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Summary of Deliverable 
 

The Fraunhofer Insititute for Structural Durablilty 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 V90%. 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.  
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List of abbreviations  
 

Kt  Stress concentration factor  
V90%  Highly Stressed Volume 
M  Mean Stress Sensitivity 
k  Slope of the S-N curve 
Ps  Probability of Survival 
r  Notch radius  
A90  Highly Stressed Area 
RF  Load Ratio  
   
   
   
   

 

1. Specimen Design and Manufacturing 
 

For the fatigue investigation in the HARMONY project, three different types of flat specimens were chosen 
at the beginning of this project. All specimens are made from commercially available NdFeB  powder and in 
total two different matrix materials. The first batch of bonded specimens was made with a PA12 matrix 
material (91.6 wt.% of NdFeB (MQP B+) + 7.4 wt.% PA12 + 1 wt.% additives) and the second batch was 
made with a PP matrix material (November 2025). The specimens selected for the HARMONY project are 
various specimens with different stress concentration factors and different highly stressed volumes V90%. 
The first type of specimen is taken from DIN EN ISO 2740. The second type follows ISO 3928 and has a 
notch radius of R = 0.9 mm. The third also follows 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 a high 
mesh density in the areas of high stress gradients. 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], Figure 1. The results of the FEA 
analysis of each specimen design are summarized in Table 1. 
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(a) (b) 

 
 

Figure 1: FE mesh of the unnotched specimen (a) with a radius of 𝑟𝑟 = 30 𝑚𝑚𝑚𝑚 based on ISO 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 
factor 𝐾𝐾t 

1.03 1.06 2.51 

Highly stressed volume 
𝑉𝑉90 [mm3] 840 15.4 0.13⬚ 

Highly stressed Area 
𝐴𝐴90 [mm2] 5.8 ∙ 102 1.2 ∙ 102 4.8 ∙ 100 

Specimen volume from 
CAD [cm³] 2.535 3.733 3.441 

Geometry  

   
 

 

𝜎𝜎𝑚𝑚𝑃 ,𝑚𝑚𝑎𝑥 = 𝐾𝐾𝑡 = 1.057
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In addition to the bonded specimen with a polymer matrix, sintered blocks, made of commercial and 
recycled NdFeB powder were provided by Magneti. The specimens were produced by using the wire EDM 
technique at Fraunhofer LBF. The basic geometrical properties were 65 x 15 x 5 mm. The specimen design 
for the fatigue test specimens, made of theses bricks are listed in Table 2. 

 

 

Table 2: Geometry and FEA-results of sintered specimens  

Specimen geometry 

   
Related to ISO 2740 3928 3928 
Thickness [mm] 5 5 5 
Radius R [mm] - 30 1.15 
Stress concentration 
factor 𝐾𝐾t 

1.06 1.06 2.18 

Highly stressed volume 
𝑉𝑉90 [mm3] 413.71 139.75 0.272 

 

 

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 4. All bonded specimens were provided without 
subsequent magnetization. A small amount of specimens of each type was magnetized during the project 
for fatigue analysis.  

 

In addition, the weight of half of the specimens are measured by using a laboratory scale. The results of the 
geometrical analysis of each specimen are summarized in Table 1 to Table 14. 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 ρ = 4.66 [g/cm³]. For the ISO 3928 with radius 
R30, a density of ρ = 4.52 [g/cm³], as well as ρ = 4.96 [g/cm³] for the ISO 3918 with radius R0.9 was 
calculated. In total 100 specimens of each type were provided by Kolektor, Figure 2. Additional specimens, 
made of PP as second base Material were provided by Kolektor End of November 2025.  
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DIN EN ISO 2740 

 

 
ISO 3928 R0.9 

 

 
ISO 3928 R30 

 
Figure 2: Specimens provided by Kolektor 

 

The fatigue tests with flat specimens at ambient temperature are performed according to the test matrix, 
shown in Table 3. 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 3: Test matrix for ambient temperature 
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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 strain-controlled fatigue tests will be performed with the 
DIN EN ISO 2740 specimens and additional extensometer. 

 

 

Instron E10000 Servohydraulic  

  
Figure 3: Fatigue Testing devices 
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Figure 4: Clamping devices for flat specimens with magnetic sensor 
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3. Fatigue test results  
 

The results of the load-controlled fatigue test results are shown as S-N curves (also known as Wöhler curves). 
The S-N curves have been statistically evaluated by applying the maximum likelihood method [2, 3]. In 
addition, scattering is assumed to follow a logarithmic Gaussian distribution.  

Before starting the fatigue investigation, the specimens were stored at different conditions. The major part 
(50 specimens) of each type was stored at ambient conditions (temperature and humidity). An additional 
amount of 15 specimens of each type was stored at 40°C/10%, 60°C/10% and 70°C/80% 
temperature/humidity for at least 3 weeks. The aim of the different storage conditions was to determine the 
influence of the environmental conditions on the fatigue life of the bonded magnets as well as the possible 
influence on the PA -12 matrix. 

