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Summary of Deliverable

The Fraunhofer Institute for Structural Durability and System Reliability has a long historical background in
terms of fatigue and is part of the HARMONY project. We are working in task 5.4 to gather information about
the fatigue behaviour of the magnets with regard to the magnetic properties.

Our main focus in Task 5.4 is the correlation between the cyclic material properties and the magnetic
properties. For this aim, LBF is performing load-controlled and strain-controlled fatigue tests with different
specimens to achieve a transfer of these properties from specimen size to a full component by applying
different fatigue assessment approaches like the Highly Stressed Volume Vgoy. This deliverable includes the
results of the finite element calculation to achieve the parameters of the specimens for the upcoming
approaches as well as the first results of the fatigue test with bonded magnets at ambient temperature.

Disclaimer
This publication reflects only the author's views on the current status of the investigation. The Agency and
the European Commission are not responsible for any use that may be made of the information it contains.
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List of abbreviations

1. Short introduction on fatigue

1.1  Specimen Designs

For the fatigue investigation in the HARMONY project, three different types of flat specimens made from
commercially available NdFeB + PA12 were used to determine the cyclic material properties as well as
additional information such as the mean stress sensitivity. The specimens selected for the HARMONY
project are I1SO specimens with different stress concentration factors and different highly stressed volumes
Vaow. The first type of specimen is taken from DIN EN ISO 2740. The second type is taken from ISO 3928 and
has a notch radius of R = 0.9 mm. The third type is also taken from ISO 3928 but has a notch radius of

R =30 mm.

The three specimens were selected due to the different stress concentration factors and highly stressed
volumes. The stress concentration factors are calculated by performing a linear elastic simulation with the
FEA software ABAQUS 2024 HF2. All specimens are modelled with C3D20 quadratic elements with different
element sizes. In the area of the highly stressed volume, a minimum element length to height ratio of 2:1
and a minimum number of 24 elements over 360° in the notch radius were chosen to ensure a sufficient
accuracy of the results based on [1]. The mesh used in these simulations satisfies the requirements as
shown in Figure 1. The results of the FEA analysis of each specimen design are summarized in Table 1.

Co-funded by
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Figure 1: FE mesh of the unnotched specimen (a) with a radius of r = 30 mm based on 150 3928 and a detailed view (b)
off the highly stressed area/volume.

Table 1: Specimen parameters based on FEA

Based on ISO 2740 3928 3928
Thickness [mm] 4 4 4
Radius R [mm] . 30 0.9
Stress concentration 1.03 1.06 2.51
factor K;
Highly st;‘essed volume 78102 1.14 - 102 1.3-1071
Voo [Mmm?3]
Highly str;essed Area 58-102 1.2 - 102 4.8-10°
Agp [mm?]
Specimen volume from
¢AD [em] 3.733 3.441
Geometry i | T N
Fih Hlin
= 1
: : e | i P
1 il
i 1R
i g s
L I LN

The magnetic properties of each sample are measured in the failure critical areas as well as in the clamping
areas by using a PCE-MFM 4000 magnetic meter, Figure 5. In addition, the weight of half of the specimens
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are measured by using a laboratory scale. The results of the geometrical analysis of each specimen are
summarized in Table 1 to Table 11. The measurement of the magnetic field of the specimens is still
ongoing, as well as additional investigations about the distribution of the magnetic field. The density of
each type of specimens was calculated by the mean weight value and the calculated volume based on the
CAD-Model. The calculates density of the ISO 2740 specimen resulted in p = 4.66 [g/cm?3]. For the I1SO 3928
with radius R30, a density of p = 4.52 [g/cm?], as well as p = 4.96 [g/cm?] for the ISO 3918 with radius R0.9
was calculated. In total 100 specimens of each type were provided by Kolektor, Figure 2. Columns
highlighted in yellow are in progress.

