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Because of a lack of data, numerical models of induction heating use approximations to describe the temperature dependence of the magnetization curve. Thanks to our measuring equipment acquired in 2013, we are now able to measure the true behavior of ferrous alloys from room temperature to 1,200 °C, sometimes far away from the assumptions commonly used in many software. Key physical quantities and their evolution with temperature are obtained: saturated magnetization, maximal susceptibility and resistivity. They are compared to analytical approximations proposed by commercial software which are not in agreement with the measurements. New analytical approximations are proposed. We also describe the strange behavior of some special alloys designed for specific mechanical properties. The electromagnetic properties are not reversible with regard to the temperature, describing a kind of hysteretic loop during heating and cooling phases.

Introduction: lack of physical data for numerical simulation of induction heating

Numerical modeling of induction heating device often suffers from a lack of physical data, especially the temperature dependence of the magnetization curves or the resistivity. To fill this gap, EDF acquired a unique equipment supplied by the German company Magnet-Physik Steingroever GmbH, able to measure the magnetization curve and the resistivity during the same thermal cycle up to 1,200 °C. After a short description of the measuring device, we present first the results of the characterization of 38MnSiV5 magnetic steel. The measures are compared to analytical approximations commonly used in commercial software. We also show unexpected behavior of special alloys designed for specific mechanical properties.

Description of the measurement equipment

Fig. 1: schematic overview of the measurement unit This equipment presented in detail in [START_REF] Paya | Measurement of Electrical and Magnetic Properties of Steels at Elevated Temperature[END_REF] is consisting of 4 main functions (Fig. 1): -Permeameter: device providing the measurement of magnetic polarization curves. A bar of the specimen is placed inside two concentric coils: the exciting coil providing the magnetic field thanks to a controlled current source, and the measuring coil collecting the magnetic flux to the flux meter. The measuring coil is specially designed in a socalled "J-compensated configuration" that compensates the air magnetization and gives directly the magnetization of the sample [START_REF] Steingroever | Magnetic measuring techniques[END_REF]. -Resistivimeter: device providing the measurement of electrical resistivity using a 4-points configuration. Type K thermocouples are spot-welded on both ends of the specimen and connected to the current source and the microvoltmeter. -Furnace: device providing the heating from room temperature up to 1,200 °C. The heating element is a bifilar platinum resistor configured to minimize magnetic field generation when heating. A water jacket prevents the permeameter's coils from heating. Furnace temperature is controlled by a PID regulation during heating and cooling phases. -Driving and supervising device: computer providing manual or automatic driving of the other equipments, the follow-up of the running measurement campaign and the transfer of measures to other computers. Dedicated software is developed for this purpose. The different temperature steps are defined before the campaign starts. At each step, the resistivity measurement is done first and the magnetization curve, then. Measurement results are available in text files, Excel® files or by magnetization curves drawing.

Example of a measurement campaign: characterization of 38MnSiV5 steel

The specimen to be characterized had a parallelepiped shape 4x4x150 mm 3 . Two thermocouples used for the 4 points resistivity measurement are spot-welded on both ends. Another thermocouple is also spot-welded in the middle for the sample temperature measurement. The heating cycle starts from room temperature up to 1,000 °C, then down to room temperature: the whole campaign lasts about 6 hours. Two samples of the same alloy are characterized to make sure of the reproducibility of the measures. Magnetization curves and electrical resistance are recorded at each temperature step. From these measures, physical quantities are calculated: saturated magnetization, maximal susceptibility and resistivity. These values are plotted in the following figures. The shape of the dot corresponds to the characterized sample; the red and blue colors correspond respectively to the heating and cooling phase. 

Analytical approximation of the physical properties

Commercial software, such as FLUX®, proposes analytical models to describe the physical properties of material [START_REF] Cedrat | User guide Flux® 12. Volume 2 Physical description, solving & postprocessing[END_REF]. So, the magnetization J can be described using a univocal relationship with the magnetic field H and the temperature T:

𝐽 𝐻, 𝑇 = 2 𝐽 𝑠𝑎𝑡 𝜋 • tan -1 𝜒 𝑚0 𝜋 2 𝐽 𝑠𝑎𝑡 • 𝜇 0 𝐻 • 𝐹 𝑇 (1) 
and 𝐹 𝑇 = 1 -𝑒 -𝑇-𝑇 𝑐 𝐶 for 𝑇 ≤ 𝑇 𝐶 (Curie temperature)

In this case, both the saturated magnetization 𝐽 𝑠𝑎𝑡 𝑇 and the maximal susceptibility 𝜒 𝑚 𝑇 follow the same evolution with the temperature corresponding to the equation [START_REF] Steingroever | Magnetic measuring techniques[END_REF]. The corresponding curves are drawn in orange in Fig. 2 and Fig. 3; as you can see, they do not fit with the experimental data. To better describe the temperature behavior, we propose the following relationships:

𝐽 𝐻, 𝑇 = 2 𝐽 𝑠𝑎𝑡 𝑇 𝜋 • tan -1 𝜒 𝑚 0 𝑇 𝜋 2 𝐽 𝑠𝑎𝑡 𝑇 • 𝜇 0 𝐻 (3) 
with

𝐽 𝑠𝑎𝑡 𝑇 = 𝐽 𝑠𝑎𝑡 0 • 1 -𝑎 𝑇 • 1 -𝑒 - 𝑇-𝑇 𝑐 𝐶 𝐽 (4) 
and

𝜒 𝑚 𝑇 = 𝜒 𝑚 0 -𝜒 𝑚 𝑚𝑖𝑛 • 𝑇 𝑇 𝑚𝑖𝑛 -1 2 + 𝜒 𝑚 𝑚𝑖𝑛 • 1 -𝑒 - 𝑇-𝑇 𝑐 𝐶 𝜒 (5) 
The corresponding curves are drawn in green in Fig. 2 and Fig. 3. The saturated magnetization curve fits very well with the experiments. The susceptibility curve fits better than the previous one especially at temperature close to Curie temperature. One must keep in mind that the measure of the susceptibility with our equipment is not very accurate.

Commercial software do not propose analytical model of the resistivity which present an inflection point; the closest model available has an exponential shape.

𝜌 𝑇 = 𝜌 𝑎 + 𝜌 𝑏 • 1 -𝑒 -𝑇-𝑇 0 𝜏 (6)
When using this equation ( 6), it is possible to describe the resistivity, either in the low (Fig. 4, purple curve) or high (Fig. 4, orange curve) temperature range. Unfortunately, the continuity of the function and its derivate is not respected, especially close to the transition temperature T trans . We propose another way to write this relationship:

𝜌 𝑇 = 𝜌 0 • 𝛼 0 𝑒 𝑇 𝜏 0 + 1 -𝛼 0 for 𝑇 ≤ 𝑇 𝑡𝑟𝑎𝑛𝑠 𝜌 𝑇 = 𝜌 ∞ • 𝛼 ∞ 𝑒 - 𝑇 𝜏 ∞ + 1 for 𝑇 ≥ 𝑇 𝑡𝑟𝑎𝑛𝑠 (7) 
The continuity of the function and its derivate is obtained by verifying the two following equations giving relationship between the low and high temperature parameters. The corresponding curve drawn in green in Fig. 4 better agrees with the experiments.

𝜌 0 𝛼 0 𝜏 0 𝑒 𝑇 𝑡𝑟𝑎𝑛𝑠 𝜏 0 = - 𝜌 ∞ 𝛼 ∞ 𝜏 ∞ 𝑒 - 𝑇 𝑡𝑟𝑎𝑛𝑠 𝜏 ∞ 𝜌 ∞ = 𝜌 0 𝛼 0 𝑒 𝑇 𝑡𝑟𝑎𝑛𝑠 𝜏 0 • 1 + 𝜏 ∞ 𝜏 0 + 1 -𝛼 0 (8) 
The temperature hysteresis: an unexpected behavior Some special steel alloys are designed for specific mechanical properties. When characterizing them for numerical modeling of induction heating, we observed an unexpected behavior. The electric and magnetic properties were sensitive to the history of the heating. During the heating phase, the specimen loses its magnetic property at a high Curie temperature but it recovers it more slowly during cooling phase. Resistivity evolution has also a hysteretic behavior almost in the same temperature range. To show an example of this phenomenon, characterization of 16MND5 steel is presented in Fig. 5 to Fig. 7. In this case, the resistivity presents a hysteresis between Curie temperature (750 °C) down to 300 °C approximately. At room temperature, the saturated magnetization is almost the same before and after the thermal cycle but the maximal susceptibility is much lower: the heat treatment has shifted down the magnetization curve.

To measure relevant properties for numerical simulation, we should so take care of the preparation of the specimen. It should be extracted from the piece before the heating process. We should avoid heating during the cutting process: electro-erosion is a relevant way to cut the piece without heating it. Otherwise, the measured characteristics may differ from reality and give wrong results in numerical simulation.

Conclusion:

Thanks to our measuring equipment acquired in 2013, we are now able to measure the true behavior of ferrous alloys from room temperature to 1,200 °C. Key physical quantities and their evolution with temperature are obtained: saturated magnetization, maximal susceptibility and resistivity. Analytical approximations are proposed for numerical models. We also show that some special alloys designed for specific mechanical properties present a kind of hysteretic loop respect to the temperature during heating and cooling phases. Consequently, caution should be exercised for the material characterization. 
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