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Abstract 

In this paper, the magnetic ageing of a bulk forged non-annealed magnetic core, used 

in claw pole synchronous machine, is investigated. The study is carried out by characterizing 

the material properties of two groups of samples subjected to a thermal ageing at 180 °C that 

corresponds to the maximum operating temperature of the claw pole rotor. The investigated 

characteristics are the electrical conductivity, the magnetic properties, the material 

microstructure and the Vickers hardness. They were characterized along with the ageing time. 

The results show that, during the thermal ageing, the hysteresis losses and the Vickers hardness 

have been affected by the magnetic ageing, whereas the electric conductivity and the normal 

B-H curve have not been modified. The microstructure analyses showed that carbides 

precipitates were the main cause behind the magnetic ageing. Moreover, the comparison 

between the results of two groups of samples revealed the possibility that the magnetic ageing 

of the material could have started during the manufacturing process of the magnetic core. 

Keywords: Magnetic ageing; magnetic losses; precipitation; bulk low carbon silicon steel 

1. Introduction 

In electrical machines, ferromagnetic materials are at the heart of electrical energy 

conversion. Their operating temperature influences their behavior and could affect the 

performance of the machine. In fact, during the electromechanical energy conversion, the 

different sources of losses (iron losses, Joule losses) may lead to a significant heating of the 

machine. The claw pole machine used in the automotive industry is one of these devices that 

involve high power density in a relatively small volume. For some operating points, the 

temperature can reach relatively high levels in the claw pole rotor, made from forged magnetic 
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steel, where thermal hot spots reach up to 180 °C [1]. This increase in temperature combined 

with the time factor could activate atomic diffusion and precipitation mechanisms modifying 

the microstructure of steel. Thus, the electromagnetic properties of the material will change 

irreversibly due to a so-called magnetic ageing. Unfortunately, those changes could be 

deleterious on the machine energy efficiency. 

According to the literature, magnetic ageing is the result of microstructural changes, 

especially the precipitation and coalescence, mainly at dislocations, of second phase particles 

(carbides and / or nitrides) [2]–[6]. These precipitates act as pinning sites for the magnetic 

domain walls during the magnetization process [2]. Particularly, precipitates whose size is 

close to the domain walls thickness, have the strongest effect [5], [7]. As a result, the coercive 

force and the hysteresis losses increase [3], [4], [8]. 

Different parameters influence the kinetic of the magnetic ageing such as the material 

chemical composition [4], [6], [7], [9], the ageing time and temperature [10]. In the case of 

carbides precipitation, there is no ageing if the carbon presence is below its solubility limit. 

Moreover, the silicon acts as a very effective inhibitor of magnetic ageing [11]. Its presence in 

amounts greater than about 1 𝑤𝑡% delays carbides precipitation [4], [8] and in amounts of 

about 3 𝑤𝑡% or more will restrict magnetic ageing of the material.  

The investigation on magnetic ageing listed above deals with semi-processed or fully-

processed annealed electrical steel sheets. This paper focuses on a full processed non annealed 

bulk magnetic core having a composition (very low silicon content) and a manufacturing 

process (hot and cold forging) that strongly differ from those of conventional electrical steels. 

To our best knowledge, it is the first study dealing with the magnetic ageing of such magnetic 

steel. The frame of this study relies on two main aspects. Firstly, the investigated material is a 

low carbon, low silicon steel that has to work under high operating temperatures (180 °C). So, 

according to the state of the art, its magnetic ageing is an issue that deserves special attention. 

Secondly, the material underwent several mechanical and thermal constraints during its 

manufacturing process, especially during the hot and cold forging steps. Considering that the 

magnetic piece (claw pole rotor) is not annealed during the industrial manufacturing process, 

it is expected to have a high density of dislocations where the nucleation of precipitates is more 

likely to occur [6].  

The present work investigates the magnetic ageing of full processed non annealed bulk 

magnetic material extracted from a claw pole rotor. The characterization method and the 

experimental protocol have been defined in accordance with the actual operating conditions of 

the magnetic core within the electrical device. Thus, the magnetic ageing was performed at 180 

ah191
Rectangle 



3 
 

°C which corresponds to the operating conditions with the highest level of temperature within 

the claw pole rotor. The ageing effects on the material properties are investigated in terms of 

electrical conductivity, magnetic properties, material microstructure and Vickers hardness, all 

as a function of the ageing time. The paper is organized with a presentation of the 

characterization methods and experimental protocols. Then, the experimental results obtained 

from samples extracted from a claw pole are presented and discussed in terms of the ageing 

effect on the material properties and microstructure. Finally, the impact of the magnetic ageing 

on two groups of samples extracted from different regions of the claw pole is discussed. 

