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ABSTRACT

This paper deals with the temperature-dependent modelling of iron losses in the context of magnetic ageing of
electricals steel used in high power electrical machines. First, two electrical steel sheet grades were heat treated
at three temperatures in order to study the ageing effect evolution as a function of temperature. Results show a
significant increase in iron losses for both steel grades. Then, considering the link between the macroscopic mag-
netic properties evolution (effect) and the microscopic precipitation (cause), the Johnson — Mehl — Avrami — Kol-
mogorov (JMAK) law describing the kinetics of precipitation was applied to model the time evolution of mag-
netic ageing. By coupling this model with the Arrhenius’ law, a model is developed to be able to predict the age-
ing for several temperature levels.

1. Introduction

The ageing effect is the consequence of irreversible processes in the
material, which usually correspond to the formation of precipitates at
the material microstructural scale. Magnetic ageing can be triggered
right from the manufacturing process of electrical machines (if heat
treatments are carried out) or later in-use depending on the operating
temperature of the machine. This phenomenon influences the magnetic
material usage properties at the macroscopic scale and consequently
may significantly impact the electrical machine performances, espe-
cially in terms of energy efficiency.

In the literature, various experimental studies have been carried out
to help understanding the impact of magnetic ageing on magnetic prop-
erties [1-3]. However, these works have been rarely interested in mod-
elling the time-temperature effect on the magnetic properties. Indeed,
the influence of magnetic ageing on magnetic properties depends on
several parameters related to the precipitates (volume fraction, size,
distribution, ...) [1-3]. According to Néel’s theory [4], in the first or-
der, the evolution of the coercive field is directly related to the volume
fraction of the precipitates. In [5], a model based on the Johnson — Mehl
— Avrami — Kolmogorov (JMAK) law describing the kinetics of precipi-
tation, which is directly linked to the volume fraction of precipitates,
has been proposed to account for the effect of ageing on the losses un-
der isothermal conditions. As the coercive field is linked to the iron
losses [6], the JMAK model was employed to directly represent the
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magnetic ageing, in terms of iron losses, in direct link with the volume
fraction of precipitates.

However, in the electrical machines the temperature is usually inho-
mogeneous and varies with the manufacturing processes and the oper-
ating conditions. Indeed, during the manufacturing processes of high-
power electrical machines, electrical steels can be subjected to tempera-
tures above 160 °C over periods of dozens of hours (impregnation
process and shrink-fitting for instance). Even smaller-sized electrical
machines can be subjected to significant temperatures whether in the
context of automotive, up to 150 °C for traction motors [7] and up to
180 °C for claw pole alternators [8], or in severe operating condition
environments such as in aerospace turbines where temperatures of
about 350 °C and above are observed [9].

Consequently, the model should be applicable for temperatures in
industrial operating conditions along with the consideration of temper-
ature variations during operation. Therefore, in this paper, we propose
to extend the ability of the model introduced in [5] to predict, with a
temperature-dependent model, the ageing effect for several tempera-
ture levels.

The modelling approach presented in [5] allows to model the mag-
netic ageing for a given temperature after having carried out the ageing
measurements. However, it is not a temperature-dependent model as it
does not explicitly depend on the temperature and the obtained para-
meters are valid only for the considered temperature. The objective of
this paper is therefore, from a limited number of isothermal ageing
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measurements at different temperatures, to combine the JMAK model
with the Arrhenius’ law in order to propose a temperature-dependent
model allowing to model the ageing effect over a defined range of tem-
peratures. This model would be directly applicable, as a first approach,
for non-isothermal temperature profiles observed in some manufactur-
ing processes or operating conditions of electrical machines.

First, the experimental protocol to assess the magnetic ageing of two
electrical steel grades at three temperatures is presented. Then, the ex-
perimental results are summarized in terms of magnetization and iron
losses for the considered ageing temperatures. Finally, after presenting
the JMAK model with the inclusion of the Arrhenius’ law to account for
the temperature-dependent model, this one is applied to the studied
electrical steel grades. The results are finally discussed along with the
limitations of the proposed model.

