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Introduction

Permanent magnets play an essential role in a wide range of aerospace, medical, energy, electronics, and industrial applications [START_REF] Gvr | electronics, industrial) by region, and segment forecasts[END_REF]. In some of these applications, such as the aerospace, permanent magnets are designed to work at extreme temperatures, from -60 up to 500 o C [START_REF] Feng | Investigation on microstructure and magnetic properties of sm2co17 magnets aged at high temperature[END_REF][START_REF] Liu | Long-term aging of Sm2(Co,Fe,Cu,Zr)17 permanent magnets at 300 and 400C[END_REF][START_REF] Hendershot | Design of Brushless Permanent-Magnet Motors[END_REF].

Typically, the equipment is required to have a lifetime in the range of tens of years and it is well known that permanent magnets lose their magnetization with time, depending on the loading level of magnetic field [START_REF] Street | Magnetic viscosity in NdFeB and SmCo5 alloys[END_REF], temperature [START_REF] Liu | Long-term aging of Sm2(Co,Fe,Cu,Zr)17 permanent magnets at 300 and 400C[END_REF][START_REF] Lekdim | Effect of the remaining magnetization on the thermal ageing of high permeability nanocrystalline FeCuNbSiB alloys[END_REF], and mechanical stress [START_REF] Mito | High pressure effects on isotropic nd2fe14b magnet accompanying change in coercive field[END_REF]. This phenomenon is known as magnetic ageing.

The most common way to estimate the ageing behavior of permanent magnets is by submitting the samples to high-temperatures during hundreds of hours and measuring the decay of the properties. In [START_REF] Lopes | Caracterizac ¸ão da estabilidade térmica das propriedades magnéticas de ímãs compósitos à base de Nd2Fe14B[END_REF] the ageing effect in NdFeB magnets processed through two methods, namely HDDR (Hydrogenation -Disproportionation -Desorption -Recombination) and melt-spinning was investigated. Distinct manufacturing processes were also studied in [START_REF] Ciuta | Une étude expérimentale de la coercivité des aimants NdFeB[END_REF] which compared the magnetic behavior of thick hard magnetic films with bulk materials submitted to an infiltration process. The reversible and irreversible magnetic susceptibilities were obtained considering five magnetic operating points, allowing to obtain the ageing factor at those specific points. Furthermore, different temperatures, compacting pressures and atmospheres were considered under the open and closecircuit conditions. A closed-circuit configuration was also adopted in [START_REF] Haavisto | Studies on the time-dependent demagnetization of sintered NdFeB permanent magnets[END_REF][START_REF] Haavisto | Time-dependent demagnetization in sintered NdFeB magnets[END_REF][START_REF] Haavisto | Magnetic behavior of sintered NdFeB magnets on a long-term timescale[END_REF] to evaluate the magnetic properties behavior of magnets under a range of applied magnetic fields. Besides that, different permeance coefficients obtained by varying the magnets dimensions were considered.

However, there are some complexities inherent to real applications that make it difficult and expensive to perform tests considering all or even representative sets of variables. For instance, the working or duty cycles of electrical machines that affect the thermal and magnetic field cycles, as shown in [START_REF] Huger | The effects of thermal cycling on aging of neodymium-iron-boron magnets[END_REF]. Also, it is well known that the temperature and magnetic field, as depicted in Fig. 1, are not uniform along the volume of permanent magnets [START_REF] Ruoho | Partial demagnetization of permanent magnets in electrical machines caused by an inclined field[END_REF][START_REF] Gutfrind | Electromechanical actuators optimization used in thermal engine air flow regulation[END_REF], suggesting that the ageing factor is a local, non-uniform, quantity.

There are other factors, such as the environment where the magnets are used, since possible gases can have an impact on the demagnetization process [START_REF] Lopes | Caracterizac ¸ão da estabilidade térmica das propriedades magnéticas de ímãs compósitos à base de Nd2Fe14B[END_REF] or crystallographic textures of the materials [START_REF] Hauegen | EBSD texture analysis of NdFeB magnets[END_REF][START_REF] Song | Crystalline and magnetic microstructures of iron-rich Sm[END_REF].

Considering the difficulties mentioned above, we propose to analyze this problem by modeling the magnetic properties, reducing the need for measurements.