Based on the fatigue test results, at N = 106 load cycles, an endurable load amplitude of 
σa,n,50% (N = 106) = 7.1 MPa was evaluated for a probability of survival of PS = 50 % for the ISO 3928 specimens 
with a notch radius of R = 0.9 mm and a stress ratio of Rσ = -1, Figure 5. 

The slope of the S-N curve resulted in k = 9.4. For a stress ratio of Rσ = 0, the endurable load amplitude of 
σa,n,50% (N = 106) = 4.3 MPa was estimated, Figure 6. The slope of the S-N curve resulted in k = 9.4 for all 
specimens except the specimens stored at 70°C/80% (purple results). The reason for this drop in fatigue 
performance is part of the ongoing investigation.  

Because the fatigue test results of the stored specimens (up to 60 °C) were similar and only small number of 
specimens were available, a combined evaluation was carried out. This resulted in a scatter band of 
Tσ = 1:1.50 for alternating loading (RF = -1)and Tσ = 1:1.30 for pulsating loading (RF = 0).  

 

 

Figure 5: S-N curve for fatigue test results of ISO3928_R09 for Rσ = -1 

 

1⋅102 1⋅103 1⋅104 1⋅105 1⋅106 1⋅107
2

4

6

8

10
12
14
16
18
20

ISO 3928 R0.9
Ambitent temperature
Stress ratio Rσ = -1
ISO 3928 R09 (stored) ambient
ISO 3928 R09 (stored) 40°C/10%
ISO 3928 R09 (stored) 60°C/10%N

om
in

al
 s

tre
ss

 a
m

pl
itu

de
 σ

a,
n [

M
Pa

]

Number of cycles to failure Nf

σa(N=1·106) = 7.1 MPa

Tσ = 1:1.5
PS:

10%

50%

90%

f = 2 - 12 Hz

 Failure
 Run out

k50% = 9.4



Report on the fatigue investigation  
2025-12-15 

 

 
12 

 

 

Figure 6: S-N curve for fatigue test results of ISO3928_R09 for Rσ = 0 

 

Analogous to the ISO 3928 specimens with a notch radius of R = 0.9, a common evaluation of the fatigue test 
results was conducted, except for the specimens stored at 70°C/80%. In the case of the ISO 3928 specimens 
with a radius of R = 30 mm, an endurable load amplitude of σa,n,50% (N = 106) = 11.6 MPa was for alternating 
loading (RF = -1), Figure 7. The slope of the S-N curve was determined to k = 13.2 and the scatter band 
resulted in Tσ = 1:1.20. For pulsating loading with a stress ratio of RF = 0, the endurable load amplitude for a 
probability of survival of PS = 50 % was evaluated to σa,n,50% (N = 106) = 6.5 MPa, Figure 8. The slope of the S-
N curve was determined to k = 11.7 and the scatter resulted in Tσ = 1:1.30. For the specimens stored at 
70°C/80%, the fatigue strength was approximately half of the endurable load amplitude of the test results 
performed with specimens of the other storage conditions. One run out was achieved at a load amplitude of 
6 MPa under alternating loading (RF = -1), respectively 3 MPa under pulsating loading (RF = 0). 

 

 

Figure 7: S-N curve for fatigue test results of ISO3928_R30 for Rσ = -1 
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Figure 8: S-N curve for fatigue test results of ISO3928_R30 for Rσ = 0 

 

In the case of the ISO 2740 specimens, an endurable load amplitude of σa,n,50% (N = 106) = 9.5 MPa was 
evaluated for alternating loading (RF = -1), Figure 9. The evaluation was based on the fatigue test results of 
the stored specimens (40°C/10%) and those stored at ambient conditions. The slope of the S-N curve was 
determined to k = 9.5, and the scatter resulted in Tσ = 1:1.25. For pulsating loading with a stress ratio of 
RF = 0, the endurable load amplitude for a probability of survival of PS = 50 % was evaluated to 
σa,n,50% (N = 106) = 5.8 MPa, Figure 10. The slope of the S-N curve was determined to k = 10.3. The scatter was 
evaluated to Tσ = 1:1.25. Further fatigue tests with specimens stored at 60°C/10% as well as 70°C/80% are 
part of the ongoing work package. 

 

 

Figure 9: S-N curve for fatigue test results of ISO2740 for Rσ = -1 
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Figure 10: S-N curve for fatigue test results of ISO2740 for Rσ = 0 

 

 

The individual fatigue test results for the bonded specimens with PA-matrix are summarized in Table 4.  

