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Abstract

In this paper, an estimation method for the ageing factor of permanent magnets is proposed. It is based on a multi-
scale model, which allows estimating the magnetic properties of permanent magnets, combined with the magnetic
viscosity theory. Usingof this method, the necessary measurements can be drastically reduced. The results obtained
are compared with measurements, with a satisfactory agreement.

Keywords: Functional fatigue, magnetic ageing, hysteresis, electrical machines, magnetization modeling,

multi-scale model

1. Introduction

Permanent magnets play an essential role in a wide
range of aerospace, medical, energy, electronics, and in-
dustrial applications [1]]. In some of these applications,
such as the aerospace, permanent magnets are designed
to work at extreme temperatures, from -60 up to 500 °C
[2 3, 14].

Typically, the equipment is required to have a life-
time 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
[5], temperature [3l 6], and mechanical stress [7]. This
phenomenon is known as magnetic ageing.

The most common way to estimate the ageing behav-
ior of permanent magnets is by submitting the samples
to high-temperatures during hundreds of hours and mea-
suring the decay of the properties. In [8] the ageing ef-
fect in NdFeB magnets processed through two methods,
namely HDDR (Hydrogenation — Disproportionation —
Desorption — Recombination) and melt-spinning was in-
vestigated. Distinct manufacturing processes were also
studied in [9] which compared the magnetic behavior
of thick hard magnetic films with bulk materials sub-
mitted to an infiltration process. The reversible and ir-
reversible magnetic susceptibilities were obtained con-
sidering five magnetic operating points, allowing to ob-
tain the ageing factor at those specific points. Further-
more, different temperatures, compacting pressures and
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atmospheres were considered under the open and close-
circuit conditions. A closed-circuit configuration was
also adopted in [10L [11} [12] to evaluate the magnetic
properties behavior of magnets under a range of applied
magnetic fields. Besides that, different permeance co-
efficients obtained by varying the magnets dimensions
were considered.

However, there are some complexities inherent to real
applications that make it difficult and expensive to per-
form 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 [13]. 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 [[14} [15]], 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 [8]] or
crystallographic textures of the materials [[16}17]].

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

The first part of the problem is to model the mag-
netic properties of permanent magnets. One can di-
vide the available models into two groups: descriptive
and predictive. The first one encompasses the well-
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Figure 1: Magnetic field distribution inside the permanent magnets of
a synchronous machine in the no-load condition.

known phenomenological mathematical models applied
to describe the hysteresis [[18]. However, they are not
based on the physical process [19] and have no inter-
pretation in terms of energy [20]. Such models have
been extensively applied to hard magnetic materials
[21L 122} 23]]. In the second group, the predictive models,
one can include the multi-scale approaches such as the
Stoner-Wohlfarth proposed in [24] and largely applied
125, 126, 27, 28] 291 30L |31} 32]]. However, this method
assumes a single or a set of uni-axial magnetically de-
coupled particles. Besides that, this model assumes a
coherent rotation process, which is not very common in
real applications, mainly in some hard magnetic materi-
als, Nd,Fe 4B for instance, [33].

Thus, we propose to use a multi-scale approach
based on an energetic procedure at the single crys-
tal scale followed by a homogenization procedure to
predict the macroscopic behavior of magnetic materi-
als based on their local properties [34, 35]. Such ap-
proaches have been extensively applied to Iron-Silicon
steel [36] 137, 34} 138| [35) 139, 40, 41]] or giant magne-
tostrictive materials [42 [43]], but seldom to hard mag-
netic materials so far.

The second part of the problem is to predict the age-
ing, namely, the way these local properties evolve with
time, depending on the experienced thermal, magnetic
or mechanical loadings. To solve this part of the prob-
lem, we use the classical magnetic viscosity theory.
These ageing studies based on the activation energy
concept seem to have started with [26} 44]]. Then the
domain wall pinning by inhomogeneities and how tem-
perature and time, i.e. the thermal activation process,

affect this phenomenon in SmCos alloys was presented
in [450146,47]. A more recent application of this theory
is presented in [48]].

The ageing has also been discussed for permanent
magnets for some years, as shown in [3}/5,/49] for SmCo
and in [5 150} I51]] for NdFeB magnets. Furthermore,
some recent experimental works [8} [10, [11} [12] |91 152]
have been developed. Also the magnetic viscosity effect
on the coercive field has been investigated in [53) 154]]
in order to increase the performance of the permanent
magnets.