The first part of the problem is to model the magnetic properties of permanent magnets. One can divide the available models into two groups: descriptive and predictive. The first one encompasses the well- known phenomenological mathematical models applied to describe the hysteresis [START_REF] Mayergoyz | Mathematical Models of Hysteresis and Their Applications[END_REF]. However, they are not based on the physical process [START_REF] Serpico | Magnetic hysteresis modeling via feedforward neural networks[END_REF] and have no interpretation in terms of energy [START_REF] Franc ¸ois-Lavet | An energy-based variational model of ferromagnetic hysteresis for finite element computations[END_REF]. Such models have been extensively applied to hard magnetic materials [START_REF] Rosu | Simulation of the magnetic hysteresis in nfeb permanent magnet using preisach's model[END_REF][START_REF] Torre | Preisach-arrhenius model for thermal aftereffect[END_REF][START_REF] Cornejo | Preisach analysis of reversible magnetization in SmCo/fe films[END_REF]. In the second group, the predictive models, one can include the multi-scale approaches such as the Stoner-Wohlfarth proposed in [START_REF] Stoner | A mechanism of magnetic hysteresis in heterogeneous alloys[END_REF] and largely applied [START_REF] Tannous | A stoner-wohlfarth model redux: Dynamic and statistical properties[END_REF][START_REF] Street | A study of magnetic viscosity, Proceedings of the Physical Society[END_REF][START_REF] Tannous | The stoner-wohlfarth model of ferromagnetism: Static properties[END_REF][START_REF] De Campos | Estimate of the anisotropy field in isotropic SmCo 2:17 magnets with the stoner-wohlfarth CLC model[END_REF][START_REF] Xu | Stoner wohlfarth model for magneto anisotropy[END_REF][START_REF] Friedman | Stoner-wohlfarth hysteresis model with stochastic input as a model of viscosity in magnetic materials[END_REF][START_REF] De Campos | Stonerwohlfarth model for nanocrystalline anisotropic SM 2 CO 17[END_REF][START_REF] Tannous | The stoner-wohlfarth model of ferromagnetism[END_REF]. However, this method assumes a single or a set of uni-axial magnetically decoupled particles. Besides that, this model assumes a coherent rotation process, which is not very common in real applications, mainly in some hard magnetic materials, Nd 2 Fe 14 B for instance, [START_REF] Skomski | Permanent Magnetism (Studies in Condensed Matter Physics)[END_REF].

PMs

Thus, we propose to use a multi-scale approach based on an energetic procedure at the single crystal scale followed by a homogenization procedure to predict the macroscopic behavior of magnetic materials based on their local properties [START_REF] Daniel | Reversible magneto-elastic behavior: A multiscale approach[END_REF][START_REF] Daniel | A multiscale model for magneto-elastic behaviour including hysteresis effects[END_REF]. Such approaches have been extensively applied to Iron-Silicon steel [START_REF] Buiron | A multiscale model of magnetostriction strain and stress effect[END_REF][START_REF] Daniel | Homogenisation of magneto-elastic behaviour: from the grain to the macro scale[END_REF][START_REF] Daniel | Reversible magneto-elastic behavior: A multiscale approach[END_REF][START_REF] Van Den Berg | A mesoscopic hysteresis model based on the unconstrained minimization of the gibbs free energy[END_REF][START_REF] Daniel | A multiscale model for magneto-elastic behaviour including hysteresis effects[END_REF][START_REF] Vanoost | Magnetic hysteresis at the domain scale of a multi-scale material model for magneto-elastic behaviour[END_REF][START_REF] Ito | Energy-based magnetization and magnetostriction modeling of grain-oriented silicon steel under vectorial excitations[END_REF][START_REF] Martin | Analysis of the magnetomechanical anisotropy of steel sheets in electrical applications[END_REF] or giant magnetostrictive materials [START_REF] Armstrong | A directional magnetization potential based model of magnetoelastic hysteresis[END_REF][START_REF] Daniel | A constitutive law for magnetostrictive materials and its application to terfenol-d single and polycrystals[END_REF], but seldom to hard magnetic materials so far.

