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Operating temperatures of electrical machines are known to cause various effects on magnetic performances
and losses. On the one hand, reversible contributions may reduce iron losses through temporary lowering of
conductivity, which in turn reduces eddy-current losses. On the other hand, when specific thermal conditions
are met, the time-temperature combination may lead to irreversible changes of the magnetic material
properties. This latter phenomenon, the so-called magnetic aging, needs to be addressed to further improve
energy efficiency, predict and reduce heat-dissipated iron losses. These service conditions indeed lead to
changes in the microstructure of the electrical steels. Thus, iron losses suffer from these structural modifications
as well as long exposure to constant operating temperatures; magnetic aging results from carbides precipitation
and impacts the magnetization of these steels. The present paper hence explores a multi-scale approach,
coupling the Johnson-Mehl-Avrami-Kolmogorov (JMAK) precipitation kinetics with a static Jiles—Atherton
(J-A) model of magnetic hysteresis for a non-oriented soft ferromagnetic Fe-Si steel. Based on an experimental
analysis for temperatures ranging from 180 °C to 200 °C, the applicability of the chosen approaches will
be explored and a parameter-based modeling of magnetic aging will be proposed and proved to be in good
agreement with measurement data.

1. Introduction 3 wt% Si), other elements are still present, mainly due to elaboration,

manufacturing and forming processes: carbon (C), nitrogen (N), phos-

Tackling with global warming effects, from an industrial stand-
point, often implies drastic improvements and a necessary harnessing
of energy efficiency, especially with energy sources and conversion
systems such as rotating electrical machines. In these applications,
performance management is as preponderant as losses reduction, above
all in the choice and design of the soft ferromagnetic alloys used to
built them. These materials are subject to losses of electromagnetic
origin, among them the so-called iron losses playing a most impacting
role. However, such steels may suffer from an irreversible degradation
of magnetic properties caused by long exposure to medium operating
temperatures; the present article focuses on the 160-200 °C range.
This phenomenon, known as magnetic aging, leads to increased heat
dissipation losses and reduced efficiency. Investigating magnetic aging
sources in non-oriented iron-silicon steel sheets (NOES), widely used in
energy conversion systems, begins with the very chemical composition
of the materials at play. Indeed, for a given Fe-Si alloy (with up to
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phorus (P)... Although in rather small quantities (several tens to several
hundreds of ppm), their effects remain significant. Among those, the
carbon content plays a major role in magnetic aging kinetics through its
ability to precipitate into carbides, in particular cementite (Fe;C), that
hinders magnetization. In the literature, numerous papers have treated
this phenomenon decades over, starting with the effects second-phase
particles have on coercive field [1,2], i.e., the magnetic field intensity
that must be applied to a saturated material to cancel out its magneti-
zation. While the volume fraction of said particles directly causes an
increase of the coercive field [3-5], other parameters, such as their
size, their number as well as their chemical composition seem to also
correlate to magnetic aging, as they all tend to curb magnetic domains
enlargement during magnetization through domain wall movements
impingement, ie., creating pinning sites leading to greater energy
dissipation during wall displacements. Hence, from [3,5,6], it is clear
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Fig. 1. Single Sheet Tester measurement device.

that the more carbon there is, the more precipitates can be formed, the
higher the toll on magnetization and thus on performances. Plus, it also
highlights that higher in-service temperatures are responsible for an
acceleration of the aging kinetics [7], while longer aging periods result
in a heightened amount of maximal losses that may however plateau
or even slightly drop once all the C has precipitated. Furthermore, links
have been established between precipitation kinetics and magnetic
losses [5,8], with initial carbon content being a driving condition for
aging intensity. On a more recent note, the effects of isothermal aging
on automotive bulk pieces [9] and on low-carbon NOES [10] have
been investigated in an attempt to model iron losses and coercive
field variation with the classical Johnson-Mehl-Avrami-Kolmogorov
(JMAK) precipitation approach, paired with Arrhenius’ expression to
highlight temperature effects. While those latter propositions provide
a simple yet quite accurate method to the modeling of losses when
coupled with the Steinmetz’ equation of losses for example [9], further
developing a program that considers the time-evolution of magnetic
quantities accounting for hysteresis, could be beneficial. Therefore, the
present article will explore a method to extract hysteresis parameters
from measurement data to then build a coupling with another model to
describe carbide precipitation. First, it will expand on the experimental
protocol carried out as well as its results, so that data can be analyzed.
The next section will focus on explaining precipitation kinetics, the
modeling with the JMAK approach and the presentation of the Jiles—
Atherton (J-A) model of magnetic hysteresis. Relationships between
quantities will be detailed in order to validate the choice of models
and, eventually, a first attempt at coupling both these models, through
the pinning coefficient k, will be presented and its multi-scale results
discussed.

