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A B S T R A C T   

This article deals with the modelling of iron losses due to the magnetic ageing of electrical steels used in energy 
conversion devices. This phenomenon is the consequence of irreversible mechanisms in the material which can 
be triggered by the operating temperature of electrical devices. At first, an experimental study is carried out at 
180◦ C in order to assess the effect of isothermal ageing on electromagnetic properties of a magnetic steel sample. 
The results show that, during the thermal ageing, the hysteresis losses and the coercive field increase. These 
experimental observations, mainly caused by the formation of precipitates at the material microstructural scale, 
are then discussed. Considering the link between the effect of magnetic ageing on macroscopic magnetic 
properties (effect) and the microscopic precipitation (cause), the Johnson – Mehl – Avrami – Kolmogorov (JMAK) 
law describing the kinetics of precipitation was applied to model the time evolution of magnetic ageing. Once 
this approach was validated, it is proposed to integrate the JMAK law in the Steinmetz iron loss model.   

1. Introduction 

In electrical machines, ferromagnetic materials are key components 
for the efficiency and performance of the energy conversion process. 
However, in modern applications, severe operating conditions, such as 
thermal constraints, influence their usage properties and may induce the 
so-called magnetic ageing. Thus, the electrical machine performances 
may be significantly impacted, especially in terms of efficiency. Indeed, 
during the electromechanical conversion, the different sources of losses 
(iron losses, Joule losses) may lead to an overheating of the machine. In 
some applications, the temperature increases significantly, as in the case 
of claw pole alternators where hot spots can reach up to 180 ◦C. Com-
bined with the time factor, this variation of the temperature can activate 
atomic diffusion and precipitation mechanisms that will modify the 
microstructure of the electrical steel. Thus, the macroscopic magnetic 
properties of the material, which are linked to the microstructure 
properties, will change irreversibly. This process is usually defined as 
the magnetic ageing [1–5]. Therefore, to predict accurately the elec-
trical machine performances during their lifetime, it is necessary to 
investigate the magnetic ageing mechanisms, starting by analysing and 

modelling their impact on the electromagnetic properties. 
In the literature, the magnetic ageing is defined as the result of 

microstructural changes; in particular due to the precipitation of second 
phase particles (carbides and / or nitrides [6] and / or sulfurs [7]…) 
which act as inhibiting sites for the domain wall motion during the 
magnetization process by “pinning” the domain walls [8]. As a result, 
coercive force increases as well as the hysteresis losses. Actually, the 
magnetic ageing is governed by the precipitation. 

On the one hand, precipitation is conditioned by different factors 
such as the chemical composition and the operating temperature. For 
example, in the case of carbide precipitation, the presence of silicon 
above 1% by mass content delays and can limit the precipitation of 
carbides [9]. Regarding carbon, its presence above the solubility limit in 
α ferrite facilitates its precipitation. 

On the other hand, the impact of magnetic ageing depends on several 
parameters of the precipitates like their size, their distribution and their 
volume fraction [2,3,5,10]. In particular, it has been reported that the 
effect of precipitates becomes more significant when their average size 
becomes close to the thickness of the domain wall [11]. Also, in [3,5,10], 
based on the Néel’s theory [12] of the coercive force due to inclusions, 
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the evolution of the coercive field is related to the volume fraction of the 
precipitates. Consequently, the evolution of the magnetic properties due 
to the magnetic ageing is directly linked to the kinetics of precipitation 
[4]. 

In the literature, various experimental studies have been carried out 
to help understanding the impact of magnetic ageing on magnetic 
properties [1,4,5,9]. However, researches have been rarely interested in 
modelling the time–temperature effect on the magnetic properties [2,3] 
and even more rarely attempted to use the causal connection between 
microscopic precipitation and macroscopic magnetic properties to pro-
pose a modelling approach of magnetic ageing. 

Based on the relationship between macroscopic magnetic properties 
and microscopic precipitation parameters, it is expectable to develop a 
macroscopic model based on a microscopic model of precipitation ki-
netics to describe the evolution of the macroscopic magnetic properties 
during magnetic ageing, which is the aim of the present study. 