By combining the multi-scale approach with the age-
ing theory, it is possible to predict the magnetic be-
havior of permanent magnets as well as estimating the
ageing factor. The proposed method can be embed-
ded in numerical methods such as the Finite Element
Method in order to estimate the ageing factor of perma-
nent magnets inserted in real applications. A similar ap-
proach has been presented in [S5], but it is based on the
Stoner—Wohlfarth model, which is well adapted to in-
dependent magnetic particles and offers less flexibility
for describing the magnetic behavior of inhomogeneous
structures of real magnets [33].

To validate the proposed approach, the modeling re-
sults for ferrite and NdFeB are compared with measure-
ments. Then, the ageing factor of a real permanent mag-
net at a given operating point is estimated.

2. Multi-scale approach

The multi-scale approach proposed in [34, 135] con-
siders three different scales, namely :

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

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

o 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 en-
ergy 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 distribu-
tion function corresponding to the crystallographic tex-
ture of the material.

This approach was developed to predict the magne-
toelastic behavior of magnetic materials submitted to



multi-axial mechanical loadings [56], but in this work,
no stress is applied and mechanical effects are ne-
glected.

2.1. 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 «.
The magnetization M,, of each family can be expressed
as:

M, = Msa = M; [a a3 a3] (D

where M; is the saturation magnetization and a3 are
the cosines of the magnetization vector, Fig. [2]

[110]

Figure 2: Representation of the magnetization vector in the single
crystal frame considering a cubic anisotropy.

The magnetic equilibrium is given by the competition
of the following energy terms forming the local free en-
ergy:

W, = Wo ™ + W' + Wi 2)

The magnetostatic energy (or Zeeman energy), Wy ¢,

tends to align the local magnetization M,, with the ap-
plied field H. py is the vacuum magnetic permeability.

We® = —uo H-M, 3)

The anisotropy energy W¢" describes the existence of

preferred orientations for the magnetization (easy axes).
2.2, .22 22 2.2 2

W' = K, (a/lcz2 + ay05 + a3al) + K, (alaza/3) 4

where K, are the magnetocrystalline anisotropy con-
stants.

The magneto-elastic energy W' describes the effect
of an applied mechanical stress on the magnetic equi-
librium [34]. Since no stress will be considered in this
study, this term is uniformly taken as zero.

Knowing the free energy W, for all domain families,
the volume fraction f, of each domain family - corre-
sponding to the existence probability of the orientation
a for the local magnetization - can be defined using a
Boltzmann-type equation [57, 58]

_ CXp (_As W(l)
fa exp (—A; W,) da

®

a

where A; is defined from the initial anhysteretic suscep-
tibility o of the material [34]:

3xo0
A= 20
Ho M

(6

Xo can be obtained from the anhysteretic magnetiza-
tion curve or estimated at the coercive field H,. of a ma-
jor loop (xo = AM/AH|y=g.) [59].

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

M, = f £, M, da ™)

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 @ covering the orientations in space

Step 2 - Obtain the volume fraction for each domain
family (Eq. [5)

Step 3 - Calculate the magnetization M, (Eq 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 dis-
position. For this purpose the nodes of an icosphere can
be used [43) [60]. An example containing 2562 direc-
tions is shown in Fig.

Regarding the computation effort, indeed the lower
the number of points, the lower the computational time
and effort to solve the problem. Additionally, simpli-
fied methods with a lower number of orientations, as
presented in [S6, 160] for instance, have been success-
fully tested. Another noticeable numerical aspect is the
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Figure 3: Unit sphere showing the distribution of the families a (2562
points).

straightforward parallelization of the single-crystal cal-
culations. A method capable of quantifying the qual-
ity of a given distribution was proposed in [43], where
the authors evaluated and applied a mesh composed by
10242 nodes (each node of the mesh refers to one « fam-
ily 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 en-
ergy distribution. Fig. [ shows the total energy land-
scapes for three different values of the applied magnetic
field along the < 110 > direction as a function of the
anisotropy field H, given in Eq. [I3] The considered
material is a ferrite, see material parameters in Table |II
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.

Table 1: Properties of ferrite [33].
Parameter M K; K>
Unit [A/m] [J/m3] [J/m3]
Value 0.382x10°  330x10° 0

2.2. 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 ori-
entations, to represent the average properties.

arb. unit.
1.0

0.8
0.6
0.4

0.2

arb. unit.