The second part of the problem is to predict the ageing, namely, the way these local properties evolve with time, depending on the experienced thermal, magnetic or mechanical loadings. To solve this part of the problem, we use the classical magnetic viscosity theory. These ageing studies based on the activation energy concept seem to have started with [START_REF] Street | A study of magnetic viscosity, Proceedings of the Physical Society[END_REF][START_REF] Street | Magnetic viscosity under discontinuously and continuously variable field conditions[END_REF]. Then the domain wall pinning by inhomogeneities and how temperature and time, i.e. the thermal activation process, affect this phenomenon in SmCo 5 alloys was presented in [START_REF] Gaunt | Domain wall pinning as a source of magnetic hardening in alloys[END_REF][START_REF] Gaunt | Magnetic viscosity in ferromagnets[END_REF][START_REF] Gaunt | Magnetic viscosity and thermal activation energy[END_REF]. A more recent application of this theory is presented in [START_REF] Lanci | Introduction of thermal activation in forward modeling of hysteresis loops for single-domain magnetic particles and implications for the interpretation of the day diagram[END_REF].

The ageing has also been discussed for permanent magnets for some years, as shown in [START_REF] Liu | Long-term aging of Sm2(Co,Fe,Cu,Zr)17 permanent magnets at 300 and 400C[END_REF][START_REF] Street | Magnetic viscosity in NdFeB and SmCo5 alloys[END_REF][START_REF] Grössinger | Determination of the magnetic viscosity in SmCo5-xCux alloys by pulsed-field method[END_REF] for SmCo and in [START_REF] Street | Magnetic viscosity in NdFeB and SmCo5 alloys[END_REF][START_REF] Martinez | Magnetic viscosity in NdFeB magnets[END_REF][START_REF] Liu | Magnetic viscosity studies of Nd16Fe77B7 permanent magnets[END_REF] for NdFeB magnets. Furthermore, some recent experimental works [START_REF] Lopes | Caracterizac ¸ão da estabilidade térmica das propriedades magnéticas de ímãs compósitos à base de Nd2Fe14B[END_REF][START_REF] Haavisto | Studies on the time-dependent demagnetization of sintered NdFeB permanent magnets[END_REF][START_REF] Haavisto | Time-dependent demagnetization in sintered NdFeB magnets[END_REF][START_REF] Haavisto | Magnetic behavior of sintered NdFeB magnets on a long-term timescale[END_REF][START_REF] Ciuta | Une étude expérimentale de la coercivité des aimants NdFeB[END_REF][START_REF] Woodcock | Understanding the microstructure and coercivity of high performance NdFeB-based magnets[END_REF] have been developed. Also the magnetic viscosity effect on the coercive field has been investigated in [START_REF] Bance | Thermal activation in permanent magnets[END_REF][START_REF] Bance | Thermally activated coercivity in core-shell permanent magnets[END_REF] in order to increase the performance of the permanent magnets.

By combining the multi-scale approach with the ageing theory, it is possible to predict the magnetic behavior of permanent magnets as well as estimating the ageing factor. The proposed method can be embedded in numerical methods such as the Finite Element Method in order to estimate the ageing factor of permanent magnets inserted in real applications. A similar approach has been presented in [START_REF] Kurose | 3-d FEM analysis of thermal degradation in writing and reading characteristics of a perpendicular magnetic head[END_REF], but it is based on the Stoner-Wohlfarth model, which is well adapted to independent magnetic particles and offers less flexibility for describing the magnetic behavior of inhomogeneous structures of real magnets [START_REF] Skomski | Permanent Magnetism (Studies in Condensed Matter Physics)[END_REF].

To validate the proposed approach, the modeling results for ferrite and NdFeB are compared with measurements. Then, the ageing factor of a real permanent magnet at a given operating point is estimated.

Multi-scale approach

The multi-scale approach proposed in [START_REF] Daniel | Reversible magneto-elastic behavior: A multiscale approach[END_REF][START_REF] Daniel | A multiscale model for magneto-elastic behaviour including hysteresis effects[END_REF] considers three different scales, namely :

• The magnetic domain scale, denoted by an index α, is the scale where all magnetic properties are uniform.

• The single-crystal scale, denoted by an index g is the scale where elastic properties are uniform.

• The Representative Volume Element (RVE) scale, denoted by an index m, is the macroscopic scale at which the material response is measured.

The multi-scale model is based on expressing the energy balance at the single-crystal level considering each single-crystal as a set of magnetic domains. Then, the RVE is approximated as an aggregate of single-crystals (polycrystal) oriented following an orientation distribution function corresponding to the crystallographic texture of the material.