The current study is composed of three sections. In Section 2, the 
experimental effect of an isothermal ageing at 180 ◦C on the magnetic 
properties of one low carbon low silicon steel is presented. Then, the link 
between the impact of magnetic ageing on the magnetic properties 
(coercive field and hysteresis losses) and the precipitation is underlined 
and analysed to better understand the relationship between the micro-
scopic aspects and their macroscopic consequences. This analysis will 
clarify the kinetics and mechanisms of ageing. In Section 3, on the basis 
of this analysis, a first modelling attempt of the kinetics of ageing with 
the Johnson – Mehl – Avrami – Kolmogorov (JMAK) law is proposed. 
And finally, in Section 4, the JMAK law is integrated in the Steinmetz 
iron loss model, commonly used to determine electrical machine losses, 
in order to account for the effect of ageing. 

2. Experimental study 

2.1. Material under study 

The present study was carried out on a sample extracted from a claw 
pole rotor made from SAE1006 steel grade. The corresponding chemical 
composition is presented in Table 1. In fact, by its low silicon content 
and its operating temperature in the machine (up to 180 ◦C) the studied 
material exhibits magnetic ageing [4]. Taking into account the geometry 
and dimensions of the claw pole rotor, parallelepiped samples (27 mm 
× 10 mm × 1 mm) were extracted by Wire Electrical Discharge 
Machining (Wire EDM ) [13]. This cutting process has been chosen 
because of its low impact on the electromagnetic properties [14]. 

2.2. Experimental 

The ageing study was carried out as presented in [4]. After an initial 
magnetic characterization, the sample underwent an isothermal ageing 
treatment at 180 ◦C for a total period of 69 h. At regular intervals during 
the heat treatment, the sample was characterized at room temperature 
to follow the evolution of its magnetic properties, see Fig. 1. 

The magnetic measurements have been realized with a specifically 
developed miniaturized Single Sheet Tester (SST, see Fig. 2) to obtain 
the B(H) magnetic hysteresis loop [13]. The magnetic field H is 
measured using two high precision Hall effect probes located near the 
sample surface while the magnetic flux density B is determined using a 
secondary coil located around the sample. 

B =
1

Ssamp

(
1
n2

∫

v2(t)dt − μ0HSair

)

(1)  

where Ssamp is the cross section of the sample, n2, v2 and Sair are 
respectively the number of turns, the voltage and the cross-section of the 
secondary winding, μ0 the magnetic permeability of the vacuum and H 
the magnetic field estimated at the surface of the sample. The experi-
mental device has been validated by comparison with a standard 
method and has a repeatability of measurements less than 2% [13]. 

The relevant magnetic properties are deduced from the magnetic 
hysteresis B(H) loop presented in Fig. 3. The area of this loop is linked to 
the amount of energy dissipation that takes place during the magneti-
zation process. The specific iron losses Ptot are then calculated from the 
area of the B(H) loop with (Eq (2)). 

Ptot(f ,B) =
f
ρ

∫

Cycle
HdB (2)  

where f is the frequency and ρ is the steel density. In the following, we 
will consider, as a first approach, that iron losses can be decomposed 
into hysteresis Phys and dynamic Pdyn components [15] such as in (Eq 
(3)). Indeed, as reported in a previous study [16], the excess losses are 
negligible in the case of the claw pole material. Consequently, the dy-
namic losses are therefore limited to classical losses induced by 
macroscopic eddy current effects. 

Ptot = Phys +Pdyn (3)  