1.0
0.8
0.6
0.4
0.2

arb. unit.

H=H, 1.0
0.8
0.6
0.4
0.2

Figure 4: Total energy distribution for three different values of the
applied magnetic field. H, is presented in Eq. @

The crystallographic texture can be responsible for
macroscopic anisotropy effects [16} [61]]. It can be rep-
resented 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 ap-
plied in [34} [58]], in terms of the Euler angles [62] pre-
sented in Table 2

Table 2: Euler angles distribution for an isotropic crystallographic
texture.

Variable Domain Number of values
O, [0, 27] 13
cosD [0, 1] 7
O, [0, 27] 6

In order to calculate the macroscopic properties of the
sample, it is required to express the macroscopic load-
ing (applied magnetic field H) at the local scale [34}43].
In this paper, we assume uniform magnetic field within
the material so that the single crystal is subjected di-
rectly to the applied magnetic field H. From this lo-
cal loading, the single crystal magnetization M, of each
single crystal (N=13 x 7 X 6 = 546 orientations) is cal-
culated according to the single crystal model.

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

N

M, = %ng @®)

i=1

2.3. Irreversible contribution

The modelling approach is anhysteretic so far, i.e., it
takes into account only the reversible part of the mag-
netic behavior. Describing the complete hysteresis cycle
of permanent magnets implies both reversible and irre-
versible parts to be modelled. In this case the Hauser’s
method is used [35, 163, 164] in order to estimate the irre-
versible contribution on the magnetic field H;,.,,

ky
|Hirr| = 6(
Ho M

ka
+or |H|) 1 — kg exp (——) IM - M|
0 My kg

where ¢ is equal to =1 depending on whether the applied
magnetic field is increasing or decreasing, ¢, and k, are
material parameters, and

kr = Mo Ms Hc- (10)
Based on [64]], &, is expressed by

H,
ka=p 7 (1)

where

M?
- Ho My (12)
2x0 Ki
and the anisotropy field H, is given by
2 K,
H, = 13
“= oM, (13)

Following the magnetization process in time, k, is
updated at each return point depending on its previous
value, ké,

kq
ke =2-k, exp(—k—/)|M—M’6b| (14)
8

M’ is the magnetization at the previous inversion of
the magnetic field, which can be detected by checking
AH(r) x AH(t — At) < 0.

This model depends on the coercive field H.. How-
ever, H, is a temperature-dependent quantity [2} 154} 153|
65]]. At high temperatures the effects of thermal activa-
tion on the reversal process are increased, reducing the
coercivity [54]. It is explained by the influence of tem-
perature on the energy-barriers, which depend on Kz 7,
where Kp is the Boltzmann constant and 7 is the tem-
perature. Consequently, the proposed method becomes
temperature-dependent as well.

3. 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 [47]. This time dependence
of the magnetic properties, such as magnetization, is
known as magnetic viscosity or ageing [66].

This behavior is caused by thermal activation of mag-
netization reversals over the energy barriers and the
waiting time before an energy barrier is overcome is re-
ferred to as the relaxation time 7, which is given by [47]:

—1 Ea
T —Cexp(KBT) (15)
where E, is the activation energy of a given energy bar-
rier and C is a frequency constant of order 10'° — 10'2
Hz.

As can be noticed from Eq. the energy landscape
is key to the ageing behavior. This energy landscape
highly depends on the microstructure of the material
[67]. The energy landscape models are often based on
the assumption of single-domain particles, as presented
in [48]], which may not describe the pinning effects in
permanent magnet materials.



It was observed experimentally [26] that the magne-
tization changes linearly with the natural logarithm of
time. This decay can be described by [49] 168]]

M) = M(ty) - S 1n(ti) (16)
0

where

S =2M;KpT f(Eq) A7)

f(E,) is an energy-barrier distribution which depends
on the activation energy E,.

In order to separate the field-dependent irreversible
susceptibility y;,- from the magnetic viscosity problem,
it is convenient to express S as [33]:

— KB T/\/Irr
Va o Mg

N (18)

where v, is the activation volume.
Thus, the magnetic viscosity coefficient §',, is defined
as
S, = ﬂ (19)
Va Ho M
S, is shape independent, unlike y;,» and S [S0]. S
can finally be expressed as:

S =8 x1r (20)

The magnetic viscosity is attributed to irreversible
changes of the magnetization across the energy barri-
ers [53} 169, thus it affects only the irreversible variation
of the magnetization that can be described by the irre-
versible susceptibility x7. (Yirr = XTot — XRev)- This
parameter can be obtained experimentally following the
procedures presented in [5 [9].