 

 

Table 4: Fatigue test results for the individual bonded specimens with PA-matrix 

Specimen type ISO 2740 ISO 3928 (R30) ISO 3928 (R09) 

Load Ratio -1 0 -1 0 -1 0 

Slope k 9.5 10.3 13.2 11.7 9.2 9.4 

Endurable stress amplitude [MPa] 9.5 5.8 11.6 6.5 7.1 4.3 

Scatter band Ts = 1: 1.25 1.15 1.20 1.30 1.50 1.30 

 

 

 

The additional fatigue tests with magnetized ISO 3928 specimens with a notch radius of R = 30 are plotted 
together with the fatigue test results of the unmagnetized specimens in Figure 11. For a stress ratio of Rσ = 0, 
the fatigue test results are shown in Figure 12. The fatigue investigation of magnetized specimens is part of 
the ongoing work.  
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Figure 11: S-N curve for fatigue test results of ISO3928_R30 for Rσ = -1 with magnetized specimens  

 

 

Figure 12: S-N curve for fatigue test results of ISO3928_R30 for Rσ = 0 with magnetized specimens  
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A preliminary result of the fatigue behavior of the new bonded specimens with PP-matrix is shown in Figure 
13, resulting in a higher endurable load amplitude, compared to the bonded PA-matrix. Further fatigue 
tests with these new specimens are part of the ongoing investigation.  

 

 

Figure 13: S-N curve for fatigue test results of ISO3928_R30 for Rσ = -1 together with specimens made of PP 

 

4. Mean stress and highly stressed volume approach  
 

Taking the stress amplitudes of the fatigue tests results at N = 106 load cycles for the ISO specimens type 
2740 and 3298 for the investigated stress ratios Rσ = -1 and Rσ = 0 into account, the mean stress sensitivity 
M according to Schütz [4] can be calculated. The equation for the mean stress sensitivity is shown in (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 the value of M = 1 stands for a mean stress effect, where 
the mean stress has the same influence on fatigue as the stress amplitude. For the calculation of the mean 
stress sensitivity, the endurable load amplitudes at N = 106 load cycles are used. This results in a mean stress 
sensitivity between M = 0.78 for the ISO 3928 samples with a radius of R = 30 mm and M = 0.64 for the 
unnotched ISO 2740 specimens made of NdFeB + PA12. The mean stress sensitivity for the ISO 3928 samples 
with a radius of R = 0.9 mm, i. e. in presence of a notch, is M = 0.65. 

𝑀𝑀 =  𝜎𝜎𝑎𝑎(𝑅𝑅=−1)
𝜎𝜎𝑎𝑎(𝑅𝑅=0)

− 1    (1) 

To determine the influence of mean stresses for bonded specimens, a Haigh-Diagram Figure 14 was built. 
The Haigh-Diagram is designed with the stress amplitude on the ordinate (y-axis) and the mean stress on the 
abscissa (x-axis). The angle bisection under 45° form the case of pulsating tensile loading (R = 0), where the 
mean stress equals the load amplitude. The limitation is given by the yield strength of the material. 
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Figure 14: Mean stress sensitivity of bonded specimens wit PA12 matrix according to Schütz 

 

The highly stressed volume approach for the V90% [5, 6] is commonly used for metallic materials including 
sintered components, as well as glass fiber reinforced polyamides (V80%) [7]. The advantage of this approach 
is the consideration of the statistical size effect and the stress gradient effect, which leads to a transfer of the 
results for an assessment of various components. For the assessment, the fatigue test results for a probability 
of survival of PS = 50 %, the stress concentration factor and the highly stressed volume of the individual 
specimens are required, compare Table 2. The calculation of the local stress amplitude was performed by 
applying equation (2) and plotted over the V90% in a log-log diagram, Figure 15.  

𝐾𝐾𝑡𝑡,𝑎𝑎 = 𝜎𝜎1,𝑚𝑚𝑚𝑚𝑚𝑚
𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛

= 𝜎𝜎1,𝑚𝑚𝑚𝑚𝑚𝑚

� 𝐹𝐹
𝑏𝑏∙ℎ�

  (2) 

 

Based on the fatigue test results for each specimen type and load ratio at N = 106 load cycles, the double-
logarithmic highly stressed volume V90%-diagram was derived, Figure 15. Each local stress amplitude (derived 
from maximum principal stresses of the linear-elastic FE load simulation) for the characteristic stress value 
at N = 106 load cycles is represented by one point in the V90%-diagram of Figure 15. In total, three fatigue test 
results for both alternating and pulsating loading, one per specimen type, are included. The exponent ν of 
equation (2) is calculated by linear regression in the range between V90% = 0.1 mm³ and V90% = 800 mm³, 
related to the highly stressed volumes of the specimens. An extrapolation to lower, respectively higher 
volumes can be done by the assumption of a constant course of the linear regression line. For each stress 
ratio (RF = -1 and RF = 0) the linear regression results in the exponents ν(R=-1) = 0.065 and ν(R=0) = 0.068. The 
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correlation between endurable local stress amplitude and highly stressed volume V90%, an estimation of the 
endurable local stress amplitude of a component or different specimen can be performed.  