2. Experimental methodology

The main objectives of this experimental analysis are to acquire
comprehensive magnetic aging data and to highlight relationships be-
tween quantities of interest that will lateron justify the use of the JMAK
precipitation model.

2.1. Experimental protocol

An experimental analysis has been conducted on two fully pro-
cessed, cold-rolled, non-oriented Fe-2.3 wt%Si M600-65A 300 x 20 X
0.65 mm samples aged at 180 °C and 200 °C for a total of 92 h and
146 h, respectively, as per described in [10]. Each sample is first
characterized on a Single Sheet Tester device (SST, see Fig. 1) at room
temperature, at the frequency of f = 5 Hz (quasi-static case). Then,
they undergo an isothermal treatment inside an oven while being peri-
odically taken out for magnetic characterization at room temperature,
until the total aging time is elapsed. Fig. 2 summarizes the followed

Journal of Magnetism and Magnetic Materials 630 (2025) 173311

2 e = B —

' time (h)

Fig. 2. Followed experimental protocol. (1) Heating, (2) Aging treatment, (3) Cooling
to room temperature and SST characterization.
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Fig. 3. (a) Measured hysteresis losses and (b) measured coercive field evolution with
time at 5 Hz of M600-65A samples aged at 180 °C and 200 °C, for different induction
levels at f =5 Hz.

experimental protocol. Each measurement time-step provides material
data under sinusoidal magnetic flux density input of B, ,, € [0.1;1.6] T
as well as magnetic properties evolution.

2.2. Experimental results

Fig. 3.a illustrates the quasi-static hysteresis losses P (J/m?) evo-
lution with aging time, at 180 °C and 200 °C and for two different
magnetic induction magnitudes, namely 0.7 and 1.3 T, while Fig. 3.b,
on the other hand, focuses on the coercive field H, (A/m) evolution
with time, considering the same aging temperatures and induction
levels.

Looking at Fig. 3, it clearly appears that magnetic aging increase
both P and H, during the first dozens of hours before plateauing when
its maximal effect is reached. To further emphasize this phenomenon,
Fig. 4 shows experimental hysteresis loops before and after 92 h of
aging at 200 °C. Whether hysteresis losses or coercive field are consid-
ered, the higher the temperature, the faster the aging kinetics, as stated
in [6]. The evolution over time of the curves seems to echo previous
analyses [9], displaying the same aging-induced increase in both losses
and coercive field before reaching a plateau value where most of the
carbon has been converted into precipitates.
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Fig. 4. Measured hysteresis loops before and after 92 h of aging at 200 °C, 5 Hz.

3. Modeling methodology
3.1. Precipitation kinetics model

Looking back at earlier analyses on magnetism and magnetic ma-
terials, relationships between inclusion volume fraction and coercive
force increase have been established [1,2]. The coercive field is usually
related to the amount of magnetic field required to demagnetize one
material and governs the width of the hysteresis loop. Hence, since
the loop area is proportional to the hysteresis losses, the higher the
coercivity value, the wider the loop, the greater the losses. To obtain a
coupling between precipitation kinetics and these quasi-static losses, a
simple model describing precipitation will be derived in the following
so that relationships between quantities can be established to be later
linked to a phenomenological magnetic hysteresis approach. According
to the classical theory of phase transformations, carbide formation
follows three successive phases: nucleation, growth and coarsening [11,
12], the latter not being accounted for in the following. Over time,
if the operating temperature is maintained, a driving force coupled
with diffusion causes movements and gathering of C atoms in nuclei;
hence the name nucleation. These particles progressively enlarge up to
consuming the supersaturated C in the iron matrix; here only cementite

(Fe;C) will be considered for the sake of simplicity. From then on,
the use of the JMAK approach [13-16] expresses a simplified phase
transformation rate Y built upon nucleation and growth kinetics:

UFe3C(t)

@

UFe3C(t) ~ Umin _

Y@ =

= R

VUmax ~ Umin Umax
with vp,c(f) the time-dependent precipitate volume fraction (-), vy, =
0 its initial amount and v,,,, its maximal value, generally equal to the
equilibrium volume fraction at the considered temperature. This ex-
pression can be further rewritten with coefficients summarizing phase
transformation mechanisms, as (2) suggests:

Y(t)=1—exp(-Kpt"), 2

where n is the Avrami index (n 4 for spherical nuclei) and Kp
regroups nucleation and growth stages into a single identifiable value.
To identify the parameters used in (2), linear regression technique
(3) is applied and, as the literature suggests [17], n is found to be
constant and temperature-independent, which reduces the number of
actual aging-related parameters.