2. Material and Methods  

2.1. Material under study 

In this paper, the magnetic piece under study is a full-processed claw pole rotor. It is a 

bulk forged non-annealed magnetic core made from a SAE1006 steel grade. The corresponding 

chemical composition is presented in Table 1. In a previous study, and as a consequence of the 

manufacturing process, the claw pole microstructure was found out to be strongly 

heterogeneous [12]. Thus, to address the issue of claw pole ageing, twelve specimens were 

extracted by wire electrical discharge machining from the plate of the rotor (Figure 1) where 

the gradient of grain size variation is the smallest. The choice of the cutting technique is 

justified by its limited impact on the magnetic properties of the cut pieces [13]. Regarding the 

cutting area, two sets of six-samples each are considered: S.1 samples and S.2 samples with 

dimensions (35 x 10 x 1) mm3 and (27 x 10 x 1) mm3, respectively. As shown in Figure 2, the 

S.1 samples are located in front of the claws and the S.2 samples were taken between the claws. 

The difference of dimensions between the two sets is due to the fact that between the claws, 

the dimensions of the area do not allow samples longer than 27 mm to be extracted. It has been 

shown that, with our measurement device (see 2.3), developed in [14], a variation of length 

from 35 mm to 27 mm have few influence on the measured magnetic characteristics. 

 
Composition (%) 

% C % Si % P % S % Mn 

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

Table 1. SAE1006 steel chemical composition. 
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Figure 1. Extraction area of samples 

 

 

Figure 2.Photography of the claw pole with cutting areas of S.1 and S.2 samples 

 

2.2. Experimental  

The ageing study was carried out on both sets of samples extracted from the plate of the 

claw pole. After the initial characterizations, S.1-A and S.2-a samples were kept as a reference 

for the microstructure analysis while the others underwent isothermal ageing treatment at 180 

°C for different total time periods (Table 2). In order to follow the evolution of the electric and 

magnetic properties throughout the ageing time, the samples were removed from the furnace, 

at regular time intervals of the heat treatment, and characterized at room temperature. Finally, 

ten samples (all samples except of S.1-E and F) were submitted to microstructural analysis and 

mechanical hardness test.  

S.1 samples S.2 samples 

S.2 area 

S.1 area 
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Samples 
Ageing time (hours) 

S.1 S.2 

A a Non aged 

B b 14 

C c 21 

D d 40 

E e 60 

F f 205 

Table 2. Total ageing time periods  

 

2.3. Characterization methods 

1) Electromagnetic properties 

The magnetic properties of the samples are measured with a specifically developed 

miniaturized SST (mini SST), as in [14], [15]. Indeed, as mentioned previously (see 2.1), 

because of the complex shape of the claw pole rotor and its relatively small size, the sample 

extraction is limited to small dimensions [14]. The characterization of the B-H magnetic 

hysteresis loops is based on the flux-metric method.  

To measure the magnetic field H inside the sample, two Hall probes are placed next to 

each other along a line perpendicular to the sample surface, and as close as possible to the 

sample. Thus, the magnetic fields H1 and H2 are measured at two known distances from the 

sample surface and the magnetic field H at the sample surface is obtained directly by a linear 

extrapolation.  

To measure the magnetic flux density B in the sample, a secondary coil is wound on a 

plastic support in which the sample is inserted. This way, all the samples are characterized 

using the same secondary coil to avoid a possible dispersion in the measurements due to a 

manual winding. Thus, the magnetic flux density B is determined accounting for the 

compensation of the flux in the air: 

 𝐵 =
1

𝑆𝑠𝑎𝑚𝑝
(

1

𝑛2
∫ 𝑣2(𝑡)𝑑𝑡  − 𝜇0𝐻 𝑆𝑎𝑖𝑟) (Eq 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. For the analyses 

of magnetic properties, measurements are performed at an excitation frequency of 20 Hz for 

which the skin depth is expected to be much higher than the sample thickness for this type of 

material. We will also consider mainly the normal B-H curve that is obtained by collecting the 
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tips (Hp, Bp) of centered minor loops and the specific core losses that correspond to the B(H) 

loop areas.  