2. Experimental methodology

This work was carried out on two FeSi (Si-3 %) electrical steel
grades with 0.65 mm nominal thickness, M400-65A and M600-65A,
which are commonly used in magnetic cores of high-power electrical
machines, especially for large alternators. The samples are cut by Wire
Electrical Discharge Machining (WEDM) to limit the cutting effect on
magnetic properties. The final dimensions are
300 mm x 20 mm X 0.65 mm. Moreover, they were not coated and
all the measurements were performed in the rolling direction.

The experimental protocol, similar to the one presented in [5], is il-
lustrated in Fig. 1. For each ageing temperature, the sample is subjected
to a heat treatment cycle consisting of multiples heating steps regularly
interrupted by an air-cooling step to carry out the magnetic characteri-
zation at room temperature. Each heating step has a duration varying
between 3 h and 15 h depending on the ageing temperature (the
higher the temperature, the shorter this duration is). Since the phases of
temperature change (ascent, descent) are significantly shorter than the
heating time, Fig. 1, the hypothesis is made that these have no influence
on magnetic ageing.

Three ageing temperatures are considered: 160 °C, 180 °C and
200 °C for total ageing times ranging from a hundred hours to more
than two hundred hours. As the JMAK model is based on the first-order
Néel’s theory [4] which assumes that there is no change in the phase of
formation of precipitates, the three studied temperatures are close
enough to limit this risk of phase change while considering representa-
tive temperatures of the industrial context. According to the framework
of the study, the choice is made to carry out magnetic measurements
rather than an exhaustive study of the nature of the precipitates.

The magnetic measurements are performed with a Single Sheet
Tester, associated to the MPG200D equipment from Brockhaus Mea-
surements, in accordance with the standard IEC 60404-3. The normal
magnetization curves and the iron losses were measured at 50 Hz under
sinusoidal magnetic flux density for peak values varying from 0.1 to
1.6T.
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Fig.1. Experimental protocol.

The quantification of the ageing effect on both magnetic characteris-
tics is determined as a relative evolution (also called ageing index) to
the reference (non-aged) properties. This relative evolution is calcu-
lated with AP/P0 (%) for the iron losses and with AH/HO(%) for the
magnetic field required to reach a given magnetic flux density. PO (resp.
HO) represents the reference iron losses (resp. magnetic field) measured
before heat treatment and AP (resp. AH) the difference between the
iron losses P (resp. magnetic field H) at a given ageing time and the ref-
erence value PO (resp. HO).

In the following, for the sake of synthesis, the analysis of magnetic
properties evolution with ageing is presented for 1.5 T. Besides, this
magnetic flux density level corresponds more or less to the practical op-
erating point in the magnetic core of electrical machines. However,
even if the final ageing index varies as a function of the magnetic flux
density, we observe that the ageing kinetics remains similar.

3. Experimental results

For both grades, and each ageing temperature, the experimental re-
sults are given for the magnetic field ageing index in Fig. 2 and Fig. 3,
and for the iron loss ageing index in Fig. 4 and Fig. 5.

First, we can see that the ageing impacts significantly the magnetic
field H required to reach 1.5 T (although we are close to magnetic satu-
ration). This field increases with time as well as with the ageing temper-
ature. Even if both studied electrical steel grades show significant age-
ing indexes, the M400-65A sample (see Fig. 3) is more impacted by the
heat treatment than the M600-65A sample (see Fig. 2). Conclusions
about iron losses are similar and more significant as we can see in Fig. 4
and Fig. 5. Additionally, the following points should be emphasized.
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Fig. 2. Relative magnetic field evolution- M600-65A, B = 1.5 T, 50 Hz —
HO = 504 A/m.
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Fig. 3. Relative magnetic field evolution- M400-65A, B = 1.5 T, 50 Hz —
HO = 580 A/m.
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Fig. 4. Relative iron losses evolution- M600-65A, B = 1.5 T, 50 Hz -
PO = 5.00 W/kg.
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Fig. 5. Relative iron losses evolution- M400-65A, B = 1.5 T, 50 Hz —
PO = 3.26 W/kg.