2.3. Experimental results 

It was shown in a previous work [4] that, in the case of the studied 
material, the electrical conductivity σ, as well as the normal B(H) curve, 
were not significantly impacted by the ageing treatment. Therefore, 
thereafter all the interest will be focused on iron losses. As mentioned 
above (see Eq.3), iron losses have been decomposed into hysteresis Phys 
and dynamic Pdyn components. The aim of this loss decomposition is to 
investigate the effect of ageing on hysteresis and dynamic losses. This 
has been achieved by considering measurements at eight different fre-
quencies, respectively 3, 5, 10, 20, 35, 50, 75 Hz and 100 Hz. The 
hysteresis losses were calculated by extrapolating the specific energy 
Wtot= Ptot/f to zero frequency. The dynamic losses were obtained from 
(Eq. (3)). In Fig. 4, the respective evolutions of hysteresis losses (Fig. 4-a) 
and dynamic losses at 50 Hz (Fig. 4-b), for different ageing times, are 
presented. It is observed that the hysteresis losses are significantly 
affected by the ageing treatment while the dynamic losses remain un-
changed. This result is corroborated by different studies [1–4]. 
Regarding the dynamic losses, these are mainly dependent on the elec-
trical conductivity and magnetic flux density dynamic given by the term 

Table 1 
SAE1006 steel chemical composition.   

Composition (%) 

% C % Si % P % S % Mn 

% weight <0.06% 0.07–0.6% <0.03% 0.05% <0.35%  

Fig. 1. Illustration of the experimental protocol.  
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dB / dt. This latter was verified to remain unchanged with the magnetic 
flux density waveform, which corroborates the results in Fig. 4-b where 
the dynamic losses Pdyn are not prone to ageing. 

To describe and quantify the effect of ageing on the hysteresis losses, 
the ageing index AIhys was calculated: 

AIhys =
(Phys)after − (Phys)before

(Phys)before
(4) 

The ageing index evolution as a function of the ageing time is re-
ported in Fig. 5. It starts to considerably increase after only few hours of 
heat treatment. It reaches 18% after about 25 h of thermal ageing and 
then tends to stabilize. The same behaviour was noted in [4] on other 
samples extracted from different regions of the claw pole rotor and for 
electrical steel laminations in [1–3]. 

According to the results of various studies carried out on FeSi elec-
trical steels in [1-3] and, particularly, on the same type of samples in [4], 
the impact of ageing on the macroscopic magnetic properties is due to 
the development of microscopic precipitates. In fact, the precipitates 
formed during thermal treatment represent additional obstacles which 
hinder the movement of magnetic domain walls during the magnetiza-
tion process. The precipitate / wall interaction gives rise to secondary 
structures known as “closure structures” in order to minimize the 
domain wall energy. In fact, when a domain wall meets a precipitate, a 
closure structure is developed around the precipitate. Then, under the 
pressure of the external magnetic field, the domain wall is released from 
the local pinning site, i.e. the precipitate, with additional energy dissi-
pation. As a result, the losses increase [10]. However, it must be noted 
that the interaction of precipitates with domain walls depends on several 

Fig. 2. Photo and illustration of the miniaturized SST for magnetic characterization.  

Fig. 3. Magnetic hysteresis B(H) loop at 5 Hz, 1.5 T measured by a miniatur-
ized SST. 

Fig. 4. (a) Hysteresis losses and (b) dynamic losses for different periods of ageing treatment at 50 Hz.  

tenailleau
Rectangle 

tenailleau
Rectangle 



Journal of Magnetism and Magnetic Materials 547 (2022) 168901

4

parameters; as a matter of fact, their effect is much more related to their 
size, volume fraction and number rather than to their nature [11]. 

As a consequence of this causal connection, the kinetics of ageing are 
linked to that of precipitation marked by three kinetic phases: nucle-
ation, growth and coarsening. Therefore, the kinetics of ageing can be 
controlled by one or more of the relevant physical parameters describing 
these precipitates (their crystallography; their morphology; their 
chemical composition; their size distribution; their volume fraction; 
their number density and / or their magnetic character [6]). According 
to the literature the volume fraction and the size of the precipitates have 
predominant effects on the magnetic properties [2,3,5,10]. Indeed, on 
the one hand, it has been reported that the precipitates whose size is 
close to the thickness of the domain wall exhibit the greatest pinning 
effect hindering the displacement of the domain walls [10]. On the other 
hand, based on the inclusion theory of Louis Néel, the increase of the 
coercive field, which is an intrinsic property of the material (pointed out 
in Fig. 3), is proportional to the volume fraction Fv of the precipitates 
[3,5]. For that reason, this study investigated also the impact of mag-
netic ageing on the coercive field. Its evolution as a function of the 
ageing time presented in Fig. 6, for 1 T magnetic induction level at 1 Hz, 
is similar to the calculated ageing index one. It starts to considerably 
increase after only few hours of ageing. It increases by about 12% in less 
than 20 h of thermal ageing and then tends to stabilize with a variation 
of about ± 2.5%. The origin of this variability is partly due to the 
repeatability of the measuring equipment (coefficient of variation 