With equation (3) and the V90%, the endurable local stress amplitude at N = 106 load cycles can be estimated. 
The specimen parameters at one point, described by V90%,1 and σ1, and the highly stressed material volume 
of the component/specimen (second point) V90%, 2, are used for the calculation of σ2.  

𝜎𝜎2 =  𝜎𝜎1 ∙ �
𝑉𝑉90%(1)
𝑉𝑉90%(2)

�
𝑣𝑣

   (3) 

 

 

Figure 15: V90%-diagram for bonded magnetic specimens with PA matrix [7] 

 

The correlation of V90% and the number of load cycles to failure is shown in equation (4).  

𝑁𝑁2 =  𝑁𝑁1 ∙ �
𝑉𝑉90%,1

𝑉𝑉90%,2
�
−𝑣𝑣

     (4) 

Based on equation (4), the number of load cycles to failure for a component can be estimated. 

 

 

5. Discussion of the Fatigue test results  
 

The results of the FEA analysis of the specimens resulted in highly stressed volumes between  
V90% = 0.13 mm³ for the ISO 3928 with R = 0.9 mm and V90% = 840 mm³ for the ISO 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 ρ = 4.52 g/cm³ for the ISO 3928 with R= 30 mm and ρ = 4.96 g/cm³ for the ISO 3928 with radius 
R = 0.9 mm. 
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The fatigue tests were performed with bonded NdFeB + PA12 magnets at ambient temperature on two 
testing devices with testing frequencies between f = 2 Hz and f = 12 Hz up to N = 106 load cycles. Based on 
the fatigue test results with stored specimens at 40°C and 60°C, a common evaluation of all fatigue test 
results was conducted, resulting in an endurable nominal stress amplitude at N = 106 load cycles. The 
resulting scatter band was in between Tσ = 1:1.15 in for the ISO2740 and Tσ = 1:1.50 for the sharp notched 
ISO3928 specimens. Only the specimens stored at a temperature of 70°C and 80% humidity resulted in 
significantly lower fatigue test results, approximately half of the fatigue strength of the other storage 
conditions. The reason for the lower fatigue strength is still part of the ongoing investigation. 

During the fatigue investigation of the ISO 2740 specimens, two competing failure locations were observed, 
mainly at lower load amplitudes. At high load amplitudes the failure location was concentrated in the area 
of constant cross section of the specimen. At lower load amplitudes the failure location changed from the 
rectangular area of constant cross section to the end of the pneumatic clamping device. The failures at the 
end of the clamping could be related to the relatively high Hertzian Pressure, resulting from pneumatic 
clamping pressure, in the comparatively small area. With reduced pressure the tendency towards a failure 
near the clamping device decreases but still occurs at lower amplitudes due to the stiffness change between 
specimen and clamping area.  

The preliminary evaluation of the influence of the magnetization on the fatigue behaviour of bonded 
specimens with PA-matrix at ambient temperature is shown in Figure 11 and Figure 12, resulting in lower 
endurable load amplitudes for the ISO3928_R30 specimens. A change of the magnetic properties during the 
fatigue test was not recorded until failure of the specimens independent from the individual stress amplitude 
and load ratio.  

The preliminary fatigue tests of bonded specimens with PP-matrix at ambient temperature was started with 
ISO3928_R30 specimens, Figure 13. The first comparison shows a tendency to higher endurable load 
amplitudes for alternating loading (RF = -1), resulting in a run out at a load amplitude of 15 MPa at N = 106 
load cycles.  

The mean stress sensitivity for the bonded NdFeB + PA12 magnets was calculated to M = 0.64 to M = 0.78 at 
N = 106 load cycles and shown as Haigh-Diagram in Figure 14. This mean stress sensitivity shows a high 
influence of means stresses on the fatigue behavior at ambient temperature including the specimens stored 
at 40°C and 60°C with 10% humidity. At higher storage temperature of 70°C and 80% humidity, the mean 
stress sensitivity must be calculated, based on the outstanding fatigue test results. The assessment approach 
of the V90% based on [5, 6] was successfully used for sintered components in various research projects and 
will used for a first assessment of the endurable load amplitudes of component like specimens in 2026. The 
highly stressed volume diagram for subsequent assessment is shown in Figure 15. 