In(=In(1 = Y)) = In(Kp) + nln(?). 3)

Furthermore, K in (2) can be replaced by its Arrhenius equivalent
(4), to account for different operating temperatures or complex heating
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Table 1

Jiles—Atherton parameters.
Parameter Meaning Unit
a Inter-domain coupling -
a Anhysteretic form factor A/m
c Domain wall bending coefficient -
k Pinning factor (hysteresis) A/m
M, Saturation magnetization A/m

cycles.

Kr = —kyexp <—%) ) “
with k, a velocity constant (s™), Q the activation energy for the
phase transformation (J/mol), T the temperature (K) and R = 8.314
(J/K/mol) the universal gas constant. As a result, instead of having
multiple K; for different test temperatures, only a [Q, k] couple is
required for a given temperature range.

3.2. Magnetic hysteresis model

Now that precipitation kinetics have been derived by means of the
JMAK approach, this section presents the Jiles—Atherton (J-A) model of
static magnetic hysteresis and aims at proving that one of its parameters
actually follows a JMAK-styled law and therefore translate magnetic
aging. The static J-A model [18,19] proposes a parameter-based fitting
of hysteresis (or B-H) loops. Based upon a phenomenological energy
balance involving reversible and irreversible contributions to magne-
tization, its expression of the effective magnetic field H,(5) recalls up
the molecular field theory [20] — which incidentally applies to atomic
ferromagnetism — to express the coupling between magnetic domains:

H,=H+aM, &)

where M is the total magnetization M (A/m) of a material and « a
coupling factor between domains (see Table 1). While the reversible
part M, of magnetization features domain walls slowly bending
around defects then coming back to their initial position if the magnetic
field decreases at low-amplitude, the irreversible pinning site jump-over
M., possible when H increases further (6), dissipates more energy and
increases coercive field until saturation is reached.

M =c(My, — Miy,) + My, (6)

The model then resolves the following Egs. (7)-(9), while the material-
specific parameter meanings are summarized in Table 1. In (8), the
parameter § = =+l according to the evolution of the field on the
ascending (+1) or descending (—1) hysteresis branch.

dH,

H+aoM a
Man=Msat(C0th( a >_(H+aM)>’ (7)
dMirr — Man - Mirr , (8)

dH, ké
dMll’l’ dMnn
aM (l—c)—dble +cdHe ©
dH - _ dMan _ _ dMin‘ ’
1 ac_dHe a(l — )=

where M, is the anhysteretic magnetization and M, the saturation,

both in A/m.

From the literature-based definitions above, the pinning factor k
seems to be directly related to the amount of hindrance domain walls
endure, hence interacting with the material coercivity and losses. It is
therefore relevant to treat its time-dependent evolution as a proof of
magnetic aging. As per developed in the literature [21-23], hysteresis
model parameters are obtained by fitting several experimental loops
measured on an SST device for a quasi-static f = 5 Hz case. First, initial,
anhysteretic and coercive susceptibilities y, x,. x., respectively, are

measured on a major loop at a given aging temperature T,,. and at
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te = 0 min, then used to compute a first coarse set of parameters in
(10) and (11).

M. 3
— sat (L + a) c= axo (10)
a Xan M,
M, (H
k= Ml ! an
T E )
1-c 1-c¢ dH

These parameters then serve as the starting point of a constrained op-
timization procedure which aims at minimizing the difference between
each value of an experimental Bgyp; ascending hysteresis branch and
its simulated Bgp,; counterpart:

N
Fopy = Z (Bexp,i — Bsnvu)2 , (12)

i=1

subject to the non-linear equality constraint (13) proposed by [22]:

Agiy — A
C, = M TEXP 100 —, 13)
'AEXP

where Agy and Agyp are the simulated and experimental loop areas
in J/m? respectively, as expressed by (14), and ¢ an arbitrarily-chosen
threshold percentage limiting the error deviation.