This approach was developed to predict the magnetoelastic behavior of magnetic materials submitted to multi-axial mechanical loadings [START_REF] Bernard | Effect of stress on magnetic hysteresis losses in a switched reluctance motor: Application to stator and rotor shrink fitting[END_REF], but in this work, no stress is applied and mechanical effects are neglected.

Single-crystal model

At the single-crystal scale, the material is divided into a set of domain families. Each domain family gather all domains with the same magnetization orientation α. The magnetization M α of each family can be expressed as:

M α = M s α = M s [α 1 α 2 α 3 ] (1) 
where M s is the saturation magnetization and α 1,2,3 are the cosines of the magnetization vector, Fig. 2. The magnetic equilibrium is given by the competition of the following energy terms forming the local free energy:

y x z M [001] [010] [100] [101] [110] [111] α 1 α 2 α 3
W α = W mag α + W an α + W mec α (2) 
The magnetostatic energy (or Zeeman energy), W mag α , tends to align the local magnetization M α with the applied field H. µ 0 is the vacuum magnetic permeability.

W mag α = -µ 0 H • M α (3) 
The anisotropy energy W an α describes the existence of preferred orientations for the magnetization (easy axes).

W an α = K 1 α 2 1 α 2 2 + α 2 2 α 2 3 + α 2 3 α 2 1 + K 2 α 2 1 α 2 2 α 2 3 ( 4 
)
where K 1,2 are the magnetocrystalline anisotropy constants.

The magneto-elastic energy W mec α describes the effect of an applied mechanical stress on the magnetic equilibrium [START_REF] Daniel | Reversible magneto-elastic behavior: A multiscale approach[END_REF]. Since no stress will be considered in this study, this term is uniformly taken as zero.

Knowing the free energy W α for all domain families, the volume fraction f α of each domain family -corresponding to the existence probability of the orientation α for the local magnetization -can be defined using a Boltzmann-type equation [START_REF] Buiron | A multiscale model for magneto-elastic couplings[END_REF][START_REF] Buiron | Modélisation multiéchelle du comportement magnéto-élastique couplé des matériaux ferromagnétiques doux[END_REF]:

f α = exp (-A s W α ) α exp (-A s W α ) dα (5) 
where A s is defined from the initial anhysteretic susceptibility χ 0 of the material [START_REF] Daniel | Reversible magneto-elastic behavior: A multiscale approach[END_REF]:

A s = 3χ 0 µ 0 M 2 s ( 6 
)
χ 0 can be obtained from the anhysteretic magnetization curve or estimated at the coercive field H c of a major loop (χ 0 = ∆M/∆H| H=H c ) [START_REF] Fiorillo | Measurement and Characterization of Magnetic Materials[END_REF].

Once the volume fractions are obtained for all domain families in a crystal, the average magnetization M g at the single crystal scale can be obtained:

M g = α f α M α dα (7) 
From a practical perspective, the solution of the single-crystal model can be achieved in three steps:

Step 1 -Calculate the total energy (Eq. 2) for a set of families α covering the orientations in space Step 2 -Obtain the volume fraction for each domain family (Eq. 5)

Step 3 -Calculate the magnetization M g (Eq.7) of the single-crystal In order to cover the possible orientations for the domain magnetization, it necessary to build a set of orientations distributed as uniformly as possible along the shell of a unit sphere. This distribution should be as homogeneous as possible to avoid possible artefact anisotropy due to inhomogeneity in the directions disposition. For this purpose the nodes of an icosphere can be used [START_REF] Daniel | A constitutive law for magnetostrictive materials and its application to terfenol-d single and polycrystals[END_REF][START_REF] Bernard | Multiscale approaches for magneto-elasticity in device simulation[END_REF]. An example containing 2562 directions is shown in Fig. 3.

Regarding the computation effort, indeed the lower the number of points, the lower the computational time and effort to solve the problem. Additionally, simplified methods with a lower number of orientations, as presented in [START_REF] Bernard | Effect of stress on magnetic hysteresis losses in a switched reluctance motor: Application to stator and rotor shrink fitting[END_REF][START_REF] Bernard | Multiscale approaches for magneto-elasticity in device simulation[END_REF] for instance, have been successfully tested. Another noticeable numerical aspect is the straightforward parallelization of the single-crystal calculations. A method capable of quantifying the quality of a given distribution was proposed in [START_REF] Daniel | A constitutive law for magnetostrictive materials and its application to terfenol-d single and polycrystals[END_REF], where the authors evaluated and applied a mesh composed by 10242 nodes (each node of the mesh refers to one α family direction). Once that distribution (10242 nodes) has been validated, it is used in this paper to obtain all the presented results.

