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Figure 20.   Flux losses as a function of time at room temperature, 60°C, 80°C and 120°C for 
material I (1) with a room temperature coercivity of 1240 kA/m.  
(Publication I, © 2009 IEEE) 
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Figure 21.   Flux losses as a function of time for material I (2) with a room temperature 

coercivity of 1600 kA/m in samples with Pc = 3.3, 1.1 and 0.33.  
(Publication I, © 2009 IEEE) 
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Figure 22.   Flux losses at 150°C as a function of time for materials I (2, 3 and 4) in samples 

with Pc = 3.3, 1.1 and 0.33. (Publication I, © 2009 IEEE) 
 
 

5.1.1 Effect of temperature 

Material I (1) was further tested at 90°C, 100°C and 110°C to get more detailed 
information about the effect of temperature on the time-dependent losses. In Fig. 23, loss 
trends at five different exposure temperatures are presented. Fig. 24 shows the 
development of the initial loss and the magnetic viscosity coefficient S according to 
Equation (1) as a function of temperature. The Figure reveals that the time-dependent 
losses start at a lower temperature than the immediately occurring losses. Coefficient S 
grows fast as the temperature rises but seems to saturate to a certain level at higher 
temperatures.  
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Figure 23.  Flux losses as a function of time at different temperatures. Material II, Pc of the 

samples is 1.1. (Publication II, © 2010 IEEE) 
 
 

0

7

14

21

28

35

42

60 80 100 120 140
Temperature [°C]

Fl
ux

 lo
ss

 [-
%

]

0

0,001

0,002

0,003

0,004

0,005

0,006

Vi
sc

os
ity

 c
on

st
an

t S

Initial loss (after 1 hour)

Viscosity constant S

 
Figure 24.  Comparison of the changes in the immediate loss and the viscosity coefficient S as a 

function of temperature. (Publication II, © 2010 IEEE) 
 
 
The estimated losses after different exposure times can be calculated from the trend curves 
shown in Fig. 23. In Fig. 25, the estimated losses after 30 years, after 1 hour, after 1 
second, and after 10 milliseconds are presented as a function of temperature. At 100°C 
there are losses of about 5 % after 1 hour exposure, and after 30 years these losses can be 
estimated to be almost 10 %. If the same trend is expected to continue also to the time 
scale of seconds or even milliseconds, one can notice that after 10 ms the losses would be 
negligible.      
 
The magnetic properties of permanent magnet materials are measured typically by a 
hysteresis-graph, in which the reverse field is increased and the measurements are 
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performed at about 10 ms time intervals. This suggests that even though there is no 
demagnetization detected at certain conditions in the BH curve measurement, there might 
occur significant time-dependent demagnetization in the magnet in the long run. If the 
expected losses at a certain temperature are calculated only according to the measured BH 
curves as in  [97], it includes an assumption that the duration of the fault condition of the 
application is limited to a millisecond range. The calculations are not valid for longer 
exposures. 
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Figure 25.   Estimated flux losses as a function of temperature in material II magnets with a 

room temperature coercivity of 1240 kA/m and permeance coefficient of 1.1. 
(Publication II, © 2010 IEEE) 

 
 

5.1.2 Effect of the coercivity of the material 

The previous Section describes the behavior of one material with one sample shape at 
different temperatures. To find out whether this type of behavior is typical for other NdFeB 
materials as well, similar exposure tests were performed for three materials having 
different coercivities. The trend curves of the detected losses are presented in Fig. 26. For 
each material there is a maximum temperature at which the total loss even after 30 years is 
expected to be negligible. This temperature is here denoted by T0. The T0 temperatures for 
the tested materials are listed in Table 3.  
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Figure 26.   Polarization losses measured as a function of time in magnets with a permeance 

coefficient of 1.1 produced from materials III (2, 3, and 4).  
(Publication III, © 2010 IEEE) 

 
In Fig. 27, the estimated losses after 1 hour and after 30 years of exposure are presented for 
each material as a function of temperature at T0 and above. In the low coercivity material, 
moderate losses occur at a quite large temperature range, unlike in the high coercivity 
material, where the losses are massive when the temperature exceeds the critical T0. This is 
visible also in the values presented in Tables 3 and 4. The magnetic viscosity coefficients 
(in Table 3) as well as the estimated losses after 1 hour and 30 years (in Table 4) increase 
faster with temperature for the high coercivity materials. This is consistent with the 
argument presented in Section 2.1.4 that the time-dependent behavior is more pronounced 
in higher coercivity materials.  
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