DIN EN I1SO 2740

ISO 3928 RO.9

ISO 3928 R30

Figure 2: Specimens provided by Kolektor

Co-funded by
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Table 2: Specimen parameters DIN EN 1SO 2740
DIN EN ISO 2740
Name Width | Thickness magnetic Field Weight Area A
[mm] [mm] middle [mG] g] [mm?]
P-1-1 5.37 3.86 60.7 20.7282
P-1-2 5.34 3.81 68.4 20.3454
P-1-3 5.36 3.84 65.3 20.5824
P-1-4 5.37 3.87 80.3 20.7819
P-1-5 5.32 3.83 69.5 11.5179 20.3756
P-1-6 5.36 3.81 86.9 20.4216
P-1-7 5.41 3.80 84.9 20.558
P-1-8 5.32 3.84 58.6 20.4288
P-1-9 5.31 3.85 68.8 11.5225 20.4435
P-1-10 5.34 3.84 85.9 20.5056
P-1-11 5.33 3.81 69.7 20.3073
P-1-12 5.36 3.81 87.4 11.4754 20.4216
P-1-13 5.38 3.80 88.3 20.444
P-1-14 5.39 3.85 67.7 20.7515
P-1-15 5.39 3.85 84.4 20.7515
P-1-16 5.36 3.82 62.4 20.4752
P-1-17 5.36 3.82 91.0 20.4752
P-1-18 5.31 3.80 69.7 20.178
P-1-19 5.33 3.81 88.1 20.3073
P-1-20 5.36 3.83 68.4 20.5288
P-1-21 5.34 3.84 91.6 20.5056
P-1-22 5.35 3.81 101.3 11.5315 20.3835
P-1-23 5.36 3.83 88.9 20.5288
P-1-24 5.34 3.82 68.0 11.5256 20.3988
P-1-25 5.34 3.79 69.6 20.2386
P-1-26 5.31 3.80 69.8 20.178
Minimum 5.31 3.79 58.60 11.48 20.18
Maximum 5.41 3.87 101.30 11.53 20.78
Difference 0.10 0.08 42.70 0.056 0.60
Mean Value 5.35 3.82 76.75 11.51 20.46
Table 3: Specimens parameters DIN EN 1SO 2740
DIN EN ISO 2740
Name Width Thickness magnetic Field Weight | Area A
[mm] [mm] middle [mG] g] [mm?]
P-1-27 5.32 3.81 11.9167 | 20.2692
P-1-28 5.35 3.80 11.9084 20.33
P-1-29 5.32 3.82 11.9169 | 20.3224
P-1-30 5.31 3.79 11.9229 | 20.1249
Co-funded by
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P-1-31 5.31 3.81 11.9282 | 20.2311
P-1-32 5.32 3.82 11.8816 | 20.3224
P-1-33 5.32 3.82 11.9296 | 20.3224
P-1-34 5.32 3.84 11.9218 | 20.4288
P-1-35 5.32 3.85 11.9135 | 20.482
P-1-36 5.33 3.82 11.9216 | 20.3606
P-1-37 5.32 3.80 11.8834 | 20.216
P-1-38 5.32 3.83 11.9292 | 20.3756
P-1-39 5.31 3.83 11.9202 | 20.3373
P-1-40 5.32 3.83 11.8737 | 20.3756
P-1-41 5.32 3.83 11.9107 | 20.3756
P-1-42 5.38 3.85 11.9290 | 20.713
P-1-43 5.47 3.83 11.8692 | 20.9501
P-1-44 5.38 3.83 11.8707 | 20.6054
P-1-45 5.33 3.83 11.9056 | 20.4139
P-1-46 5.35 3.85 11.9136 | 20.5975
P-1-47 5.31 3.82 11.9243 | 20.2842
P-1-48 5.35 3.81 11.9191 | 20.3835
P-1-49 5.36 3.85 11.9140 | 20.636
P-1-50 5.34 3.82 11.8995 | 20.3988
P-1-51 5.32 3.81 11.9047 | 20.2692
P-1-52 5.32 3.81 11.9336 | 20.2692
P-1-53 5.31 3.81 11.9189 | 20.2311
P-1-54 5.32 3.81 11.9324 | 20.2692
P-1-55 5.33 3.80 11.9133 | 20.254
P-1-56 5.32 3.83 11.9365 | 20.3756
P-1-57 5.31 3.81 11.8931 | 20.2311
P-1-58 5.32 3.81 11.9223 | 20.2692
P-1-59 5.33 3.81 11.9017 | 20.3073
P-1-60 5.31 3.80 11.9183 | 20.178