First, the evolution of H at B = 1.5 T and the corresponding iron losses
are qualitatively both evolving with the same kinetics. This evolution,
Fig. 2, is usually reported for the iron losses but rarely mentioned in the
case of the magnetic field. In addition, especially for the M400-65A
grade, Fig. 3 and Fig. 5, the magnetic field and iron loss evolutions at
160 °C do not seem to have the same asymptotic value as for the tem-
peratures at 200 °C and 180 °C. This was already observed by Ray et al.
[10] who attributed this effect to less stable precipitates forming at low
temperatures. These metastable precipitates may evolve after a longer
heating time into stable precipitates, leading to a second increase of the
ageing index. The iron loss asymptotic level will be then comparable to
the one obtained with higher temperatures. Finally, at 1.5 T — 50 Hz,
the ratio between the iron losses of the M400-65A and the M600-65A
grades before ageing treatment is of 0.65. At the end of the ageing treat-
ment at 200 °C (asymptote reached), this ratio increases approximately
to 0.75. Therefore, it is not constant with the heating treatment and this
seems to indicate that the grade M400-65A is more sensitive to ageing,
which is consistent with the observed results.

From the results on iron losses, the objective is now to model their
evolution as a function of time and temperature.

4. Modelling of magnetic ageing
4.1. JMAK model

The JMAK (Johnson-Mehl-Avrami-Kolgomorov) model is a phenom-
enological model widely used to describe the kinetics of different physi-
cal phenomena such as precipitation, phase transformation and recrys-
tallization [11-13]. Applied to magnetic ageing, it can describe the evo-
lution of the volume fraction of precipitates as a function of time. This
model considers isothermal conditions and homogeneous nucleation.
This implies staying in the same kinetics of precipitate formation which
seems to be the case for the M600-65A grade but not for the M400-65A

grade at 160 °C when compared to 180 °C and 200 °C. The analytical
expression of the model is given in Eq. (1).

Y () = 1 —60") (@]

The term Y (¢) is the rate of transformation. This rate represents the
ratio of the volume fraction Fv (¢) of the precipitates at a given time t to
the maximum volume fraction FVy.x reached at equilibrium. The para-
meter n represents the Avrami index (1<n<4) that depends on the nucle-
ation nature (homogeneous or heterogeneous) and precipitate mor-
phology. The parameter f is a frequency factor (s — 1) [14].

As detailed in [5], the JMAK model can be also applied to the iron
loss evolution with ageing by considering, on the one hand, the propor-
tionality between volume fraction and coercivity [4] and, on the other
hand, the proportionality between coercivity and iron losses [6]. The
associated rate of transformation Y, is given in Eq. (2).
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5. Model identification

In [14] the parameter ” is described as not temperature dependent
if the nature of the precipitates remains unchanged. According to the
experimental results, the M600-65A grade tends to respect this hypoth-
esis for the three considered temperatures, Fig. 4, unlike for the M400-
65A, Fig. 5, where the kinetics of precipitation seem to differ at 160 °C.
Thus, based on the literature, the Avrami index n, is considered con-
stant ”p = "0 and the parameter k,, is temperature dependent. These pa-
rameters are identified for each temperature, Table 1. The choice is
made to also present the results for the M400-65A grade, although it is
outside the model hypotheses, to see how the latter behaves.

Regarding the frequency factor k,, this latter decreases significantly
with the ageing temperature (see Table 1). Indeed, this parameter is ex-
pected to be temperature dependent [14]. The comparisons, for both
grades, between the experimental measurements and the model are
given in Fig. 6 and Fig. 7. Results show good agreement, even for the
M400-65A grade.

Table 1
JMAK parameters for both studied electrical steel grades.

Ageing @160 °C Ageing @180 °C Ageing @200 °C
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Fig. 6. JMAK model fitting and experimental measurement M600-65A, 1.5 T,
50 Hz.
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Fig. 7. JMAK model fitting and experimental measurement M400-65A, 1.5 T,
50 Hz.