~1.2%) and partly linked to heterogeneities in the materials like re-
sidual stresses [11] or dislocations, that may lead to variability, along 
with the ageing, in the coercive field Hc from one measurement to the 
other. 

Based on this link between macroscopic magnetic properties and 
microscopic precipitation parameters, it is then possible to develop a 
model based on precipitation kinetics to describe the evolution of 
magnetic properties during ageing treatment. 

3. Modelling of magnetic ageing 

3.1. JMAK model 

3.1.1. Precipitation kinetics model 
Many efforts have been devoted to the modelling of precipitation 

kinetics in metallic alloys. Several modelling approaches have been 
developed in the literature at different scales: at the atomic (or nano-
scopic) scale with numerical methods based on statistical physics, in 
particular Monte Carlo simulations [17], at the mesoscopic scale with 
the phase field theory [18] and at the microscopic scale [19-21]. Nano- 
and mesoscopic models are difficult to develop, in particular nanoscopic 
models because they require detailed knowledge of the interaction po-
tentials between the different atoms that are involved in the precipita-
tion process. For this reason, the microscopic models are considered as 
the most relevant scale for the present study. These models rely on 
equations established for the three precipitation kinetic stages. These 
equations are drawn from the classical theory of nucleation and the 
resolution of the diffusion equation (Fick’s law) while accounting for the 
effects of interfaces (Gibbs-Thomson) during the growth and coarsening 
stages. They can be combined or solved numerically to give the evolu-
tion of the average characteristics of precipitation (average radius, 
volume fraction and density of precipitates). As a result, such models are 
meant to predict the precipitation kinetics as a whole. They include:  

(i) the JMAK model (Johnson-Mehl-Avrami-Kolgomorov) which 
only describes the evolution of the volume fraction as a function 
of time [19].  

(ii) the mean field model which describes the evolution of the volume 
fraction, the mean radius and the number of precipitates [20].  

(iii) the class model: in addition to the characteristics described by the 
mean-field model, the class model enables to determine the 
evolution of the distribution of precipitate size [21]. 

For the present study, and as a first approach, the JMAK model is 
chosen thanks to its ease of identification and limited number of 
required experimental data. 

3.1.2. JMAK model 
The JMAK model is a phenomenological model widely used to 

describe the kinetics of different physical phenomena, such as precipi-
tation, phase transformation and recrystallization [22-24]. Generally, 
this model is employed to describe and quantify the phenomena based 
on the nucleation-growth process without considering coarsening. The 
JMAK model is established under isothermal conditions and assumes 
homogeneous nucleation. It does not consider grain size or even texture. 
Nucleation is randomly distributed in volume. It is based on the 
analytical equation given by: 

Y(t) = 1 − e(− (Kt)n
) (5)  

where Y(t) is the rate of transformation. This rate corresponds to the 
ratio between the volume fraction of the precipitates at a given time t 
(Fv(t)) divided by the maximum volume fraction reached at equilibrium. 
The other parameters are n the Avrami index, which varies from ~1 to 4 
and depends on the nucleation nature (homogeneous or heterogeneous) 
and precipitate morphology, and K the constant rate (in s− 1) [25]. This 

Fig. 5. Evolution as a function of the ageing time of the ageing index of the 
hysteresis losses (1 Hz, 1 T). 

Fig. 6. Coercive field evolution as a function of thermal ageing at 180 ◦C and 
for 1 T induction level. The secondary axis gives the rate of transformation of 
the experimental coercive field. 
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latter depends on the number of nucleation sites and the growth rate, 
which itself is a function of the temperature. This parameter is expected 
to follow an Arrhenius law and is influenced by the diffusion coefficient. 