Minimum 5.31 3.79 11.87 20.12
Maximum 5.47 3.85 11.94 20.95
Difference 0.16 0.06 0.07 0.83
Mean Value 5.33 3.82 11.91 20.37
Table 4: Specimens parameters DIN EN 1SO 2740
DIN EN ISO 2740
Name Width | Thickness magnetic Field weight | Area A
[mm] [mm] middle [mG] g] [mm?]
P-1-61 5.30 3.82 11.9445 | 20.246
P-1-62 5.32 3.81 11.9785 | 20.2692
P-1-63 5.30 3.81 11.9193 | 20.193
P-1-64 5.32 3.83 11.9167 | 20.3756
P-1-65 5.31 3.80 11.8683 | 20.178
- Co-funded by 9
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P-1-66 5.31 3.80 11.9146 | 20.178
P-1-67 5.33 3.82 11.9286 | 20.3606
P-1-68 5.30 3.81 11.9316 | 20.193
P-1-69 5.32 3.81 11.9178 | 20.2692
P-1-70 5.31 3.80 11.8750 | 20.178
P-1-71 5.30 3.81 11.9143 | 20.193
P-1-72 5.32 3.80 11.9151 | 20.216
P-1-73 5.32 3.84 11.8967 | 20.4288
P-1-74 5.32 3.83 11.9207 | 20.3756
P-1-75 5.32 3.83 11.9263 | 20.3756
P-1-76 5.30 3.81 11.9206 | 20.193
P-1-77 5.30 3.80 11.9244 | 20.14
P-1-78 5.31 3.82 11.9258 | 20.2842
P-1-79 5.33 3.81 11.9073 | 20.3073
P-1-80 5.31 3.82 11.9244 | 20.2842
P-1-81 5.31 3.79 1.8861 | 20.1249
P-1-82 5.32 3.80 11.9155 | 20.216
P-1-83 5.30 3.80 11.9265 | 20.14
P-1-84 5.35 3.81 11.9263 | 20.3835
P-1-85 5.30 3.81 11.9038 | 20.193
P-1-86 5.30 3.81 11.9310 | 20.193
P-1-87 5.31 3.80 11.9209 | 20.178
P-1-88 5.31 3.82 11.9550 | 20.2842
P-1-89 5.32 3.82 11.8833 | 20.3224
P-1-90 5.31 3.79 11.8880 | 20.1249
P-1-91 5.31 3.80 11.9162 | 20.178

- Co-funded by 10
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Table 5: Specimens parameters DIN EN 1SO 2740
DIN EN ISO 2740
Name Width | Thickness magnetic Field weight | Area A
[mm] [mm] middle [mG] (g] [mm?]

P-1-92 5.32 3.82 11.9208 | 20.3224

P-1-93 5.32 3.81 11.9223 | 20.2692

P-1-94 5.31 3.82 11.9222 | 20.2842

P-1-95 5.32 3.80 11.9167 | 20.216

P-1-96 5.33 3.80 11.9251 | 20.254

P-1-97 5.31 3.81 11.9167 | 20.2311

P-1-98 5.31 3.80 20.178

P-1-99 5.35 3.80 11.9207 | 20.33

P-1-100 5.34 3.80 11.9131 | 20.292
Minimum 5.30 3.79 1.89 20.12
Maximum 5.35 3.84 11.98 20.43
Difference 0.05 0.05 10.09 0.30
Mean Value 5.32 3.81 11.66 20.25