Regarding the electrical conductivity, the four-point method is employed [16]. In the 

configuration with a sensor having four aligned needles, a DC current is imposed between the 

outer pair of needles and the voltage is measured between the inner needles. However, since 

this method is dependent on the position of the electrical contact points and the shape of the 

sample, a geometry correction factor is applied as in [14], [17]. 

 

2) Microstructural and mechanical properties 

To investigate the presence of precipitated particles and to evaluate the mechanical 

properties, the selected samples are analyzed using scanning electron microscopy (SEM) and 

their Vickers hardness characteristics are measured with a 3 kg load. Nevertheless, it must be 

pointed out that polishing (required for SEM) and hardness measurement were considered as 

destructive measurements since they modify the stress and strain distribution in the sample and 

so the magnetic properties. Hence, the hardness variation and the SEM analysis presented 

below were not performed on the same sample but on different samples from the same group 

(S.1 or S.2) which are assumed to be similar. 

3.  Results of thermal ageing effects on the electromagnetic properties 

3.1. Thermal ageing effects on the electrical conductivity 

The effect of thermal ageing on the electrical conductivity is presented in Figure 3. The 

characterizations were carried out as explained in Table 3. The four needles technic is no 

destructive which enables to measure several times the same sample during the ageing process 

like the sample S1.E and S1.F. According to the homogeneity of the electrical conductivity in 

the claw pole attested in [14] and [15], all the samples are supposed to have fairly close 

conductivities before ageing. Therefore, the electrical conductivity measured on the sample 

S.2-a is representative of those of the other samples. Regarding the uncertainty on the 

measurement (±0.18 MS.m-1), calculated from the instruments precision and the measurement 

limitations [18], it can be noted that the electrical conductivity before and after thermal ageing 

remained the same. Thus, no significant change in the electrical conductivity as a function of 

ageing time is observed. This is quite expected as this property depends mainly on the 

composition of the material which remains the same. 
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Figure 3. Electrical conductivity evolution as a function of thermal ageing at 180°C with ±0.18 𝑀𝑆 𝑚−1 

measurement uncertainty. 

Ageing time 
Samples 

S.1 S.2 

Non aged  a 

14 hours B, E b, e 

21 hours F f 

27 hours D, F d, f 

52 hours E, F f 

Table 3. Impact of ageing on the electrical conductivity: Measurement points and characterized samples 

3.2. Thermal ageing effects on the material magnetic properties 

1) Magnetic losses before ageing treatment 

To investigate the thermal ageing effects on the magnetic material properties, the claw 

pole samples were characterized before ageing at 20 Hz frequency. The measured specific 

losses at 1 T and 1.5 T are listed in Table 4. It appears that the S.1 and S.2 samples exhibit a 

clear distinct behavior before the ageing process. For example, at 1.5 T the average losses of 

S.2 samples are about 12 % lower than those of S.1 samples. Also, among each group of 

samples, a small heterogeneity is observed, with a coefficient of dispersion of 5 %. These 

characteristics are probably due to the manufacturing process that leads, as already observed 

in [12], to a heterogeneity of the microstructure (grain size, second phase particles) and residual 

stress levels that are known to affect the magnetic properties. 
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Samples 

Iron losses (W/kg) 

Samples 

Iron losses (W/kg) 

P1 T P1.5 T P1 T P1.5 T 

S.1 

A 1.93 4.02 

S.2 

a 1.67 3.25 

B 1.72 3.6 b 1.66 3.18 

C 1.68 3.51 c 1.6 3.31 

D 1.79 3.73 d 1.71 3.33 

E 1.82 3.75 e 1.75 3.45 

F 1.89 3.86 f 1.7 3.1 

Table 4. Initial values of the iron losses at 1 T and 1.5 T 

2) Thermal ageing effects on the material magnetic properties 

Despite the initial heterogeneity noted in Table 4, the thermal ageing showed a similar 

behavior for all groups of samples. In fact, the final characteristics after ageing were found to 

be similar for all the samples. So, thereafter, for clarity of results, the effect of ageing on the 

hysteresis loop, the B-H normal curve and the losses will be illustrated with the data of sample 

S.2-e. 