3.2. Modelling approach of the ageing kinetic using the JMAK model 

3.2.1. Application of JMAK model to the coercive field  

• Model formulation 

The present approach is based on inclusion theory of Néel [10] which 
establishes the proportionality between the coercive field and the vol-
ume fraction. Given this, the rate of transformation (the rate of variation 
of the coercive field due to magnetic ageing YHc ) is defined as: 

YHc (t) =
Hc(t) − Hcmin

Hcmax − Hcmin
(6)  

where Hc(t) is the coercive field at a given ageing time t, Hcmax is the 
maximum value reached by the coercive field at the saturation of 
magnetic ageing and Hcmin is the minimum value of the coercive field 
measured before ageing. Considering that the rate YHc is supposed to 
follow a JMAK law, (Eq (7)) is deduced from (Eq (5)) with the addition 
of the index Hc to its parameters. 

YHc (t) = 1 − e(− (KHc t)nHc ) (7)    

• Identification of the model parameters 

In order to identify the parameters (KHc , nHc ), the experimental 
measurements of the coercive field evolution at 1 T induction level Hc1T, 
as illustrated in Fig. 6, were used. First, by applying (Eq (6)), the 
experimental data were converted into the rate of transformation YHc exp 

(Eq (7)) shown in Fig. 6 with the secondary axis. Once YHc exp is calcu-
lated, the JMAK parameters (KHc , nHc ) are identified through a numerical 
fitting. In the present case, the obtained values, from the coercive field 
data at 1 T, are KHc = 1.617 × 10− 5 s− 1 and nHc = 1.016. These values 
are comparable to those given in the literature relating to the precipi-
tation of carbides in steels and according to which the values of n range 
from 1.0 to 1.5 for spherical and needle- or platelet-shaped carbide 
particles [26].  

• Model validation 

Finally, using these parameters in equation (Eq (8)), the modelled 
coercive field evolution Hcmod(t) can be calculated. 

Hcmod(t) =
(

1 − e(− (KHc t)nHc )
)

ΔHc + Hcmin (8)  

where Hcmin, ΔHc = Hcmax − Hcmin are determined experimentally (see 
Fig. 6). 

To check the ability of the model to predict coercive field at different 
induction levels, it was applied at 0.5 T, 1 T and 1.4 T. The evolution of 
the coercive field Hcmod(t) obtained from the JMAK model, compared 
with the experimental data, is presented in Fig. 7. As it can be seen, the 
experimental coercive field Hc follows the prediction of the JMAK law of 
which parameters (KHc , nHc ) were identified from the data at 1 T. This 
result emphasizes the ability of the JMAK model to represent the coer-
cive field evolution and, consequently, the iron loss evolution that is 
detailed in the next subsection. 

3.2.2. Application of JMAK model to the hysteresis losses  

• Proportionality between the coercive field and the hysteresis losses 

First, and according to experimental results, the hysteresis losses 

were plotted as a function of the coercive field in Fig. 8, showing a linear 
proportionality between both physical quantities. This result can also be 
sustained by relying on literature studies in [27,28], which indirectly 
demonstrate a proportionality, on the one hand, between the hysteresis 
losses and the grain size and, on the other hand, between the grain size 
and the coercive field.  

• Application of JMAK model to the hysteresis losses 

On the basis of the proportional links between the hysteresis losses 
Phys and the coercive field Hc and between the coercive field and the 
volume fraction, two approaches can be distinguished to apply the 
JMAK law to the hysteresis losses and estimate their evolution as a 
function of the ageing time. The first approach consists in using the 
JMAK parameters identified previously for the coercive field data to 
assess the hysteresis losses as given by (Eq (9)). 

Physmod(t) =
(

1 − e(− (KHc t)nHc )
)

ΔPhys + Physmin (9)  

where: ΔPhys = Physmax − Physmin, Physmax and Physmin are respectively the 
maximum value reached by the hysteresis losses due to magnetic ageing 
and the initial value of the hysteresis losses measured before ageing 
treatment. 