The investigation of the sintered specimens, with and without subsequent magnetization, is also part of the 
ongoing investigation.  
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Fracture surface Specimen P3-17 
N = 12 091 load cycles 
Stress amplitude σa,n: 10MPa 
Stress ratio: R = 0 

 

 
Figure 16: Fracture surface specimen P3-17 
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6. Outlook  
 

• Additional load and strain-controlled fatigue tests at ambient and elevated temperature according 
to the test matrix below 

• Quasi-static tests with ISO 2740 specimens (risk of failures in the clamping area) 
• Setup of testing device for component like magnets  
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Attachment  
 

Table 5: Specimen parameters DIN EN ISO 2740 

DIN EN ISO 2740 

Name Width  
[mm] 

Thickness  
[mm] 

Weight 
[g] 

Area A  
[mm²] 

P-1-1 5.37 3.86   20.728 
P-1-2 5.34 3.81   20.345 
P-1-3 5.36 3.84   20.582 
P-1-4 5.37 3.87   20.782 
P-1-5 5.32 3.83 11.5179 20.376 
P-1-6 5.36 3.81   20.422 
P-1-7 5.41 3.80   20.558 
P-1-8 5.32 3.84   20.429 
P-1-9 5.31 3.85 11.5225 20.444 

P-1-10 5.34 3.84   20.506 
P-1-11 5.33 3.81   20.307 
P-1-12 5.36 3.81 11.4754 20.422 
P-1-13 5.38 3.80   20.444 
P-1-14 5.39 3.85   20.752 
P-1-15 5.39 3.85   20.752 
P-1-16 5.36 3.82   20.475 
P-1-17 5.36 3.82   20.475 
P-1-18 5.31 3.80   20.178 
P-1-19 5.33 3.81   20.307 
P-1-20 5.36 3.83   20.529 
P-1-21 5.34 3.84   20.506 
P-1-22 5.35 3.81 11.5315 20.384 
P-1-23 5.36 3.83   20.529 
P-1-24 5.34 3.82 11.5256 20.399 
P-1-25 5.34 3.79   20.239 
P-1-26 5.31 3.80   20.178 

Minimum 5.31 3.79 11.48 20.18 
Maximum 5.41 3.87 11.53 20.78 
Difference  0.10 0.08 0.056 0.60 
Mean Value 5.35 3.82 11.51 20.46 
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Table 6: Specimens parameters DIN EN ISO 2740 

DIN EN ISO 2740 

Name Width  
[mm] 

Thickness  
[mm] 

Weight 
[g] 

Area A  
[mm²] 

P-1-27 5.32 3.81 11.9167 20.269 
P-1-28 5.35 3.80 11.9084 20.330 
P-1-29 5.32 3.82 11.9169 20.322 
P-1-30 5.31 3.79 11.9229 20.125 
P-1-31 5.31 3.81 11.9282 20.231 
P-1-32 5.32 3.82 11.8816 20.322 
P-1-33 5.32 3.82 11.9296 20.322 
P-1-34 5.32 3.84 11.9218 20.429 
P-1-35 5.32 3.85 11.9135 20.482 
P-1-36 5.33 3.82 11.9216 20.361 
P-1-37 5.32 3.80 11.8834 20.216 
P-1-38 5.32 3.83 11.9292 20.376 
P-1-39 5.31 3.83 11.9202 20.337 
P-1-40 5.32 3.83 11.8737 20.376 
P-1-41 5.32 3.83 11.9107 20.376 
P-1-42 5.38 3.85 11.9290 20.713 
P-1-43 5.47 3.83 11.8692 20.950 
P-1-44 5.38 3.83 11.8707 20.605 
P-1-45 5.33 3.83 11.9056 20.414 
P-1-46 5.35 3.85 11.9136 20.598 
P-1-47 5.31 3.82 11.9243 20.284 
P-1-48 5.35 3.81 11.9191 20.384 
P-1-49 5.36 3.85 11.9140 20.636 
P-1-50 5.34 3.82 11.8995 20.399 
P-1-51 5.32 3.81 11.9047 20.269 
P-1-52 5.32 3.81 11.9336 20.269 
P-1-53 5.31 3.81 11.9189 20.231 
P-1-54 5.32 3.81 11.9324 20.269 
P-1-55 5.33 3.80 11.9133 20.254 
P-1-56 5.32 3.83 11.9365 20.376 
P-1-57 5.31 3.81 11.8931 20.231 
P-1-58 5.32 3.81 11.9223 20.269 
P-1-59 5.33 3.81 11.9017 20.307 
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 
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Table 7: Specimens parameters DIN EN ISO 2740 

DIN EN ISO 2740 

Name Width  
[mm] 

Thickness 
[mm] 

weight  
[g] 

Area A 
[mm²] 

P-1-61 5.30 3.82 11.9445 20.246 
P-1-62 5.32 3.81 11.9785 20.269 
P-1-63 5.30 3.81 11.9193 20.193 
P-1-64 5.32 3.83 11.9167 20.376 
P-1-65 5.31 3.80 11.8683 20.178 
P-1-66 5.31 3.80 11.9146 20.178 
P-1-67 5.33 3.82 11.9286 20.361 
P-1-68 5.30 3.81 11.9316 20.193 
P-1-69 5.32 3.81 11.9178 20.269 
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 20.429 
P-1-74 5.32 3.83 11.9207 20.376 
P-1-75 5.32 3.83 11.9263 20.376 
P-1-76 5.30 3.81 11.9206 20.193 
P-1-77 5.30 3.80 11.9244 20.140 
P-1-78 5.31 3.82 11.9258 20.284 
P-1-79 5.33 3.81 11.9073 20.307 
P-1-80 5.31 3.82 11.9244 20.284 
P-1-81 5.31 3.79 1.8861 20.125 
P-1-82 5.32 3.80 11.9155 20.216 
P-1-83 5.30 3.80 11.9265 20.140 
P-1-84 5.35 3.81 11.9263 20.384 
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 20.284 
P-1-89 5.32 3.82 11.8833 20.322 
P-1-90 5.31 3.79 11.8880 20.125 
P-1-91 5.31 3.80 11.9162 20.178 
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Table 8: Specimens parameters DIN EN ISO 2740 