In Figure 4 (1), the measured hysteresis loops, at 20 Hz and 1.5 T induction level, are 

given before ageing (0 h) and after 30 hours of thermal ageing treatment at 180 °C. Comparing 

both hysteresis loops, an enlargement of the loop area is clearly observed leading, in the one 

hand, to an increase of the coercive field, which represents the magnetic field required to 

demagnetize the sample and, in the other hand, to an increase of the magnetic losses, as 

illustrated in Figure 4 (3). However, the induction level at saturation and the normal B-H curve, 

obtained from the tips of minor centered hysteresis loops, are slightly modified (Figure 4 (2)). 
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Figure 4. Magnetic characteristics before (0 h) and after 30 hours of thermal ageing at 180 °C at 20Hz on sample 

S.2-e. (1) B-H hysteresis loop (for 1.5 T magnetic induction amplitude), (2) Normal B-H curve and (3) Total 

magnetic losses. 

3) Ageing index evolution  

To further investigate the effect of ageing on the losses, these are decomposed into their 

hysteresis 𝑃ℎ𝑦𝑠 and dynamic 𝑃𝑑𝑦𝑛 components such as: 

 𝑃𝑡𝑜𝑡 =  𝑃ℎ𝑦𝑠 + 𝑃𝑑𝑦𝑛 (Eq 2) 

The hysteresis losses were calculated by extrapolating the specific energy 𝑊𝑡𝑜𝑡 = 𝑃𝑡𝑜𝑡/𝑓 

to zero frequency. This has been achieved by considering measurements at four different 

frequencies, respectively 5 Hz, 20 Hz, 50 Hz and 100 Hz. The dynamic losses were then 

obtained after subtracting hysteresis losses from the total losses for each frequency. In addition, 

to describe and quantify the relative variation of the hysteresis losses due to the thermal ageing, 

the hysteresis loss ageing index (AI_hys) was calculated using (Eq 3): 

 
𝐴𝐼_ℎ𝑦𝑠 =  

(𝑃ℎ𝑦𝑠)𝑎𝑓𝑡𝑒𝑟 − (𝑃ℎ𝑦𝑠)before

(𝑃ℎ𝑦𝑠)before
 

(Eq 3) 

 

where (𝑃ℎ𝑦𝑠)before and (𝑃ℎ𝑦𝑠)𝑎𝑓𝑡𝑒𝑟 are respectively the hysteresis losses before and after 

thermal ageing. In Figure 5, the evolution of the index AI_hys is illustrated as a function of the 
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ageing time for samples which were aged for more than 30 hours (S.1- D, E, F and S.2- d, e, f) 

and for 1 T magnetic induction level. The hysteresis ageing index starts to considerably 

increase after only few hours of ageing. It reaches levels between 8 % and 14 % after about 25 

hours of thermal ageing and tends to stabilize after about 30 hours of ageing. The same behavior 

of the hysteresis ageing index curve was observed on all the samples except for S.1- E, F and 

S.2-f samples whose ageing index values were lower than 5%. In particular, no significant 

ageing effect is observed for the samples S.1-E and F. The variability of the measurements 

prevents from extracting any significant tendency for the ageing index. The origin of such 

variability will be discussed later in section 5.3. The level reached by the ageing index varies 

from one sample to another; its values are reported in Table 5. Comparing the AI_hys of S.1 

samples to the AI_hys of S.2 samples, it can be noted that the S.2 samples are more sensitive 

to ageing. These heterogeneous ageing indexes may be related to the initial microstructural 

characteristics of the samples that were heterogeneous. The underlying physical origins will 

also be discussed in section 5.3. In contrast, compared to the hysteresis losses, no significant 

variation was observed for the dynamic losses. For example, at magnetic induction magnitude 

of 1 T, the dynamic ageing index AI_dyn, calculated, as in (Eq 3) using dynamic losses at 50 

Hz, does not exceed 2.5 %. Indeed, this could be explained by the fact that dynamic losses are 

mainly related to the electrical conductivity and we have shown experimentally that the 

electrical conductivity is not impacted by the magnetic ageing. Consequently, it is expected 

that the dynamic losses, at least the classical loss contribution [19], will not be modified by the 

magnetic ageing.  