Fig. 7. Comparison between modelled coercive field and experimental 
measurements. 

Fig. 8. Linear proportionality between the coercive field and the hysteresis 
losses (1 Hz, 1 T). 
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The second approach is the application of the same procedure of 
parameter identification as detailed previously in section II.2.1. The new 
JMAK parameters (KP = 1.758 × 10− 5 s− 1 and nP = 0.9173) are then 
obtained by using the transformation rate of hysteresis losses YPhys 

calculated from (Eq (10)). 

YPhys (t) =
Phys(t) − Physmin
Physmax − Physmin

= 1 − e(− (KPt)nP ) (10) 

In Fig. 9 the modelled hysteresis losses were compared with the 
experimental measurements. The blue and black curves correspond to 
the modelled hysteresis losses considering, respectively, the parameters 
(K, n)= (KHc , nHc ) and (K, n)= (KP, nP). It can be observed that both re-
sults are quite close. Thus, the JMAK parameters identified from the 
coercive field data could be directly used to estimate the hysteresis 
losses, verifying also the assumption of proportionality between both 
physical quantities. Thereafter, the parameters identified from the co-
ercive field data will be used because these rely directly on the Néel’s 
theory. However, from a practical point of view, it is certainly easier to 
identify the JMAK parameters from the iron losses data, which allow to 
simplify the approach by not going through the determination of the 
coercive field. 

Based on the presented results, it can be deduced that the proposed 
JMAK approach is a predictive model that, nevertheless, requires the 
foreknowledge of Physmin and ΔPhys or HCmin and ΔHC which have to be 
determined by an experimental ageing treatment. 

4. Integration of the JMAK law into the Steinmetz loss model 

4.1. Steinmetz loss model 

It has been shown in the previous section that we were able to model 
the evolution of the hysteresis losses due to magnetic ageing from the 
JMAK model for a given magnitude of B = 1 T. To extend this possibility 
for any magnitude level Bmax, the Steinmetz model [29] as given by the 
equation (Eq (11)) was considered. 

Phys = ChysfBα
max (11)  

where Chys and α are parameters depending on the material. To find out 
which of these two parameters is the most influenced by the magnetic 
ageing, the experimental measurements were used to extract the model 
parameters (Chys, α), for each ageing time t, using a fitting procedure. 
Remarkably, only a slight variation of about 3% was observed on the 
evolution of the parameter α with the ageing time and, consequently, it 

was considered as a constant (α = 1.55). On the contrary, the parameter 
Chys, which is directly linked to the hysteresis losses, varies significantly 
along with the ageing treatment. Its evolution, given in Fig. 10, is similar 
to that of the ageing index (Fig. 5). 

4.2. Application of the JMAK model to the parameter Chys 

As the hysteresis loss coefficient Chys is proportional to the hysteresis 
losses, it is also proportional to the volume fraction of the precipitates Fv. 
Consequently, the parameter Chys can follow a JMAK law and can be 
written as in (Eq (12)). 

Chys =
(
1 − e(− (Kt)n)

)
ΔChys + Chysmin (12)  

where ΔChys = Chysmax − Chysmin, Chysmax and Chysmin are respectively the 
maximum value reached by the hysteresis loss coefficient due to mag-
netic ageing and the initial value of the hysteresis loss coefficient 
measured before ageing treatment. 

Determining the evolution of the Chys coefficient from the JMAK 
model is an important asset as it allows to directly determine the hys-
teresis losses. Thus, by applying the Steinmetz model (Eq (11)) with α =
1.55 and the Chys previously calculated from (Eq (12)) using the pa-
rameters (KHc , nHc ), the evolution of the hysteresis losses as a function of 
the ageing time could be estimated at different frequencies and induc-
tion levels. In Fig. 11 the hysteresis losses given by the JMAK model are 
compared to those calculated experimentally (at 1 Hz frequency and 0.5 
T, 1 T and 1.4 T induction levels). 