DIN EN ISO 2740 

Name Width  
[mm] 

Thickness 
[mm] 

weight  
[g] 

Area A 
[mm²] 

P-1-92 5.32 3.82 11.9208 20.322 
P-1-93 5.32 3.81 11.9223 20.269 
P-1-94 5.31 3.82 11.9222 20.284 
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 20.231 
P-1-98 5.31 3.80   20.178 
P-1-99 5.35 3.80 11.9207 20.330 

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 
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Table 9: Specimens parameters ISO 3928_R0.9 

ISO 3928_R0.9  

Name Width  
[mm] 

Thickness  
(mm) 

Weight 
 [g] 

Area A  
[mm²] 

P-2-1 4.90 4.02   19.698 
P-2-2 5.03 4.09   20.5727 
P-2-3 4.97 4.09   20.3273 
P-2-4 4.95 4.09 18.7470 20.2455 
P-2-5 4.93 4.08 18.7207 20.1144 
P-2-6 4.97 4.12 18.7086 20.4764 
P-2-7 4.90 4.08 18.7191 19.992 
P-2-8 5.00 4.09 18.7596 20.45 
P-2-9 4.85 4.08 18.7245 19.788 

P-2-10 4.54 4.07   18.4778 
P-2-11 4.52 4.05 18.7375 18.306 
P-2-12 4.86 4.10   19.926 
P-2-13 4.95 4.08 18.7068 20.196 
P-2-14 4.95 4.11   20.3445 
P-2-15 4.93 4.09 18.7156 20.1637 
P-2-16 4.96 4.09 18.7770 20.2864 
P-2-17 4.98 4.08 18.7350 20.3184 
P-2-18 4.97 4.09   20.3273 
P-2-19 4.93 4.11 18.7257 20.2623 
P-2-20 4.94 4.13 18.7602 20.4022 
P-2-21 5.00 4.18 18.8375 20.9 
P-2-22 4.98 4.10 18.7265 20.418 
P-2-23 4.95 4.10 18.7959 20.295 
P-2-24 4.98 4.08 18.7348 20.3184 
P-2-25 4.93 4.10 18.7105 20.213 
P-2-26 4.95 4.11   20.3445 
P-2-27 4.96 4.08 18.6725 20.2368 
P-2-28 4.96 4.07 18.7015 20.1872 
P-2-29 4.97 4.10 18.6921 20.377 
P-2-30 4.97 4.08 18.6911 20.2776 
P-2-31 4.98 4.09 18.6935 20.3682 
P-2-32 5.20 4.07 18.6618 21.164 

Minimum 4.52 4.02 18.66 18.31 
Maximum 5.20 4.18 18.84 21.16 
Difference  0.68 0.16 0.18 2.86 
Mean Value 4.93 4.09 18.73 20.18 
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Table 10: Specimens parameters ISO 3928_R0.9 

ISO 3928_R0.9  

Name Width 
[mm] 

Thickness  
(mm) 

Weight 
[g] 

Area A  
[mm²] 

P-2-33 4.80 4.03 18.7217 19.344 
P-2-34 4.85 4.00 18.6884 19.4 
P-2-35 5.01 4.00 18.6853 20.04 
P-2-36 4.88 4.62 18.6943 22.5456 
P-2-37 4.93 4.65 18.7073 22.9245 
P-2-38 4.81 4.05 18.7007 19.4805 
P-2-39 4.98 4.05 18.6661 20.169 
P-2-40 4.96 4.01 18.7041 19.8896 
P-2-41 4.98 4.08 18.7070 20.3184 
P-2-42 4.95 4.02 18.7145 19.899 
P-2-43 4.95 4.01 18.7261 19.8495 
P-2-44 4.92 4.05 18.7206 19.926 
P-2-45 4.95 4.03 18.7240 19.9485 
P-2-46 4.93 4.04   19.9172 
P-2-47 4.98 4.06 18.7637 20.2188 
P-2-48 4.84 4.07 18.7312 19.6988 
P-2-49 4.95 4.04 18.7352 19.998 
P-2-50 4.87 4.02 18.7240 19.5774 
P-2-51 4.95 4.02 18.6425 19.899 
P-2-52 4.94 4.02 18.7078 19.8588 
P-2-53 4.90 4.03 18.7009 19.747 
P-2-54 4.85 4.05 18.7307 19.6425 
P-2-55 4.97 4.03 18.7136 20.0291 
P-2-56 4.82 4.02 18.7037 19.3764 
P-2-57 4.93 4.03 18.7375 19.8679 
P-2-58 4.90 4.04 18.7200 19.796 
P-2-59 4.94 4.02 18.7070 19.8588 
P-2-60 4.97 4.03 18.7175 20.0291 
P-2-61 4.96 4.03 18.7239 19.9888 
P-2-62 4.92 4.03 18.7384 19.8276 
P-2-63 4.93 4.02 18.6289 19.8186 
P-2-64 4.98 4.03 18.7276 20.0694 
P-2-65 4.86 4.04 18.7494 19.6344 
P-2-66 4.93 4.05 18.7138 19.9665 