 

(1) (2) 
Figure 5. Evolution of the hysteresis ageing index as a function of time for 1 T magnetic induction amplitude 

measurement, (1) S.1 samples and (2) S.2 samples 
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Ageing time (h) S.1 samples AIhys-S.1 (%) S.2 samples AIhys-S.2 (%) 

14 B 5.9 b 9.7 

21 C 8 c 19.9 

40 D 8.8 d 13.6 

60 E 4.3 e 10.1 

205 F 2.9 f 3.1 
* S.1-A and S.2-a were not mentioned in the table because they did not undergo the thermal ageing. They were 

used as reference for the microstructural analysis (SEM)  

Table 5. Hysteresis ageing index highest values of S.1 and S.2 samples 

4. Results of thermal ageing effects on the microstructure and mechanical hardness 

4.1. Ageing effect on microstructure 

To corroborate the observed ageing effect on macroscopic quantities (losses), analyses 

at the microstructural level are performed with a SEM (Scanning Electron Microscope) 

equipment. The analyses of three selected samples S.2-a, S.2-e and S.2-f, supposed to have 

similar initial microstructural characteristics, are performed respectively before ageing, after 

60 hours and after 205 hours of thermal ageing as reported in Figure 6 and Figure 7. It is shown 

that before thermal ageing, only few precipitated particles (small white dots) were detected 

(Figure 6-(1)), while after ageing treatment the supposed carbide precipitates become more and 

more apparent and ever more numerous (Figure 6.-(2) and Figure 7). Moreover, according to 

the SEM microstructural results, it was noted that even in the samples with low AI_hys (< 5%) 

or apparently insensitive to ageing, as it is the case for the sample S.2-f in Figure 7, carbide 

precipitates are also visible. They are visually similar to those of the samples with high AI_hys 

(like S.2-e in Figure 6-(2)).  

 

(1) (2) 

Figure 6. Precipitate particles (1) before and (2) after 60 hours of thermal ageing at 180 °C (20 µm scale).   

 

(Before ageing, S.2-a) (After 60 hours ageing, S.2-e) 

20 µm 20 µm 
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Figure 7: Precipitate particles after 205 hours of ageing treatment at 180 °C (100 µm scale).   

 

 

4.2. Magnetic ageing effects on the mechanical hardness 

As for the magnetic properties, the presence of carbide particles impacts also the 

mechanical properties. Thus, the increase of precipitates was corroborated by the mechanical 

Vickers hardness test. Results of the test are given as a function of ageing time in Figure 8 with 

the hardness graphs of the S.1 and S.2 samples. First, it is noticed that the S.1 samples are 

globally harder than the S.2 samples. As previously explained, the difference observed between 

S.1 and S.2 samples in terms of hardness evolution is also probably due to the inhomogeneity 

of the claw pole properties induced by the manufacturing process. Second, considering the 

measurement confidence interval, the hardness observed for the S.2 samples does not allow to 

draw any conclusion. However, the hardness of the S.1 samples evolves significantly. It 

increases up to a maximum value (143 HV) for 21 hours of thermal ageing which coincides 

with the highest value of the hysteresis ageing index. After 40 hours of ageing the hardness 

drops to 40 HV. This behavior is discussed hereafter together with all physical observations. 

100 µm 

(After 205 hours ageing, S.2-f) 
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Figure 8. Vickers hardness evolution (3 kg load) as a function of ageing time for S.1 and S.2 samples 

5. Discussion  

5.1. Kinetic of the magnetic ageing 

To clarify the observed microstructural results, it is important to consider the kinetics of 

carbon precipitation. In fact, during the ageing treatment, the diffusion mechanisms of the 

supersaturated carbon in iron α are activated. According to Fick's laws, after 21 hours of 

treatment at 180 °C, the distance traveled by the diffusing carbon atoms is about 5.65 µm [20]. 

Carbon can therefore diffuse and form precipitates of carbides, preferably in dislocations [6] 

which explains the intragranular precipitates observed in Figure 6 and Figure 7. 

Moreover, the kinetics of ageing is linked to that of precipitation of carbides. 

Consequently, it can be controlled by one or more of the parameters of the precipitated carbides 

(volume fraction, density, texture and / or size of the particles…). Indeed, it has been reported 

that precipitates whose size is close to the thickness of the domain wall have the strongest 

pinning effect on the domain wall movements during the magnetization process [3], [21]. 