Co-funded by
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Table 6: Specimens parameters 1SO 3928 R0.9
1ISO 3928_RO0.9
Name Width | Thickness | magnetic Field [Gauss] | Weight Area A
[mm] (mm) middle [G] [g] [mm?]
P-2-1 4.90 4.02 2.92 19.698
P-2-2 5.03 4.09 2.87 20.5727
P-2-3 4.97 4.09 6 20.3273
P-2-4 4.95 4.09 1.42 18.7470 20.2455
P-2-5 493 4.08 2.06 18.7207 20.1144
P-2-6 4.97 4.12 3.6 18.7086 20.4764
P-2-7 4.90 4.08 4.3 18.7191 19.992
P-2-8 5.00 4.09 4.8 18.7596 20.45
P-2-9 4.85 4.08 4 18.7245 19.788
P-2-10 4.54 4.07 1.93 18.4778
P-2-11 4.52 4.05 4.3 18.7375 18.306
P-2-12 4.86 4.10 6.8 19.926
P-2-13 4.95 4.08 4 18.7068 20.196
P-2-14 4.95 4.11 4.5 20.3445
P-2-15 493 4.09 4.5 18.7156 20.1637
P-2-16 4.96 4.09 4 18.7770 20.2864
P-2-17 4.98 4.08 4.3 18.7350 20.3184
P-2-18 4.97 4.09 3.6 20.3273
P-2-19 493 4.11 53 18.7257 20.2623
P-2-20 4.94 4.13 4.2 18.7602 20.4022
P-2-21 5.00 4.18 4.9 18.8375 20.9
P-2-22 4.98 4.10 5.2 18.7265 20.418
P-2-23 4.95 4.10 53 18.7959 20.295
P-2-24 4.98 4.08 4.7 18.7348 20.3184
P-2-25 493 4.10 4.1 18.7105 20.213
P-2-26 4.95 4.11 35 20.3445
P-2-27 4.96 4.08 3.8 18.6725 20.2368
P-2-28 4.96 4.07 4.7 18.7015 20.1872
P-2-29 4.97 4.10 5 18.6921 20.377
P-2-30 4.97 4.08 3.6 18.6911 20.2776
P-2-31 4.98 4.09 35 18.6935 20.3682
P-2-32 5.20 4.07 6.7 18.6618 21.164
Minimum 4.52 4.02 1.42 18.66 18.31
Maximum 5.20 4.18 6.80 18.84 21.16
Difference 0.68 0.16 5.38 0.18 2.86
Mean Value 4.93 4.09 4.20 18.73 20.18
Co-funded by
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Table 7: Specimens parameters 1SO 3928 R0.9
1ISO 3928_RO0.9
Name Width | Thickness | magnetic Field [Gauss] | Weight Area A
[mm] (mm) middle [G] (g] [mm?]
P-2-33 4.80 4.03 6.0 18.7217 19.344
P-2-34 4.85 4.00 3.5 18.6884 19.4
P-2-35 5.01 4.00 35 18.6853 20.04
P-2-36 4.88 4.62 3.7 18.6943 22.5456
P-2-37 4.93 4.65 5.2 18.7073 22.9245
P-2-38 4.81 4.05 4.2 18.7007 19.4805
P-2-39 4.98 4.05 5.2 18.6661 20.169
P-2-40 4.96 4.01 3.6 18.7041 19.8896
P-2-41 4.98 4.08 3.7 18.7070 20.3184
P-2-42 4.95 4.02 3.8 18.7145 19.899
P-2-43 4.95 4.01 3.9 18.7261 19.8495
P-2-44 4,92 4.05 3.4 18.7206 19.926
P-2-45 4.95 4.03 3.7 18.7240 19.9485
P-2-46 4,93 4.04 2.0 19.9172
P-2-47 4.98 4.06 4.2 18.7637 20.2188
P-2-48 4.84 4.07 4.6 18.7312 19.6988
P-2-49 4.95 4.04 4.9 18.7352 19.998
P-2-50 4.87 4.02 3.5 18.7240 19.5774
P-2-51 4.95 4.02 5.5 18.6425 19.899
P-2-52 4,94 4.02 4.9 18.7078 19.8588
P-2-53 4.90 4.03 4.4 18.7009 19.747
P-2-54 4.85 4.05 3.4 18.7307 19.6425
P-2-55 4.97 4.03 4.0 18.7136 20.0291
P-2-56 4.82 4.02 3.7 18.7037 19.3764
P-2-57 4.93 4.03 4.2 18.7375 19.8679
P-2-58 4.90 4.04 3.8 18.7200 19.796
P-2-59 4.94 4.02 5.0 18.7070 19.8588
P-2-60 4.97 4.03 3.6 18.7175 20.0291
P-2-61 4.96 4.03 3.8 18.7239 19.9888
P-2-62 4,92 4.03 4.5 18.7384 19.8276
P-2-63 4.93 4.02 35 18.6289 19.8186
P-2-64 4.98 4.03 4.7 18.7276 20.0694
P-2-65 4.86 4.04 5.6 18.7494 19.6344
P-2-66 4,93 4.05 3.2 18.7138 19.9665
Minimum 4.80 4.00 2.00 18.63 19.34
Maximum 5.01 4.65 6.00 18.76 22.92
Difference 0.21 0.65 4.00 0.13 3.58
Mean Value 4.92 4.07 4.13 18.71 20.02
Co-funded by