Considering that the energy has to be calculated for all those directions, one can easily visualize the energy distribution. Fig. 4 shows the total energy landscapes for three different values of the applied magnetic field along the < 110 > direction as a function of the anisotropy field H a given in Eq. 13. The considered material is a ferrite, see material parameters in Table 1. One can identify the six easy axes (low energy regions) and it is possible to verify how the energy changes when a magnetic field is applied. In particular it can be seen that the field, if high enough, rotates the magnetization out of the easy axes. 

Parameter M s K 1 K 2 Unit [A/m] [J/m 3 ] [J/m 3 ] Value 0.382x10 6 330x10 3 0

Polycrystal

In order to obtain the macroscopic properties of a RVE of a material, it is necessary to describe a volume large enough, i.e. containing enough single crystal orientations, to represent the average properties. The crystallographic texture can be responsible for macroscopic anisotropy effects [START_REF] Hauegen | EBSD texture analysis of NdFeB magnets[END_REF][START_REF] Martinez | Magnetic viscosity and texture in NdFeB magnets[END_REF]. It can be represented in a discrete fashion. In this study, an isotropic texture is used. It is built thanks to a regular zoning of the crystallographic orientations space, as already applied in [START_REF] Daniel | Reversible magneto-elastic behavior: A multiscale approach[END_REF][START_REF] Buiron | Modélisation multiéchelle du comportement magnéto-élastique couplé des matériaux ferromagnétiques doux[END_REF], in terms of the Euler angles [START_REF] Engler | Introduction to Texture Analysis: Macrotexture, Microtexture, and Orientation Mapping[END_REF] presented in Table 2. 

Variable Domain Number of values

Φ 1 [0, 2π] 13 cosΦ [0, 1] 7 Φ 2 [0, 2π] 6 
In order to calculate the macroscopic properties of the sample, it is required to express the macroscopic loading (applied magnetic field H) at the local scale [START_REF] Daniel | Reversible magneto-elastic behavior: A multiscale approach[END_REF][START_REF] Daniel | A constitutive law for magnetostrictive materials and its application to terfenol-d single and polycrystals[END_REF]. In this paper, we assume uniform magnetic field within the material so that the single crystal is subjected directly to the applied magnetic field H. From this local loading, the single crystal magnetization M g of each single crystal (N=13 × 7 × 6 = 546 orientations) is calculated according to the single crystal model.

Finally, the average magnetization of the material is obtained by averaging the local magnetization over all orientations:

M m = 1 N N i=1 M g (8) 

Irreversible contribution

The modelling approach is anhysteretic so far, i.e., it takes into account only the reversible part of the magnetic behavior. the complete hysteresis cycle of permanent magnets implies both reversible and irreversible parts to be modelled. In this case the Hauser's method is used [START_REF] Daniel | A multiscale model for magneto-elastic behaviour including hysteresis effects[END_REF][START_REF] Hauser | Energetic model of ferromagnetic hysteresis[END_REF][START_REF] Cornejo | Hysteresis modeling of anisotropic and isotropic nanocrystalline hard magnetic films[END_REF] in order to estimate the irreversible contribution on the magnetic field H irr ,

|H irr | = δ k r µ 0 M s + c r |H| 1 -k g exp - k a k g M -M reb (9) 
where δ is equal to ±1 depending on whether the applied magnetic field is increasing or decreasing, c r and k g are material parameters, and

k r = µ 0 M s H c . (10) 
Based on [START_REF] Cornejo | Hysteresis modeling of anisotropic and isotropic nanocrystalline hard magnetic films[END_REF], k a is expressed by

k a = β H a H c , (11) 
where

β = µ 0 M 2 s 2 χ 0 K 1 (12)
and the anisotropy field H a is given by

H a = 2 K 1 µ 0 M s (13) 
Following the magnetization process in time, k g is updated at each return point depending on its previous value, k g ,

