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This article deals with the modelization of exothermic properties of crystallization of FeCuNbSiB nanocrystalline alloys. Investigations are based on DSC measurements, confronted to the evolution of crystalline fraction 𝑓 𝑐 (𝑡) in course of annealing. Formulations for dissipation are derived, allowing to simulate the evolution of heat produced for any temperature profile 𝑇(𝑡). Confrontations with experiments are successful.

Motivation

Nanocrystalline FeCuNbSiB alloys belong to the family featuring vanishing anisotropies, with lower eddy current losses than usual crystalline soft magnetic alloys. This combination of low losses and magnetostriction, and very high permeability, explains they are now widely used as cores in power Electronics (filtering…) or in ground fault current circuits breakers.

Resulting from the technology of elaboration, rough amorphous ribbons with thicknesses around 15-20µm are wound to shape the cores, and then crystallized. A critical temperature, near roughly 600°C, must not be exceeded in order to avoid the irreversible formation of borides, very detrimental for magnetic properties.

The nanocrystallization process being markedly exothermic, the cores temperature profile 𝑇(𝑡) has then to be carefully controlled to avoid over-heating. It is usually achieved by setting a plateau sufficiently long at the beginning of heat generation. However, an industrial requirement to increase competitiveness is to reduce as much as possible the total annealing time, involving process optimization. Empirical approach being time consuming, modelization is of course preferable. For this purpose, an accurate modelization of the heat generated, denoted 𝑞(𝑡) in the following, is needed, applicable to any 𝑇(𝑡) profile. Our work lies within this framework.

Investigations

We investigate 𝑞(𝑡) properties on a 𝐹𝑒 73.0 𝐶𝑢 1.1 𝑁𝑏 3.1 𝑆𝑖 15.7 𝐵 7.1 alloy through four items :

-Characterization of 𝑞(𝑡) in course of crystallization (DSC equipment), starting from amorphous ribbons.

-Confrontation of 𝑞(𝑡) values obtained for constant rate dT/dt to the evolution of 𝑓 𝑐 (𝑡), simulated following [1]- [START_REF] Heddad | Impact of the magnitude of the magnetization on the induced anisotropy in transverse field annealed nanocrystalline cores[END_REF] (we'll detail the approach, based on a careful identification of such nanocrystallisation kinetics).

-Consistently with a previous 𝑓 𝑐 (𝑡 𝑒𝑞 ) model [START_REF] Boust | Use of superparamagnetic temperature transition measurement in nanocrystalline alloys to determine low crystalline fractions by modeling of the weakcoupling behavior[END_REF],

elaboration of a universal representation 𝑞(𝑡 𝑒𝑞 ), where 𝑡 𝑒𝑞 denotes an equivalent duration related to the actual duration 𝑡 0 by the following rules of Arrhenius type

𝑡 𝑒𝑞 [𝑡 0 ] = ∫ 𝑑𝜆[𝑡] 𝑑𝑡 (𝑡 0 -𝑡) 𝑑𝑡 𝑡 0 0 (1) 𝜆[𝑡] = a exp[-𝑏/𝑇[𝑡]] (𝑇 𝑖𝑛 𝐾) (2) 
-Simulation of 𝑞(𝑡) for profiles 𝑇(𝑡) different from the one used for identification, to be compared to experimental measurements, as pictured on Fig. 1. [START_REF] Lecaude | Comparison of nanocrystallization processes in 𝐹𝑒 73.5 𝐶𝑢 1 𝑁𝑏 3 𝑆𝑖 22.5-𝑥 𝐵 𝑥 for 𝑥 = 7 and 𝑥 = 9[END_REF] 
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 1 Figure 1 : Confrontation of the simulation of heat produced during isothermal annealing (in black) with experimental values obtained for a almost identical composition [3]