The next step in the modelling phase is to couple the JMAK model
with the Arrhenius’ law to obtain the analytical expression of the iron
losses as a function of time and temperature. This coupling is made
through the parameter k,, defined in Eq. (2) using its values at the three
ageing temperatures T;, T, and T; to identify the Arrhenius’ law given
in Eq. (3). In this equation £, is a constant (in s ~ 1), E is the activation
energy (in J) of the transformation (precipitation) and 4 is the Boltz-
mann constant (1.38 x 10~23 J/K).

o [Ee () =k0e(’ﬁ>
kp(T) = koe(_m) kp (1) = k0e<_ﬁ) 3

kp (T3) = ke _km)

The parameters k, and E are identified by linear regression after the
transformation of Eq. (3) into the form In (kp) =f(1/T). The obtained
values are summarized in Table 2 where E,, is the molar activation en-
ergy. Considering that the carbon theoretical diffusion energy in pure
iron is about 80 kJ/mole [15] and that the studied electrical steels are
not pure iron, the obtained order of magnitude is consistent with what
is expected. In addition, the obtained energy of activation is lower for
the grade M400-65A that showed the more pronounced ageing together
with a higher rate of transformation observed at low ageing tempera-
tures in comparison with the grade M600-65A. However, it is necessary
to remain cautious about the obtained parameters for the grade M400-
65A because, as mentioned previously, measurements show a different
behaviour at 160 °C, probably due to a different precipitate nature.

Finally, by combining Eq. (2) and Eq. (3), it is possible to plot the
transformation rate of iron losses for several durations and temperature
levels, as shown in Fig. 8 for the M600-65A grade that satisfies the
model assumptions. Very satisfactory results are obtained with this
model that is able to represent the evolution of the transformation rate
as a function of temperature. However, it should be noted that the iden-
tified model is only valid for temperatures for which the mode of pre-
cipitates formation is the same as that associated with temperature
ranging from 160 °C to 200 °C.

Moreover, an analytical expression of the iron losses, as a function
of temperature and time, can be derived from the previous considera-

Table 2
Arrhenius’ law parameters.
M600-65A M400-65A
ky(s™h) 13.43 107.2

E,,(kJ/mole) 55 26
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Fig. 8. Application of JMAK model coupled to Arrhenius' law for several tem-
perature levels.

tions, as given in Eq. (4). The evolution of iron losses for several dura-
tions and temperature levels can therefore be known if the values of
Prax and Py are known. This presents a very interesting first step to-
wards the modelling of the ageing of electrical steels under non-
isothermal operating conditions.

np

P(t,T) = (Pnax — Pnin) [ 1 —e + Pin (€)]

6. Conclusions

In this study, the magnetic ageing of two electrical steel sheet grades
(M400-65A and M600-65A) was treated at three temperatures: 160 °C,
180 °C and 200 °C. The observed magnetic ageing effect appears clearly
for both grades although it is more significant for M400-65A grade. The
behaviour is similar to those noted in previous researches except for the
magnetic field magnitude, which shows a significant increase as a con-
sequence of the magnetic ageing. In addition, the ageing effect always
increases with the increase of the ageing temperature. Based on these
experimental results, the Johnson — Mehl — Avrami — Kolmogorov
(JMAK) law was applied to model the magnetic ageing effect on the
iron losses for the three temperatures. Then, by coupling this model
with the Arrhenius’ law to describe the temperature-dependent para-
meter (frequency factor), an analytical expression of the losses as a
function of time and temperature was deduced. The model shows also
the ability to predict the ageing effect for any temperature within the
range of temperatures used for its identification. However, for the
M400-65A grade, the nature of precipitate formation seems to be differ-
ent between the ageing temperature at 160 °C and the ones at 180 °C
and 200 °C. This implies to be careful about the physical interpretation
of the obtained model parameters. Therefore, concerning the M600-
65A, the main perspectives are to apply and validate this model for non-
isothermal temperature profiles and to include directly this model into
an iron loss model (especially for hysteresis losses as in [5]). Modelling
of the ageing effect on the normal magnetization curve must also be
also addressed. Then, for the M400-65A grade, to the extent that it does
not seem to be in the same kinetics mode at 160 °C, on the one hand,
and at 180 °C and 200 °C, on the other hand, these results clearly high-
light the importance of characterizing the precipitation state as a func-
tion of temperature. This latter aspect is the objective of a future work
as well as the study of the link between the chemical composition, tem-



perature and kinetics of precipitate formation (precipitates size, distrib-
ution, ...).
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