k g = 2 -k g exp - k a k g M -M reb ( 14 
)
M reb is the magnetization at the previous inversion of the magnetic field, which can be detected by checking ∆H(t) × ∆H(t -∆t) < 0. This model depends on the coercive field H c . However, H c is a temperature-dependent quantity [START_REF] Feng | Investigation on microstructure and magnetic properties of sm2co17 magnets aged at high temperature[END_REF][START_REF] Bance | Thermally activated coercivity in core-shell permanent magnets[END_REF][START_REF] Bance | Thermal activation in permanent magnets[END_REF][START_REF] Bergqvist | Temperature-dependent vector hysteresis model for permanent magnets[END_REF]. At high temperatures the effects of thermal activation on the reversal process are increased, reducing the coercivity [START_REF] Bance | Thermally activated coercivity in core-shell permanent magnets[END_REF]. It is explained by the influence of temperature on the energy-barriers, which depend on K B T , where K B is the Boltzmann constant and T is the temperature. Consequently, the proposed method becomes temperature-dependent as well.

Ageing phenomena

If the magnetic field acting on a magnetic material changes, the magnetization will keep evolving over a certain time longer than the short times associated with the eddy current effects [START_REF] Gaunt | Magnetic viscosity and thermal activation energy[END_REF]. This time dependence of the magnetic properties, such as magnetization, is known as magnetic viscosity or ageing [START_REF] Skomski | Nucleation field and energy product of aligned two-phase magnets-progress towards the 1mj/m3 magnet[END_REF].

This behavior is caused by thermal activation of magnetization reversals over the energy barriers and the waiting time before an energy barrier is overcome is referred to as the relaxation time τ, which is given by [START_REF] Gaunt | Magnetic viscosity and thermal activation energy[END_REF]:

τ -1 = C exp E a K B T ( 15 
)
where E a is the activation energy of a given energy barrier and C is a frequency constant of order 10 10 -10 12 Hz.

As can be noticed from Eq. 15, the energy landscape is key to the ageing behavior. This energy landscape highly depends on the microstructure of the material [START_REF] Skomski | Magnetic aging[END_REF]. The energy landscape models are often based on the assumption of single-domain particles, as presented in [START_REF] Lanci | Introduction of thermal activation in forward modeling of hysteresis loops for single-domain magnetic particles and implications for the interpretation of the day diagram[END_REF], which may not describe the pinning effects in permanent magnet materials.

It was observed experimentally [START_REF] Street | A study of magnetic viscosity, Proceedings of the Physical Society[END_REF] that the magnetization changes linearly with the natural logarithm of time. This decay can be described by [START_REF] Grössinger | Determination of the magnetic viscosity in SmCo5-xCux alloys by pulsed-field method[END_REF][START_REF] Skomski | Simple Models of Magnetism[END_REF] 

M(t) = M(t 0 ) -S ln t t 0 ( 16 
)
where

S = 2 M s K B T f (E a ) (17) 
f (E a ) is an energy-barrier distribution which depends on the activation energy E a .

In order to separate the field-dependent irreversible susceptibility χ Irr from the magnetic viscosity problem, it is convenient to express S as [START_REF] Skomski | Permanent Magnetism (Studies in Condensed Matter Physics)[END_REF]:

S = K B T χ Irr v a µ 0 M s ( 18 
)
where v a is the activation volume. Thus, the magnetic viscosity coefficient S v is defined as

S v = K B T v a µ 0 M s ( 19 
)
S v is shape independent, unlike χ Irr and S [START_REF] Martinez | Magnetic viscosity in NdFeB magnets[END_REF]. S can finally be expressed as:

S = S v χ Irr ( 20 
)
The magnetic viscosity is attributed to irreversible changes of the magnetization across the energy barriers [START_REF] Bance | Thermal activation in permanent magnets[END_REF][START_REF] Wohlfarth | The coefficient of magnetic viscosity[END_REF], thus it affects only the irreversible variation of the magnetization that can be described by the irreversible susceptibility χ Irr (χ Irr = χ T ot -χ Rev ). This parameter can be obtained experimentally following the procedures presented in [START_REF] Street | Magnetic viscosity in NdFeB and SmCo5 alloys[END_REF][START_REF] Ciuta | Une étude expérimentale de la coercivité des aimants NdFeB[END_REF].