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Table 8: Specimens parameters 1SO 3928 R0.9
1ISO 3928_RO0.9
Name Width | Thickness | magnetic Field [Gauss] | weight Area A
[mm] [mm] middle [G] [g] [mm?]
P-2-67 4.97 4.05 5.6 18.7290 20.1285
P-2-68 4,92 4.02 5.2 18.7096 19.7784
P-2-69 4.89 4.02 4.7 18.7095 19.6578
P-2-70 4.98 4.04 4.9 18.7076 20.1192
P-2-71 4.79 4.07 3.3 18.7261 19.4953
P-2-72 4,94 4.03 5.2 18.6923 19.9082
P-2-73 4.85 4.01 4.7 18.7367 19.4485
P-2-74 4,93 4.02 6.0 18.7346 19.8186
P-2-75 4.98 4.00 4.6 18.7274 19.92
P-2-76 4.83 3.99 5.4 18.7118 19.2717
P-2-77 4.83 4.00 4.9 18.7240 19.32
P-2-78 4.86 4.05 4.6 18.7600 19.683
P-2-79 4.93 4.04 4.6 18.7010 19.9172
P-2-80 4.86 4.03 4.9 18.7186 19.5858
P-2-81 4.84 4.04 3.6 18.7073 19.5536
P-2-82 4.89 4.04 4.4 18.7580 19.7556
P-2-83 4.90 4.03 3.5 18.7188 19.747
P-2-84 4,92 4.05 4.7 18.8048 19.926
P-2-85 4.87 4.06 2.8 18.8050 19.7722
P-2-86 4.90 4.07 6.6 18.7868 19.943
P-2-87 4.81 4.03 5.0 18.7453 19.3843
P-2-88 4,93 4.06 3.7 18.7285 20.0158
P-2-89 4.93 4.06 4.7 18.7311 20.0158
P-2-90 4.95 4.05 3.3 18.7141 20.0475
P-2-91 4.84 4.04 4.0 18.7099 19.5536
P-2-92 4.89 4.02 4.7 18.7123 19.6578
P-2-93 4.96 4.04 5.5 18.7537 20.0384
P-2-94 4.90 4.09 4.6 18.7235 20.041
P-2-95 4.93 4.05 4.0 18.7465 19.9665
P-2-96 4,93 4.04 4.5 18.6904 19.9172
P-2-97 4.84 4.08 6.0 18.7614 19.7472
P-2-98 4,94 4.06 4.1 18.7259 20.0564
P-2-99 4.93 4.02 4.3 18.6869 19.8186
Minimum 4.79 3.99 2.80 18.69 19.27
Maximum 4.98 4.09 6.60 18.81 20.13
Delta 0.19 0.10 3.80 0.12 0.86
Mean Value 4.90 4.04 4.62 18.73 19.791
Co-funded by
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Table 9: Specimens parameters 1SO 3928 R30
1ISO 3928 _R30
Name Width | Thickness | magnetische Field [G] weight Area A
[mm] [mm] middle [G] (g] [mm?]
P-3-1 5.13 4.07 0.376 20.8791
P-3-2 5.06 4.09 0.325 20.6954
P-3-3 5.16 4.09 0.255 21.1044
P-3-4 5.10 4.09 1.003 20.859
P-3-5 5.15 4.07 0.206 16.8469 20.9605
P-3-6 5.11 4.02 0.182 16.8808 20.5422
P-3-7 5.10 4.00 0.086 16.8769 20.4
P-3-8 5.06 3.99 0.232 16.8817 20.1894
P-3-9 5.08 4.01 0.098 16.8685 20.3708
P-3-10 5.07 4.04 0.159 16.8819 20.4828
P-3-11 5.10 4.04 0.010 16.9417 20.604
P-3-12 5.10 4.03 0.253 16.8851 20.553
P-3-13 5.07 4.04 0.495 16.8810 20.4828
P-3-14 5.08 4.01 0.015 16.8348 20.3708
P-3-15 5.10 4.06 0.043 20.706
P-3-16 5.05 4.03 0.533 20.3515
P-3-17 5.07 4.04 0.158 20.4828
P-3-18 5.12 4.01 0.055 20.5312
P-3-19 5.10 4.01 0.026 16.8949 20.451
P-3-20 5.07 4.02 0.025 16.8978 20.3814
P-3-21 5.10 4.02 0.064 16.8937 20.502
P-3-22 5.13 4.06 0.240 16.8679 20.8278
P-3-23 5.08 4.01 0.177 16.8764 20.3708
P-3-24 5.06 4.05 0.086 16.8285 20.493
P-3-25 5.07 4.02 0.061 20.3814
P-3-26 5.14 4.00 0.434 16.7845 20.56
P-3-27 5.11 4.00 0.3 16.8953 20.44
P-3-28 5.12 4.20 0.5 16.8894 21.504
P-3-29 5.09 4.00 0.4 16.8739 20.36
P-3-30 5.08 3.99 0.7 16.8154 20.2692
P-3-31 5.10 4.01 0.4 16.8729 20.451
P-3-32 5.08 4.00 0.6 16.8649 20.32
Minimum 5.05 3.99 0 16.78 20.19
Maximum 5.16 4.20 1 16.94 21.50
Delta 0.11 0.21 1 0.16 1.31
Mean Value 5.10 4.04 0.27 16.87 20.567
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Table 10: Specimens parameters 1SO 3928 R30
I1ISO 3928 _R30