Furthermore, based on the theory of the inclusion of Louis Néel [3], the increase in coercivity 

was found out to be proportional to the volume fraction of the precipitates. Thus, the kinetics 

of ageing is the result of the combined effects of the size and the volume fraction of the 

precipitates. This could further explain the evolution of the indices AI_hyst seen in Figure 5. 

Three stages can be distinguished. The first presents the initiation state (first 7 hours). At this 

stage the carbon starts to diffuse and form precipitates. Their fraction and size are very small 

so their effects on the magnetic properties are limited. This step is followed by a rapid increase 
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in AI (between 7 hours and 20 hours) which corresponds to the growth phase of the precipitates. 

The size of the precipitates increases significantly, leading to an increase in the volume 

fraction. Their pining effect on the domain wall movement becomes stronger. On the other 

hand, the solid solution becomes depleted of carbon (reduction of supersaturated carbon). The 

maximum volume fraction of the precipitates is reached, and its value remains constant even 

in the event of coalescence. As for the size of the precipitates, once it exceeds the thickness of 

the domain wall, it could not cause more degradation [3], [21], [22]. This explains the trend 

towards the stabilization (the third stage) observed in Figure 5 after 21 hours of ageing. The 

same behavior was observed on semi-processed annealed electrical steel (0.034% C and 

0.012% Si) in [22] with one significant difference in the ageing times compared to our study. 

In fact, the highest AI value was reached after more than 100 hours instead of few hours of 

ageing treatment. Since the chemical composition of the studied materials is quite close, this 

difference is principally due to the lower temperature of the ageing treatment (150 °C) 

considered in [22]. Nevertheless, this difference could also be attributed, in part, to the 

dislocation density which was reduced during the annealing treatment in [22]. 

5.2. The magnetic ageing and the mechanical hardness 

Regarding the mechanical hardness, the evolution noted in Figure 8 is due to two 

phenomena which act on hardness in opposite ways. On the one hand the reduction of carbon 

in solid solution implies a reduction in hardness, while in the other hand, the precipitation of 

carbides leads to an increase in hardness. These opposite effects can explain the drop at t=40h 

of hardness noted on sample S.1 in Figure 8. A similar behavior was also observed by Oliveira 

Júnior, et al [23] with one significant difference. Indeed, Oliveira Júnior, et al noted that the 

ageing peaks, measured by Vickers hardness, are reached much earlier than the maximum value 

of the magnetic losses. This difference was explained by the fact that the size of carbides 

leading to a maximum effect on the movement of dislocations is much smaller than the size 

which anchors the magnetic domain walls movement. Yet, it could finally be concluded that 

even if the hardness and the magnetic ageing result from the same cause, namely the 

precipitation of carbides, the mechanisms impacting the magnetic properties and the 

mechanical hardness are not quite the same. Therefore, it is difficult to correlate the evolution 

of the magnetic ageing and the evolution of the mechanical hardness. 
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5.3. Analysis of the S.1 and S.2 groups ageing behavior  

In order to investigate the difference in ageing kinetics between the S.1 and S.2 samples, 

their average grain size was measured using the average grain intercept method (AGI). The 

average grain size measured on ten of the twelve samples (including the S.1 and S.2 samples) 

turned out to be quite the same. It varies from 26 to 29 µm. Thus, it was concluded that the 

grain size could not be the cause behind the observed gap between S.1 and S.2 samples in terms 

of iron losses. However, the S.2 samples being more sensitive to magnetic ageing than the S.1 

samples, one can suspect the presence of already precipitated carbides resulting from the 

manufacturing process. Indeed, just after the hot forging step (~1100 °C) at the beginning of 

the manufacturing process and the controlled cooling phase, the magnetic piece is still hot 

(>200°C) and is air-cooled before the next process steps. Therefore, considering the massive 

magnetic piece and its complex geometry, as seen in Figure 2, the region where the S.2 samples 

have been extracted (close to the radial edge) is more likely to cool down faster than the region 

where the S.1 samples have been extracted (next to the claws). Thus, given the consideration 

of a slower cooling rate in the region where the S.1 samples were extracted, the thermal 

constraints may have triggered more significantly the precipitation of carbides in S.1 samples. 

Accordingly, the microstructural imaging of the non-aged S.1-A sample is presented in Figure 

9. It is remarkable that the white spots, representing the carbides, could exist in this sample 

group even before the thermal ageing treatment. Therefore, it can be concluded that the 

magnetic ageing of these samples started right from the manufacturing stage. Consequently, 

the S.1 sample losses, before the ageing treatment, are susceptible to be higher than those of 

the S.2 group as it was noted in Table 4. 