Considering the above-presented formulae and that the activation energy, Eq. 17, depends on the material properties discussed in Section 2, one can find out that the magnetic ageing depends on the material properties, applied magnetic field vector, time, and temperature. This ageing methodology is applied based on the following steps:

Step 1 -Calculate the irreversible susceptibility (χ Irr = χ T ot -χ Rev ) for a given number of operating points. This can be done from small loops included in a major loop. The major loop provides χ T ot at a given excitation level while the slope of the minor loop provides χ Rev Step 2 -Obtain the S parameter for the same operating points. This is done by measuring the change in magnetization over time at a given fixed excitation. S is then obtained using Eq. 16

Step 3 -Express S as a function of the applied magnetic field. It can be done in two different ways:

(a) Interpolate S and apply it directly into Eq. 16 for any time and magnetization.

(b) Calculate S v (Eq. 20) and then v a (Eq. [START_REF] Serpico | Magnetic hysteresis modeling via feedforward neural networks[END_REF]. Interpolate v a . The S parameter is then obtained by Eq. 18.

The procedures for steps one and two are detailed in [START_REF] Ciuta | Une étude expérimentale de la coercivité des aimants NdFeB[END_REF]. It was assumed that the applied magnetic field and temperature are constant over time.

Experimental setup

A specific set up was designed and built to investigate the magnetic properties of permanent magnets.

The standard [START_REF] Standard | Magnetic materials -Permanent magnet (magnetically hard) materials -Methods of measurement of magnetic properties[END_REF] suggests a magnetic circuit with one air gap, but in this work, the magnetic circuit is composed of two U-shaped Fe-Si yokes to create two air gaps, and four excitation coils, as depicted in Figures 5 and 6. Therefore two magnets are characterized at the same time, one at each air gap of the device, which helps to ensure the robustness of the measurements. The depth of the magnetic yokes is 52 mm. The dimensions of the transverse section of the magnetic circuit are chosen to impose a magnetic field as uniform as possible in the air gaps.

The magnetic induction is measured by a coil wounded around each magnet and the magnetic field in the air gaps is measured by two Brockhaus BGM 201 gaussmeters with two transverse probes BTP 201-F75.

The control of the applied current and the acquisition of the signals are performed by a dSPACE processor board DS 1006 connected to a computer. The A/D and D/A boards are, respectively, the DS2004 and the DS2103.

More information about the control system is available in [START_REF] Domenjoud | Characterization of giant magnetostrictive materials under static stress: influence of loading boundary conditions[END_REF], also providing information about demagnetization process, drift in B, current control and acquisition system. The experimental setup is used to measure the hysteresis loops of the permanent magnets and, based on these loops, the saturation magnetization M s , the coercive field H c , and the initial susceptibility χ 0 .

M s is the maximum measured magnetization, H c is obtained at the intersection of the curve with the x axis, i.e., M = 0, and χ 0 is estimated by ∆M ∆H | H=H c [START_REF] Fiorillo | Measurement and Characterization of Magnetic Materials[END_REF]. The applied signal is sinusoidal at 2 Hz frequency (controlled in current).

Results

First, the results obtained with the multi-scale model are presented for two different materials, namely ferrite and NdFeB.

Then, the measurement data given in [START_REF] Ciuta | Une étude expérimentale de la coercivité des aimants NdFeB[END_REF] are used to obtain the ageing parameters mentioned in Section 3 and the results obtained with this procedure are presented.

Multi-scale approach

Ferrite

In this case, the material parameters were obtained using the in-house measurement setup presented in Section 4, except for K 1 which was found in [START_REF] Skomski | Permanent Magnetism (Studies in Condensed Matter Physics)[END_REF], and are presented in Table 3. The anhysteretic curve modeled with the multi-scale approach (Sections 2.1 and 2.2), the hysteresis cycle obtained by adding the reversible field portion (Section 2.3) and the measurement data are shown in Fig. 7.

A good match between the results is obtained, except along the "knees" in the upper-right and lower-left curves. Nonetheless, typically in the case of permanent magnets, the second-quadrant "knee" is used and along this region, the model presents a good correlation with measurements. 

NdFeB

The same procedure is followed for the NdFeB material, whose properties are given in [START_REF] Ciuta | Une étude expérimentale de la coercivité des aimants NdFeB[END_REF] and presented in Table 4. The results are shown in Fig. 8. 