Minimum 4.80 4.00 18.63 19.34 
Maximum 5.01 4.65 18.76 22.92 
Difference  0.21 0.65 0.13 3.58 
Mean Value 4.92 4.07 18.71 20.02 
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Table 11: Specimens parameters ISO 3928_R0.9 

ISO 3928_R0.9  

Name Width 
 [mm] 

Thickness  
[mm] 

weight  
[g] 

Area A 
 [mm²] 

P-2-67 4.97 4.05 18.7290 20.1285 
P-2-68 4.92 4.02 18.7096 19.7784 
P-2-69 4.89 4.02 18.7095 19.6578 
P-2-70 4.98 4.04 18.7076 20.1192 
P-2-71 4.79 4.07 18.7261 19.4953 
P-2-72 4.94 4.03 18.6923 19.9082 
P-2-73 4.85 4.01 18.7367 19.4485 
P-2-74 4.93 4.02 18.7346 19.8186 
P-2-75 4.98 4.00 18.7274 19.92 
P-2-76 4.83 3.99 18.7118 19.2717 
P-2-77 4.83 4.00 18.7240 19.32 
P-2-78 4.86 4.05 18.7600 19.683 
P-2-79 4.93 4.04 18.7010 19.9172 
P-2-80 4.86 4.03 18.7186 19.5858 
P-2-81 4.84 4.04 18.7073 19.5536 
P-2-82 4.89 4.04 18.7580 19.7556 
P-2-83 4.90 4.03 18.7188 19.747 
P-2-84 4.92 4.05 18.8048 19.926 
P-2-85 4.87 4.06 18.8050 19.7722 
P-2-86 4.90 4.07 18.7868 19.943 
P-2-87 4.81 4.03 18.7453 19.3843 
P-2-88 4.93 4.06 18.7285 20.0158 
P-2-89 4.93 4.06 18.7311 20.0158 
P-2-90 4.95 4.05 18.7141 20.0475 
P-2-91 4.84 4.04 18.7099 19.5536 
P-2-92 4.89 4.02 18.7123 19.6578 
P-2-93 4.96 4.04 18.7537 20.0384 
P-2-94 4.90 4.09 18.7235 20.041 
P-2-95 4.93 4.05 18.7465 19.9665 
P-2-96 4.93 4.04 18.6904 19.9172 
P-2-97 4.84 4.08 18.7614 19.7472 
P-2-98 4.94 4.06 18.7259 20.0564 
P-2-99 4.93 4.02 18.6869 19.8186 

       
Minimum 4.79 3.99 18.69 19.27 
Maximum 4.98 4.09 18.81 20.13 
Delta  0.19 0.10 0.12 0.86 
Mean Value 4.90 4.04 18.73 19.791 
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Table 12: Specimens parameters ISO 3928_R30 

ISO 3928_R30  

Name Width  
[mm] 

Thickness  
[mm] 

weight  
[g] 

Area A 
 [mm²] 

P-3-1 5.13 4.07   20.879 
P-3-2 5.06 4.09   20.695 
P-3-3 5.16 4.09   21.104 
P-3-4 5.10 4.09   20.859 
P-3-5 5.15 4.07 16.8469 20.961 
P-3-6 5.11 4.02 16.8808 20.542 
P-3-7 5.10 4.00 16.8769 20.400 
P-3-8 5.06 3.99 16.8817 20.189 
P-3-9 5.08 4.01 16.8685 20.371 

