered in the reverse identification process.

In this paper we focus on the impact of mechanical stress on the output of incremental permeability using the 3MA sensor. The modeling of sensor is expanded using methods already presented in [START_REF] Gabi | Assessment of 3MA technique potentiality for nondestructive evaluation of dual-phase steels using 2-D nonlinear FEM and taking hysteretic behavior into account[END_REF][START_REF] Meilland | Improved Modelling of the 3MA System's Incremental Permeability for on-Line Steel Strip Property Assessment[END_REF] and [START_REF] Gabi | FEM simulation of Incremental Permeability Signals of a Multi-Layer Steel With Consideration of the Hysteretic Behavior of Each Layer[END_REF]. Measurements on a dual phase material have been done using an experimental set-up presented in the first part. From the BH curve versus stress, a Jiles-Atherton model (described in [START_REF] Jiles | Ferromagnetic hysteresis[END_REF]) is applied, adding dependency of coefficients versus stress. The model has been implemented in FE code and response of a 3MA sensor to applied stress is simulated.

BH versus stress measurements

The material considered in this study is a hot-rolled low carbon/manganese (0.09 wt%C -1.79 wt%Mn -0.24 wt%Si) steel (thickness 3.6 mm) provided by Tata Steel. Specimens consist of 180 mm long, 12 mm wide strips cut along the rolling direction by electroerosion machining. An MTS electro-hydraulic machine has been used to control stress at different loading levels. The magnetic set-up used is illustrated in Figure 1a. It is composed of a primary magnetizing coil and a pick-up coil (B-coil) to measure the electromotive force. Two high permeability ferrite yokes have been assembled with the sample to close the magnetic circuit. The magnetic field is estimated from the current in primary coil by applying Ampere's law. Low magnetic field rate quasi-static triangular magnetic field conditions have been used (10 seconds period). Stress has been applied in the elastic range from -200 MPa to 400 MPa. Maximum compressive stress is limited to -200 MPa to avoid mechanical buckling.

Figure 1b illustrates hysteresis loops of the material at different stress levels. The loop can be characterized by parameters like coercive field Hc, maximal and remanent induction (Bmax and Br), all dependent on maximum magnetic field conditions allowed by the set-up. We can focus on the evolution of these parameters according to the applied stresses in Figure 2. Results are in agreement with what other authors observed for standard steel [5]: compression decreases magnetic properties (increasing coercive field and decreasing remanent induction); uniaxial tension leads on the contrary to an increase of the magnetic properties of the material for a stress range up to 200 MPa. This increasing gradually saturates and gives way to a global decreasing. This non-monotony has recently been interpreted as the result of a second-order phenomenon (morphic effect) [START_REF] Hubert | Multiscale magneto-elastic modeling of magnetic materials including isotropic second order stress effect[END_REF]. Two crossing zones are highlighted for magnetic field levels close to the coercive field. This crossing is related to the well-known Villari [START_REF] Perevertov | Influence of the applied elastic tensile and compressive stress on the hysteresis curves of fe-3%si non-oriented steel[END_REF] effect. 

Jiles-Atherton model versus stress

For better accuracy, the Jiles-Atherton (JA) hysteresis model has been chosen to describe the magnetic behavior of the strip [START_REF] Zhang | Electrical Steel tensile and plastic strains observation through magnetic incremental permeability and eddy current signature[END_REF]. This model describes the hysteretic behavior of a material through five parameters (Ms, a, α, k, c): "Ms" saturation magnetization, "a" shape parameter for anhysteretic magnetization (A/m), "k" pinning coefficient (A/m), "c" reversible wall motion coefficient, "α" mean field parameter representing interdomain coupling. An identification tool has been built (see Figure 3), based on genetic algorithm. It allows finding out all coefficients, in seconds (see Figure 4). We have decided to fix 2 Polynomial functions can be used efficiently for having a representation of the variation of coefficients versus stress.

Main results

The model is then applied to the 3MA incremental permeability measurement mode with a FEM method, using Altair Flux. Here an excitation coil operates at high frequency (20-150 kHz), and the signal is measured on a pick-up coil (see Figure 5). With different methods, we can extract some interesting characteristics. The main interest is a promising solution for contactless on-line assessment of strip properties. As explained in [START_REF] Gabi | Assessment of 3MA technique potentiality for nondestructive evaluation of dual-phase steels using 2-D nonlinear FEM and taking hysteretic behavior into account[END_REF] and [START_REF] Meilland | Improved Modelling of the 3MA System's Incremental Permeability for on-Line Steel Strip Property Assessment[END_REF], the solving process is divided in 2 parts: a transient magnetic part using the Jiles-Atherton model versus stress, and at each transient step incremental permeability is computed and transferred to an AC analysis to get the result of high frequency signal. 3MA results are divided in 2 main parts: incremental permeability curves (butterfly shape) and droplet shape Lissajou's figures. The incremental permeability curve displays the real part of the induced voltage versus the magnetic field (see Figure 6). We can notice that the stress has a deep impact on the magnitude of incremental permeability. The droplet curve displays the imaginary versus the real part of induced voltage (see Figure 7). It is interesting to display on Figure 8 screenshot coming from another paper published by Ducharne et all [START_REF] Zhang | Electrical Steel tensile and plastic strains observation through magnetic incremental permeability and eddy current signature[END_REF] in 2022, representing measurement on incremental permeability versus plastic strain. When compared to results that have been computed by our model, it can be noticed that plastic strain acts as compression. This observation is in accordance with hypotheses that the main effect of plastic strain is due to the high residual compression stress they lead to [START_REF] Hubert | Two phase modeling of the influence of plastic strain on the magnetic and magnetostrictive behaviors of ferromagnetic materials[END_REF]. 

Conclusions

After characterisation of the stress dependency of the BH curve and fitting of the experimental data to the Jiles-Atherton model, the model has been reformulated using stress-dependent Jiles-Atherton model parameters, expressed as simple polynomial functions. Next, this model has been implemented in a FEM tool and applied to the incremental permeability mode of the 3MA sensor. From the simulation results, it appears that the effect of the stress on the incremental permeability is significant, and of similar magnitude as plastic strain on other steels. The method can now be applied to investigate the impact of each Jiles-Atherton model parameter on the incremental permeability signature, for instance as part of a Design Of Experiment (DOE). In addition, this methodology can be followed to define the conditions and limitations for inline sensing instrumentation in real time monitoring in a steel production environment.
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 1 Figure 1. From left to right, experimental set-up and BH curve versus stress for dual phase material.
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 2 Figure 2. Left: coercive field (Hc); Right : maximum value and remanent flux density versus stress.
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 3 Figure 3. Identification tool showing measured (blue) and modeled (red) BH curve.

  .45 and α=0.003), and to let the other 3 coefficients free to be fitted to the stress value. The resulting curves are presented in Figure4.
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 4 Figure 4. Jiles-Atherton coefficients depending on the stress (in Pa).
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 5 Figure 5. 3MA incremental permeability method.
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 6 Figure 6. Incremental permeability curves for different stress values from -200 MPa to +200 MPa on the left (and from -0 MPa to +400 MPa on the right).
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 7 Figure 7. Droplet shape Lissajous figure for different stress values (from -200 MPa to +400 MPa).
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 8 Figure 8. Eddy Current-Magnetic Signature and Magnetic Incremental Permeability signatures for different values of plastic strain (results shown in [8]).
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