According to the presented results, first a slight dispersion is 
observed on the experimental data. As discussed previously, this 
dispersion could have an experimental origin due to measurement er-
rors. a numerical origin regarding the loss separation process or a 
physical origin due to heterogeneities in the material. Second, it was 
observed that the model underestimates the experimental data in 
Fig. 11.b and Fig. 11.c. This is mainly due to the Steinmetz model that 
does not fit the experimental data with the same accuracy over the 
whole range of induction levels. Given these considerations, the deter-
mination of the minimal and maximal values of the hysteresis loss co-
efficient in (Eq (12)) for a given level of induction level, can lead to some 
discrepancies for other levels of induction. In fact, each curve would be 
better fitted by a set of Physmin, Physmax specific to each induction level. 
But, as a first approach, the proposed procedure consists in considering 
only one set of parameters Chysmin, Chysmax for all the values of the 
magnetic induction B. Hence a greater dispersion is observed in the 
domains of induction level where the Steinmetz model is less accurate. 

However, the global evolution of the estimated hysteresis losses by 

Fig. 9. Comparison between modelled hysteresis losses and experimental 
measurements (1 Hz, 1 T). 

Fig. 10. Evolution of Steinmetz model parameter Chys (in W.s.T− α / kg) along 
with the ageing treatment. 
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the JMAK model at different induction levels, under isothermal ageing 
conditions, remains in good agreement with the evolution of experi-
mental measurements. Thus, by means of the proposed JMAK approach, 
the influence of magnetic ageing can be easily taken into account in the 
iron loss model. 

4.3. Limitations of the model 

At this stage of development, the proposed modelling approach re-
quires prior determination of two constants Chysmin and Chysmax which 
have to be determined by a full experimental ageing treatment. More-
over, this model only considers the effect of the volume fraction of 
precipitates. It is however known that the size of precipitates may also 
alter the magnetic properties, in particular when their size is close to the 
thickness of domain walls. Depending on the thermal history, pre-
cipitates with various sizes may form. This physical mechanism is not 
accounted for by the current model. Also, in practice the operating 
conditions of electrical machines are not necessarily isothermal, 
requiring then to be able to account for temperature variations during 
ageing. However, considering the promising presented results, and by 
using the extension of the JMAK model proposed in [30], this first 
approach could be extended to non-isothermal conditions in order to 
build a generic and robust model. The parameter identification of the 
latter (non-isothermal model) may be realized by additional tests of 
accelerated ageing at higher temperature. Nevertheless, careful atten-
tion must be given to the considered temperature levels as other 

microstructural mechanisms, not related to magnetic ageing, may be 
triggered at higher temperatures. Such study requires additional 
microstructural characterizations and analyses to identify the tempera-
ture range where exclusively magnetic ageing occurs. 

5. Conclusion 

Magnetic ageing is the consequence of microscopic mechanisms 
related to the diffusion and precipitation of second phase particles. Their 
kinetics depend on microstructural parameters such as the size and 
volume fraction of the precipitates. From that link between the kinetics 
of precipitation and the ageing effect on macroscopic magnetic prop-
erties, a preliminary modelling approach of the kinetics of ageing, in 
isothermal conditions, based on the JMAK law was evaluated. The 
application of the JMAK model to the evolution with ageing time of the 
main physical quantity influenced by the precipitates, i.e. the coercive 
field, showed very satisfactory results. Then, considering the direct link 
between the coercive field and the hysteresis losses that are of interest in 
energy conversion devices, it was proposed to integrate the proposed 
modelling approach into the Steinmetz loss model via the hysteresis loss 
coefficient Chys. This approach enabled to predict the influence of 
magnetic ageing on iron losses under isothermal conditions. However, 
further developments are required to predict accurately iron losses in 
real conditions, especially under non-isothermal configurations. But, 
this preliminary study clearly proves the feasibility of developing a 
multi-scale model including precipitation kinetics in the determination 

Fig. 11. Comparison between the hysteresis losses Phys (1 Hz) determined from the experimental measurements and those calculated from the coefficient Chys 
determined by the JMAK model at three induction levels (a) 0.5 T, (b) 1 T and (c) 1.4 T. 
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of iron losses in electrical machines due to magnetic ageing. 
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