b
4= / H,dB, a4
b

4. Results
4.1. JMAK approach applied to magnetic properties

As demonstrated in [9], the goal of this section lies in the descrip-
tion of losses and coercive field evolution with time by means of the
aforementioned JMAK approach. From [1], it is possible to consider
a linear relationship between precipitate volume fraction and coercive
field increase. Thus, the JMAK model may express coercivity evolution
through its transformation rate (15):

Hc(r) - Hc ir
Y() = o 15
Hc,max - Hc,min

Since Fig. 5 highlights a linear dependency between magnetic losses
and measured coercive field, this ensures the use of a transformation
rate through the JMAK model. Consequently, (2) can be adapted to
either losses or coercive field, as (16) shows:

¥ = 20 Puin (16)

P, max P, min

In theory, Y should not depend on magnetic flux density for it only
relies on microstructural characteristics and solely represents the rate
at which quantities evolve but not their magnitude; in fact, as the
transformation rates of coercive field and losses are drawn on Fig. 6, it
is possible to consider, at the very least for the samples used in this
study and at the working induction levels [24], that transformation
rates do not depend on magnetic induction, as the superimposed curves
suggest. From then on, the general Eq. (2), whose coefficients are
identified in each case, is used to draw coercive field evolution with
time on Fig. 7.a and its hysteresis losses counterpart on Fig. 7.b, with
the same set of parameters.

4.2. JMAK approach applied to J-A pinning factor evolution

Fig. 8 summarizes the whole method: firstly, several experimental
hysteresis loops and their susceptibilities serve as inputs. As mentioned
above, J-A parameters are then coarsely identified (IDT) from these
loops, creating a starting point for an optimization routine (OPT).
The latter gives an initial parameter set at f,,, = 0. It has been
mentioned previously that the main parameter related to irreversible
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magnetization is the pinning factor k, the other J-A parameters not
being directly related to this effect. Thereafter, there is no need to re-
identify these parameters from scratch, as ay, ag, ¢, and M, are kept
constant and will not be further optimized during the following time
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Table 2
Initial optimized Jiles-Atherton parameters.
Parameter Value Unit
@ 1.155x 107 -
a, 45.3274 A/m
¢ 0.0612 -
M, 1.475 x 100 A/m
tage= 0 min toge= i min

Experimental loops and susceptibilities: Experimental loops, fixed parameters:

[BH]exp.0 Lx] [BH]exe.¢
: [a, a,c, Mﬂt] OFT.0
ki1
OPT OoPT
| |
[, a,c, ke, Mgy |opr, ee— [er,a, ¢, k, Msat]opr
ko ki 9 k(tage)

Fig. 8. Pinning factor extraction method.

Steps t,,. ;- Their fixed values are reported in Table 2. Hence, only the
pinning factor k will go through the next optimization steps, remaining
the only aging-dependent parameters to tune.

From the aforementioned method, a set of (7,4 ;, k;), where k; are
fitted values through the J-A approach, describing the evolution of the
pinning factor with time is exposed on Fig. 9, then plotted against
experimental coercive field values on Fig. 10. With k being linearly
related to H,, which in turn shares a linear relationship with the trans-
formation rate Y, the variation of the pinning factor should verify the
JMAK approach (see Section 3.B.). From then on, and considering (2),
it is possible to extract the £ and n coefficients, with the latter being
kept constant. Arrhenius parameters for pinning factor description are
then obtained through scatter plot linear regression and their values
are listed in Table 3, to be later reused in drawing either losses or
coercivity evolutions. Hence, as it can be seen on Fig. 9, in addition
to following the same kinetics, pinning factor evolution with time can
be quite accurately modeled, each value computed with (4) rewritten
and injected in (17):

k() = ki + Y(®) (kmax — Komin) a7

The evolution of the pinning factor can therefore be expressed with
the transformation rate. But to better include the temperature role,
adding an Arrhenius layer to the k£ dynamic should attain this goal. The
idea behind this technique is to keep the relative difference between
experimental and simulated hysteresis branches as low as possible to
ensure proper fitting and a good modeling of losses and coercive field.

max

4.3. Multi-scale coupling results

At this point, it is interesting to mention that for the same material,
transformation rates of other quantities can be modeled with the same
Arrhenius coefficients, e.g.: Table 3, as Fig. 11 demonstrates. With the
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Table 3