Width Thickness magnetische Field Weight Area A
Name | mm) | (mm) L ] (mm?)
middle
P-3-33 5.05 4.00 0.1 16.8669 20.2
P-3-34 5.06 4.00 0.5 16.8872 20.24
P-3-35 5.10 4.04 0.0 16.8676 20.604
P-3-36 5.07 4.01 0.0 16.8698 20.3307
P-3-37 5.09 4.02 0.7 16.9039 20.4618
P-3-38 5.08 4.05 0.3 16.9059 20.574
P-3-39 5.06 4.02 1.0 16.8851 20.3412
P-3-40 5.12 4.05 0.2 16.8657 20.736
P-3-41 5.10 4.01 1.2 16.8778 20.451
P-3-42 5.07 4.01 0.6 16.8902 20.3307
P-3-43 5.07 4.02 0.2 16.8883 20.3814
P-3-44 5.07 4.01 0.4 16.8533 20.3307
P-3-45 5.08 4.00 1.0 16.8112 20.32
P-3-46 5.09 4.02 0.9 16.8033 20.4618
P-3-47 5.06 4.02 1.4 16.8078 20.3412
P-3-48 5.06 4.03 0.0 16.9187 20.3918
P-3-49 5.06 4.01 0.6 16.8275 20.2906
P-3-50 5.07 4.03 0.8 16.9041 20.4321
P-3-51 5.10 4.00 0.7 16.8774 204
P-3-52 5.08 4.00 0.4 16.8846 20.32
P-3-53 5.10 4.02 0.4 16.8681 20.502
P-3-54 5.05 4.01 0.0 16.8731 20.2505
P-3-55 5.09 4.01 0.3 16.8624 20.4109
P-3-56 5.07 4.01 0.1 16.8549 20.3307
P-3-57 5.12 4.03 0.0 16.8516 20.6336
P-3-58 5.13 4.01 0.6 16.8840 20.5713
P-3-59 5.05 4.02 0.0 16.8715 20.301
P-3-60 5.06 4.01 0.2 16.8914 20.2906
P-3-61 5.09 4.01 0.4 16.9262 20.4109
P-3-62 5.12 4.02 0.5 16.8862 20.5824
P-3-63 5.05 4.06 0.0 16.8963 20.503
P-3-64 5.06 4.02 0.1 16.8875 20.3412
P-3-65 5.05 4.02 0.0 16.8700 20.301
P-3-66 5.06 4.02 0.2 16.9005 20.3412
Minimum 5.05 4.00 0 16.80 20.20
Maximum 5.13 4.06 1 16.93 20.74
Difference 0.08 0.06 1 0.12 0.54
Mean Value 5.08 4.02 0.41 16.87 20.40
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Table 11: Specimens parameters 1SO 3928 R0.9
I1ISO 3928 _R30
Width Thickness Magnetic field weight Area A
Name | mm) | (mm) L ] (mm?]
middle
P-3-67 5.05 4.02 0.0 16.7778 20.301
P-3-68 5.04 4.01 1.5 16.7881 20.2104
P-3-69 5.05 4.02 0.8 16.8274 20.301
P-3-70 5.08 4.01 0.0 16.9670 20.3708
P-3-71 5.07 4.01 0.3 16.8064 20.3307
P-3-72 5.09 4.01 0.0 16.8693 20.4109
P-3-73 5.06 4.03 0.0 16.8989 20.3918
P-3-74 5.10 4.01 0.3 16.8399 20.451
P-3-75 5.04 4.01 0.0 16.8666 20.2104
P-3-76 5.05 4.03 0.3 16.8855 20.3515
P-3-77 5.05 4.04 0.8 16.9024 20.402
P-3-78 5.06 4.03 0.0 16.8624 20.3918
P-3-79 5.06 4.00 0.0 16.8856 20.24
P-3-80 5.06 4.02 0.0 16.8962 20.3412
P-3-81 5.07 4.02 0.7 16.8741 20.3814
P-3-82 5.07 4.02 0.0 16.8604 20.3814
P-3-83 5.05 4.00 0.0 16.8812 20.2
P-3-84 5.07 4.03 0.2 16.9150 20.4321
P-3-85 5.07 4.01 0.4 16.7818 20.3307
P-3-86 5.10 4.00 0.6 16.7967 20.4
P-3-87 5.07 4.02 0.5 18.8137 20.3814
P-3-88 5.08 4.03 0.1 16.8837 20.4724
P-3-89 5.06 4.00 0.0 16.8713 20.24
P-3-90 5.08 4.01 0.0 16.9323 20.3708
P-3-91 5.06 4.05 13 16.9118 20.493
P-3-92 5.08 4.03 2.6 16.7923 20.4724
P-3-93 5.06 4.02 0.3 16.7913 20.3412
P-3-94 5.07 4.01 0.0 16.8990 20.3307
P-3-95 5.05 4.01 0.1 16.9023 20.2505
P-3-96 5.07 4.02 0.5 16.9031 20.3814
P-3-97 5.05 4.00 1.2 16.8516 20.2
P-3-98 5.05 4.00 1.0 16.8322 20.2
P-3-99 5.08 4.04 0.0 16.9641 20.5232
P-3-100 5.03 4.01 1.0 16.8432 20.1703
Minimum 5.03 4.00 0 16.78 20.17
Maximum 5.10 4.05 3.0 18.81 20.52
Difference 0.07 0.05 3.0 2.04 0.353
Mean Value 5.06 4.02 0.43 16.92 20.3429
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1.2 Fatigue investigation