Considering the above-presented formulae and that
the activation energy, Eq. 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 fol-
lowing steps:

Step 1 - Calculate the irreversible susceptibility (y;. =
XTot — XRev) fOr a given number of operating
points. This can be done from small loops in-
cluded in a major loop. The major loop pro-
vides y7,: at a given excitation level while the
slope of the minor loop provides yg..,

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 ex-
citation. S is then obtained using Eq. [I6]

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

(a) Interpolate S and apply it directly into
Eq. [T6]for any time and magnetization.

(b) Calculate S, (Eq. [20) and then v, (Eq.
[19). Interpolate v,. The S parameter is
then obtained by Eq.

The procedures for steps one and two are detailed in
[9]. It was assumed that the applied magnetic field and
temperature are constant over time.

4. Experimental setup

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

The standard [[70] 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 Fig-
ures [5]and [§] 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 mag-
netic 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 acquisi-
tion of the signals are performed by a dSPACE proces-
sor 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 avail-
able in [71], also providing information about demag-
netization process, drift in B, current control and acqui-
sition system.
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Figure 5: Experimental setup schematic.

Figure 6: Picture of the experimental setup.

The dimensions are in mm.

The experimental setup is used to measure the hys-
teresis loops of the permanent magnets and, based on
these loops, the saturation magnetization M, the coer-
cive field H,, and the initial susceptibility .

M, is the maximum measured magnetization, H, is
obtained at the intersection of the curve with the x axis,
i.e., M =0, and yq is estimated by %m:m [59].

The applied signal is sinusoidal at 2 Hz frequency
(controlled in current).

5. 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 [9] are used
to obtain the ageing parameters mentioned in Section
[3] and the results obtained with this procedure are pre-
sented.

5.1. Multi-scale approach

5.1.1. Ferrite

In this case, the material parameters were obtained
using the in-house measurement setup presented in Sec-
tionﬂ except for K; which was found in [33], and are
presented in Table 3]

Table 3: Properties of ferrite.

Parameter M, K H. X0
Unit [A/m] [J/m3] [A/m] -
Value 0.416x10° 330x10° 257x10° 50

The anhysteretic curve modeled with the multi-scale
approach (Sections 2.T]and[2.2), the hysteresis cycle ob-
tained 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, ex-
cept 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.
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Figure 8: Comparison between the multi-scale model and the mea-
surement for the NdFeB.

5.2. Ageing

Considering the difficulties of achieving a magnetic
field intensity capable of saturating the NdFeB perma-
nent magnets, the results of Nd,Fe;4B TMC bulk at
400K given in [9] are used. The procedure adopted is

material is [55]]. For this specific case and temperature
(400 K), from Fig. |'1;1'|one can see that v, 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 de-
picted in Fig. [§] and by interpolating these ageing pa-
rameters, it is possible to estimate the decay of magne-
tization in time for any value of the magnetic field for
the complete working range of the permanent magnet.



An example is depicted in Fig. [I2] where the second
quadrant of the hysteresis loops are compared and one
random operating point is chosen. In this case, it is pos-
sible to estimate that for this given Nd,Fe 4B at 400K
and after 2000 hours, the magnetization will be reduced
to about 85% of its initial value.

x1077

0.4 0.6 0.8 1.0
o H [T]

Figure 11: Activation volume.
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Second quadrant
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Ageing effect
over time

1o M[T)

0.90 1

10! 102 10°
In (t)

Figure 12: Decay of magnetization in time (ageing).

6. 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 ma-
terial 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 measure-
ment of two parameters, namely the ageing factor and
the irreversible susceptibility, for a set of magnetic ex-
citations.

Combining the two approaches proved to be an effi-
cient 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 dur-
ing 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 co-
ercive field.

The proposed approach is a first attempt to describe
in a predictive way ageing effects in permanent mag-
nets. 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 pro-
vides a straightforward way to take into account crystal-
lographic textures through the description of grain ori-
entations. 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 de-
velopment of ageing models. Indeed, practical devices
are subjected to external loadings significantly varying
in time. Scaling rules are required to predict the evolu-
tion 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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