JMAK (with Arrhenius) expression coefficients.
Toge n Ky (J/mol) ko (571 Q (J/mol)
200 °C 2.2651 4.621x 1078 - -
180 °C 1.3422 3.025 x 107 - -
Arrhenius 1.6205 - 0.4789 26436

JMAK model applied to the evolution of the J-A pinning factor, this
sections aims at replacing the expression of the latter in the J-A model
with (17), resulting in coupled model. Here, the objective is to draw
simulated hysteresis loops as close to their experimental counterparts as
possible, with respect to loop area losses and coercive field values. From
the procedure developed above, initial J-A parameters are identified
and optimized on several experimental loops such as B, € [0.7;1.3] T
and kept constant thereafter (see Table 2), except for the pinning factor
k that follows the JMAK and Arrhenius expression of (17). Experimental
and simulated hysteresis loops for a maximal induction of B, =13 T
are then plotted on Fig. 12, and some magnetic properties are displayed
in Fig. 13.

From Fig. 12, and as Fig. 13 suggests, a rather accurate fitting of
experimental loops, with respect to area losses i.e., hysteresis losses and
coercive field values can be expected, with an overall relative difference
of less than 10%. While discrepancies in coercive field modeling are
more significant, the evolution of monitored magnetic characteristics
seems satisfactory. The J-A pinning factor k(r) evolution, following a
JMAK rule, could therefore model magnetic aging.
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5. Discussion

In the following, the interest of using the J-A model instead of the
standard Steinmetz model already presented in [9] will be discussed.
First and foremost, the choice of model depends on the quantities of
interest. If only coercive field or hysteresis losses are to be monitored,
then the JMAK model alone, directly applied to H, or P, may be
prioritized, as per demonstrated by [9]. However, if knowing the effects
of magnetic aging on other properties is required, such as the form and
width of static hysteresis loops, the presented J-A model, coupled with
the JMAK expression, may be best fitted for this purpose. Moreover,
the use of the J-A model allows to consider the time-evolution of
the magnetic field, which in turns enables to address the dynamic
effects introduced by eddy currents. In practice, these eddy currents
can appear with complex temporal evolutions of the magnetic field,
as it can be the case in rotating electrical machines, for example.
While the proposed method builds itself on arbitrarily-chosen maximal
induction amplitudes, i.e., ranging from 0.7 to 1.3 T, more classical
approaches to hysteresis modeling often consider B-H loops such as
B € [0.5,1.0,1.5] T. Therefore, an extrapolation of the results pre-
sented above is performed on more conventional loops and drawn on
Figs. 14 and 15. Hysteresis losses are reported in Table 4 to explore
the technique’s limits.
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15 T.

As both the figures and the loop areas values show, it is possible to
model hysteresis loops that have not been included in the identification
procedure mentioned above, with a relative error maintained around
10%. Another key point to account for is considering non-isothermal
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Table 4
Experimental and simulated (extrapolated) values of hysteresis losses at T, =200 °C.
Tage Pexp Py Pexp Pom
() J/m?) J/m?) J/m?) J/m3)
B=05T B=05T B=15T B=15T
0 435 496 2497 2491
20 563 582 3127 2774
44 668 673 3594 3289
75 681 698 3658 3379

aging within the 180-200 °C operating temperature range. Arrhenius-
based calculations (4) open perspectives for losses prediction under
complex, non-isothermal heating cycles. Last but not least, even if the
results prove to align quite well with theory, the proposed model is
all but predictive. Although modeling a given sample’s aging from
its initial state is possible, one maximal, end of aging value for any
magnetic characteristic is still needed to perform accurate modeling of
a sample batch.

6. Conclusion

This article shows the applicability of the JMAK approach to
linearly-related magnetic quantities extracted from SST measurements
of non-oriented Fe-2.3 wt% Si M600-65A soft samples. From a non-aged
initial state, it is possible to identify parameters describing hysteresis
behaviors, especially the J-A pinning factor k that translates domain
wall impingement by carbides, leading to increased coercive field and
losses, i.e., magnetic aging. This multi-scale coupling attempt, although
rather basic, seems to accurately model magnetic aging kinetics under
operating temperatures over time. To further enhance the proposed
model, SST characterization will be carried out on samples of which
chemical composition is known; the idea being adding layers and
precision to the approach and further link material characteristics
to magnetic properties and, eventually, being able to predict such a
phenomenon.
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