Regarding the fatigue investigations, load and strain-controlled fatigue tests are part of the Task 5.4 to
determine the cyclic material properties as well as the endurable load amplitudes with regard to the magnetic
properties. The load and subsequent strain-controlled fatigue tests are performed with different digitally
controlled testing devices. Figure 3 shows the current testing devices for load-controlled fatigue tests. The
specimens were mounted in different clamping devices, pneumatic and mechanical, in the centre of the
machine, Figure 4. The load is applied by the actuator, one electric and one servo-hydraulic and the loads are
measured with the load cells on the opposite side of the clamping device. Digital controllers manufactured
by Instron and MTS are used for both machines. The load-controlled fatigue tests are performed in the range
between 1 000 < N <1 000 000 load cycles. The test frequencies varied between 2 Hz < f £ 12 Hz depending
on the load amplitude of the test. The magnetic properties of each sample are measured by using a PCE-
MFM 4000 magnetic meter, equipped with the standard or precision sensor, depending on the magnetic field
of the sample, Figure 5. The strain-controlled fatigue tests will be performed with the DIN EN ISO 2740
specimens and additional extensometer.

Instron E10000 Servohydraulic
T R E w ,.'

Figure 3: Fatigue Testing devices
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Figure 5: PCE-MFM 4000 magnetic meter

The fatigue tests with flat specimens at ambient temperature are performed according to the test matrix,
shown in Table 12. The matrix contains load and strain controlled fatigue tests with flat specimens.
However, the strain controlled fatigue tests are scheduled after completion of the load controlled fatigue
tests.

Table 12: Test matrix for ambient temperature

Specimen Load Load Strain
Type RatioR | controlled | controlled

-1 X |
ISO 3928 (R=30)

0 X

-1 X |
1SO 3928 (R=0.9)

0 X

-1 X X
DIN EN ISO 2740

0 X
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2. Fatigue test results

The results of the load-controlled fatigue test results are shown as S-N curves (also known as Waohler
curves), see Figure 8 to Figure 6 to. The evaluation of the S-N curves is performed by applying the
maximum likelihood method [2, 3]. In addition, scattering is assumed to follow a logarithmic Gaussian
distribution. Based on the first fatigue tests up to N = 10° load cycles, an endurable load amplitude of
Gasow (N = 108) = 9.2 MPa was estimated for a probability of survival of Ps=50% for the ISO 3928
specimens with a radius of r = 0.9 mm and a stress ratio of R = -1. The slope of the S-N curve resulted in
k =11.3. In case of the ISO 3928 specimens with a radius of r = 30 mm, an endurable load amplitude of
Gasow (N =10°8) = 11.9 MPa has been estimated for R=-1. The slope of the respective S-N curve is
determined to k=14.0. For a stress ratio of R=0, the endurable load amplitude for a probability of
survival of Ps = 50% was estimated to Gas0% (N = 10°) = 6.2 MPa. The slope of the S-N curve is determined
to k=28.8. A change of the magnetic properties at ambient temperature in the notched area of the
specimens during the fatigue test could not be detected until failure in the investigated range of loading
cycles. The exemplary course of the magnetic field strength over the number of cycles to failure for a
stress amplitude of 6,» = 9.5 MPa (R = 0) for an ISO 3928 specimen is shown in

< 20 — —rrr

o 18 Ps Tov - ‘TG:1:1.15

S 16 50% - Ko =113

‘—C' 14 90% - —

¢ 12 —*

o 10

©

= 8

= 6,(N=2-10% = 9.2 MPa

E 6

©

ﬁ 1O 3928 R0.9

17'5 4 4|/Ambitent temperature

= Stressratio R; = -1

c ® Failure

e O Runout

[e)