Parameter

M s K 1 K 2 H c χ 0 Unit [A/m] [J/m 3 ] [J/m 3 ] [A/m] - Value
1.3x10 6 3.75x10 6 0.4x10 6 5.28x10 5 5.5 

Ageing

Considering the difficulties of achieving a magnetic field intensity capable of saturating the NdFeB permanent magnets, the results of Nd 2 Fe 14 B TMC bulk at 400K given in [START_REF] Ciuta | Une étude expérimentale de la coercivité des aimants NdFeB[END_REF] are used. The procedure adopted is given in the three steps, with sub-item (b) presented in Section 3.

The S factor and the χ 0 measured are presented in Figures 9 and10 From Eq. 18 it is possible to obtain the activation volume v a , which is an important parameter since smaller the volume, more susceptible to thermal degradation the material is [START_REF] Kurose | 3-d FEM analysis of thermal degradation in writing and reading characteristics of a perpendicular magnetic head[END_REF]. For this specific case and temperature (400 K), from Fig. 11 one can see that v a does not vary drastically in terms of the applied field, suggesting that it would be reasonable to assume it as a constant.

With the second quadrant of the hysteresis loop depicted in Fig. 8 and by interpolating these ageing parameters, it is possible to estimate the decay of magnetization in time for any value of the magnetic field for the complete working range of the permanent magnet.

An example is depicted in Fig. 12, where the second quadrant of the hysteresis loops are compared and one random operating point is chosen. In this case, it is possible to estimate that for this given Nd 2 Fe 14 B at 400K and after 2000 hours, the magnetization will be reduced to about 85% of its initial value. 

CONCLUSION

A multi-scale approach was used to describe the macroscopic behavior of permanent magnets. It was shown that this approach, using only four to five material parameters, was able to describe with satisfactory accuracy the major hysteresis loops of ferrite and Nd-FeB magnets.

Then, an elementary but well-established ageing model was used. The model is based on the measurement of two parameters, namely the ageing factor and the irreversible susceptibility, for a set of magnetic excitations.

Combining the two approaches proved to be an efficient way to estimate the ageing of permanent magnets working at any magnetic operating point. It was shown for instance that a NdFeB magnet placed at 400 K during 2000 h experiences a reduction of magnetization of about 15 %.

It was also found that the ageing factor appears to be proportional to the irreversible susceptibility, which means that the S factor reaches its maximum at the coercive field.

The proposed approach is a first attempt to describe in a predictive way ageing effects in permanent magnets. It is restricted so far to constant magnetic field and temperature loadings. The effect of stress was not considered in this study, but it is naturally incorporated in the multi-scale approach. Experimental validation, however, would be required. The study also considered isotropic magnets, but the multi-scale approach provides a straightforward way to take into account crystallographic textures through the description of grain orientations. The effect of the operating environment and notably aggressive gases can also be significant and was not studied here.

The proposed material model is a first brick to the development of ageing models. Indeed, practical devices are subjected to external loadings significantly varying in time. Scaling rules are required to predict the evolution of magnetization under such variable loadings from the knowledge of the response under constant loadings. This latter point is still a very open field of research.
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 1 Figure 1: Magnetic field distribution inside the permanent magnets of a synchronous machine in the no-load condition.

Figure 2 :

 2 Figure 2: Representation of the magnetization vector in the single crystal frame considering a cubic anisotropy.
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 3 Figure 3: Unit sphere showing the distribution of the families α (2562 points).
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 4 Figure 4: Total energy distribution for three different values of the applied magnetic field. H a is presented in Eq. 13.
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 5 Figure 5: Experimental setup schematic.
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 6 Figure 6: Picture of the experimental setup.
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 7 Figure 7: Comparison between the multi-scale model and the measurement for the ferrite.
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 8 Figure 8: Comparison between the multi-scale model and the measurement for the NdFeB.
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 910 Figure 9: S factor interpolated from [9].
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 1112 Figure 11: Activation volume.

Table 1 :

 1 Properties of ferrite[START_REF] Skomski | Permanent Magnetism (Studies in Condensed Matter Physics)[END_REF].

Table 2 :

 2 Euler angles distribution for an isotropic crystallographic texture.

Table 3 :

 3 Properties of ferrite.

	Parameter	M s	K 1	H c	χ 0
	Unit	[A/m]	[J/m 3 ]	[A/m]	-
	Value	0.416x10 6 330x10 3 257x10 3 50

Table 4 :

 4 Properties of NdFeB.
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