 

Figure 9. SEM imaging of S.1-A sample (non-aged) (20 µm scale) 

https://www.powerthesaurus.org/consequently/synonyms
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To emphasize this result and make the link with the macroscopic quantities, the iron 

losses of the samples before and after ageing were compared. In Figure 10, the magnetic losses 

are given at 20 Hz frequency for the samples S.1-(D, E and F) and S.2-(d, e and f) before and 

after 30 hours of ageing. Indeed, above 0.8 T of magnetic induction amplitude, the loss curves 

before ageing show discrepancies between S.1 and S.2 sample groups. However, after the 

thermal ageing, the dispersion between the losses curves decreases. For example, at 1 T 

magnetic induction amplitude, the coefficient of variation dropped from 5% to less than 2% as 

illustrated in Figure 11. The loss curves show a global tendency to converge towards the same 

final values as observed in Figure 10-(2). This observation strengthens the hypothesis of a more 

advanced precipitation process in the samples of the S.1 group. Indeed, at the beginning and 

before the ageing treatment, in comparison to S.2 samples, the S.1 group shows higher iron 

losses because of a more significant presence of precipitated particles initially formed during 

the manufacturing process of the magnetic piece. Then, through the thermal ageing treatment 

applied in the present study, the precipitation process has restarted where it stopped in the S.1 

samples, whereas the S.2 samples seemed to have a very limited amount of precipitations 

before the thermal ageing applied in the present study. Thus, the S.2 samples have exhibited a 

more sensitive behavior to the ageing treatment, and their iron losses have increased more 

significantly than those of the S.1 group. However, the compositions of both sample groups 

being the same, after the stabilization of the magnetic ageing effects, the iron loss curves of 

both sample groups finally reached the same values.  

 

(1) (2) 

Figure 10. Specific losses of S.1 and S.2 samples before (1) and after (2) thermal ageing at 20 Hz.  
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Figure 11. Evolution of the coefficient of variation 𝐶𝑣 of the losses (all samples considered) before and after 

ageing (with 𝐶𝑣the ratio of the loss standard deviation on the mean losses value) 

6. Conclusion 

The present work has investigated the magnetic ageing of a steel grade used for the 

manufacturing of massive magnetic parts of claw pole synchronous machine. The composition 

of the material as well as the operating conditions of the electrical machine (about 180 °C for 

some operating points) strongly suggest that magnetic ageing should occur. The obtained 

results showed a clear evolution of the magnetic properties during the proposed thermal ageing 

process. Indeed, even if the normal B-H curve is not significantly modified after the ageing 

process, the losses increase significantly, up to 14 % for some samples. These observations are 

supported by microstructural analyses showing an increase of carbides precipitates inside the 

grains. This mechanism explains the loss increase, especially the hysteresis loss contribution, 

as these microstructural precipitates act as pinning sites for magnetic domain walls during the 

magnetization process. Moreover, due to the manufacturing process of the investigated 

magnetic part (the claw pole rotor being obtained from hot and cold forging processes without 

annealing), heterogeneous properties were observed from one sample to another before the 

ageing process. The samples, extracted from two different locations in the magnetic piece, 

exhibit different evolutions of the ageing index. The possibility of a pre-existing carbide 

precipitations during the manufacturing process is suspected. Also, the tendency of all samples 

to have the same magnetic losses at the end of the ageing process supported this hypothesis. 

The maximum effects of the thermal ageing, at the same temperature of operation of the device, 

on magnetic losses were achieved after only 21 hours of thermal ageing. Therefore, magnetic 

ageing may occur rapidly during the first hours of operation of the energy conversion device. 

In the case of the claw pole alternator application, in the majority of the core, the plates and 
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claws are subjected to a DC excitation. The major losses in the rotor are due to dynamic ones 

induced by the flux pulsations at the surface of the claws due to the rotor movement in front of 

the stators teeth. So, the influence of ageing on the losses may be finally negligible. 

Nevertheless, for other applications in which the magnetic core is exposed to AC excitation, 

the influence of ageing on the magnetic properties, especially the losses, should be taken into 

consideration in the design and performance simulation of the energy conversion device.  
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