Z 24 = Retegedr““,"”t. — T — T T
1.102 1.10° 1.10% 1.10° 1.108

Number of cyclesto failure N;

Figure 6: Fatigue test results 1SO3928 RO0.9 for R=-1
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Taking the results of the fatigue tests for the ISO 3928 specimens with radius r = 30 mm and stress ratios
R =-1and R =0 into account, the mean stress sensitivity M according to Schiitz [4] can be calculated for
alternating and pulsating loadings. The equation for the mean stress sensitivity is shown in (2.1). The value
for the mean stress sensitivity can be in the range of 0 < M < 1. A mean stress sensitivity of M = 0 means,
that there is no influence of mean stresses. Whereas a value of M =1 would mean, that mean stresses
have the same influence on fatigue as the stress amplitude. For the calculation of the mean stress
sensitivity, the endurable load amplitudes at N = 10° load cycles are chosen. This results in a mean stress
sensitivity of M =0.92 for the I1SO 3928 samples with a radius of R =30 mm made of NdFeB + PA12, as
shown in equation (2.2).

ga(R=-1) _

M = m 1 (2.1)
M=2BD_q_ 119 4 _009 (2.2)
04(R=0) 6.2

3. Discussion of the Fatigue test results

The results of the FEA analysis of the specimens resulted in highly stressed volumes between
Voo = 1.3:10° mm?3 for the 1SO 3928 with R0.9 and Vgoy = 7.8:10> mm? for the I1SO 2740. The density,
calculated from the measured weight (including sprue and material accumulation on the surface of the ISO
2740) and the volume information from the CAD-model of the particular specimen resulted in values
between p = 4.52 [g/cm?] for the I1SO 3928 with R30 and p = 4.96 [g/cm?] for the ISO 3918 with radius RO.9.

The fatigue tests were performed with bonded NdFeB + PA12 magnets at ambient temperature on two
testing devices. In the range up to N =10° load cycles, the fatigue endurable load amplitude of under
alternating loading (R =-1) resulted in Ga50% (N = 10°) = 11.9 MPa, whereas the endurable load amplitude
under pulsating loading (R=0) resulted in o,50% (N = 10°%) = 6.2 MPa. Apart from the endurable load
amplitude at N = 10° load cycles, the slopes of the two S-N curves also differ. The slope under alternating
loading (R =-1) was calculated to ksos = 14.0 with a rather flat course. Under pulsating loading (R = 0), the
slope of the S-N curve resulted in ksoy = 8.8.

Based on this first two values the mean stress sensitivity for the bonded NdFeB + PA12 magnets was
calculated to M = 0.92 for the I1SO 3928 specimens with R30. This high mean stress sensitivity shows a high
influence of means stresses on the fatigue behavior at ambient temperature. During the load-controlled
fatigue tests with specimens type 1SO 3928 no cracks occurred in the clamping area, despite the high surface
pressure especially from the pneumatic clamping. The influence of the stress concentration factor based on
the endurable load amplitudes for R =-1 for both types of ISO 3928 specimens is part of the ongoing
investigation.

The magnetic field strength was measured with a sample rate of 1/s during the fatigue tests. A constant
decrease of the magnetic field strength could not be detected during the fatigue test for both types of
ISO 3928 specimens and load ratio, compare Figure 9. The course of the magnetic field strength was constant
until fracture of the specimen resulting in an erratic drop of the measured values within two data points.
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Figure 9 shows the exemplary fracture surface of sample P3-17. The fracture surface appears to be a failure
due to brittle fracture, whereupon also the magnetic meter data indicates. Further investigation of the

fracture surface of selected specimens will be performed to get detailed information about the crack
initiation.
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Fracture surface Specimen P3-17
N =12 091 load cycles

Stress amplitude Gan: 10MPa
Stress ratio: R=0

Figure 9: Fracture surface specimen P3-17
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Figure 10: Magnetic field strength of an 1SO 3928 specimen (R=0)

4. Outlook

e Additional load and strain-controlled fatigue tests at ambient and elevated temperature according

to the test matrix below

Specimen Load Load Strain
Type RatioR controlled | controlled
-1 X
1SO 3928 (R=30)
0 X
IS0 3928 (R=0.9) ! X
e 0 X
-1 X
DIN EN 1SO 2740
0 X

e 30specimens of each variant are stored at 30°C and 10% humidity to investigate possible moisture
retention (specimen weight as parameter)

® Vgoy Diagram

e Quasi-static tests with 1ISO 2740 specimens

e Sintered blocks for specimen preparation are expected in Q1 2025

e Setup of testing device for component like magnets
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