P-3-10 5.07 4.04 16.8819 20.483 
P-3-11 5.10 4.04 16.9417 20.604 
P-3-12 5.10 4.03 16.8851 20.553 
P-3-13 5.07 4.04 16.8810 20.483 
P-3-14 5.08 4.01 16.8348 20.371 
P-3-15 5.10 4.06   20.706 
P-3-16 5.05 4.03   20.352 
P-3-17 5.07 4.04   20.483 
P-3-18 5.12 4.01   20.531 
P-3-19 5.10 4.01 16.8949 20.451 
P-3-20 5.07 4.02 16.8978 20.381 
P-3-21 5.10 4.02 16.8937 20.502 
P-3-22 5.13 4.06 16.8679 20.828 
P-3-23 5.08 4.01 16.8764 20.371 
P-3-24 5.06 4.05 16.8285 20.493 
P-3-25 5.07 4.02   20.381 
P-3-26 5.14 4.00 16.7845 20.560 
P-3-27 5.11 4.00 16.8953 20.440 
P-3-28 5.12 4.20 16.8894 21.504 
P-3-29 5.09 4.00 16.8739 20.360 
P-3-30 5.08 3.99 16.8154 20.269 
P-3-31 5.10 4.01 16.8729 20.451 
P-3-32 5.08 4.00 16.8649 20.320 

Minimum 5.05 3.99 16.78 20.19 
Maximum 5.16 4.20 16.94 21.50 
Delta 0.11 0.21 0.16 1.31 
Mean Value 5.10 4.04 16.87 20.567 
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Table 13: Specimens parameters ISO 3928_R30 

ISO 3928_R30 

Name Width  
[mm] 

Thickness  
[mm] 

Weight 
 [g] 

Area A  
[mm²] 

P-3-33 5.05 4.00 16.8669 20.200 
P-3-34 5.06 4.00 16.8872 20.240 
P-3-35 5.10 4.04 16.8676 20.604 
P-3-36 5.07 4.01 16.8698 20.331 
P-3-37 5.09 4.02 16.9039 20.462 
P-3-38 5.08 4.05 16.9059 20.574 
P-3-39 5.06 4.02 16.8851 20.341 
P-3-40 5.12 4.05 16.8657 20.736 
P-3-41 5.10 4.01 16.8778 20.451 
P-3-42 5.07 4.01 16.8902 20.331 
P-3-43 5.07 4.02 16.8883 20.381 
P-3-44 5.07 4.01 16.8533 20.331 
P-3-45 5.08 4.00 16.8112 20.320 
P-3-46 5.09 4.02 16.8033 20.462 
P-3-47 5.06 4.02 16.8078 20.341 
P-3-48 5.06 4.03 16.9187 20.392 
P-3-49 5.06 4.01 16.8275 20.291 
P-3-50 5.07 4.03 16.9041 20.432 
P-3-51 5.10 4.00 16.8774 20.400 
P-3-52 5.08 4.00 16.8846 20.320 
P-3-53 5.10 4.02 16.8681 20.502 
P-3-54 5.05 4.01 16.8731 20.251 
P-3-55 5.09 4.01 16.8624 20.411 
P-3-56 5.07 4.01 16.8549 20.331 
P-3-57 5.12 4.03 16.8516 20.634 
P-3-58 5.13 4.01 16.8840 20.571 
P-3-59 5.05 4.02 16.8715 20.301 
P-3-60 5.06 4.01 16.8914 20.291 
P-3-61 5.09 4.01 16.9262 20.411 
P-3-62 5.12 4.02 16.8862 20.582 
P-3-63 5.05 4.06 16.8963 20.503 
P-3-64 5.06 4.02 16.8875 20.341 
P-3-65 5.05 4.02 16.8700 20.301 
P-3-66 5.06 4.02 16.9005 20.341 

Minimum 5.05 4.00 16.80 20.20 
Maximum 5.13 4.06 16.93 20.74 
Difference  0.08 0.06 0.12 0.54 
Mean Value 5.08 4.02 16.87 20.40 
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Table 14: Specimens parameters ISO 3928_R0.9 

ISO 3928_R30  

Name Width  
[mm] 

Thickness  
[mm] 

weight  
[g] 

Area A  
[mm²] 

P-3-67 5.05 4.02 16.7778 20.301 
P-3-68 5.04 4.01 16.7881 20.2104 
P-3-69 5.05 4.02 16.8274 20.301 
P-3-70 5.08 4.01 16.9670 20.3708 
P-3-71 5.07 4.01 16.8064 20.3307 
P-3-72 5.09 4.01 16.8693 20.4109 
P-3-73 5.06 4.03 16.8989 20.3918 
P-3-74 5.10 4.01 16.8399 20.451 
P-3-75 5.04 4.01 16.8666 20.2104 
P-3-76 5.05 4.03 16.8855 20.3515 
P-3-77 5.05 4.04 16.9024 20.402 
P-3-78 5.06 4.03 16.8624 20.3918 
P-3-79 5.06 4.00 16.8856 20.24 
P-3-80 5.06 4.02 16.8962 20.3412 
P-3-81 5.07 4.02 16.8741 20.3814 
P-3-82 5.07 4.02 16.8604 20.3814 
P-3-83 5.05 4.00 16.8812 20.2 
P-3-84 5.07 4.03 16.9150 20.4321 
P-3-85 5.07 4.01 16.7818 20.3307 
P-3-86 5.10 4.00 16.7967 20.4 
P-3-87 5.07 4.02 18.8137 20.3814 
P-3-88 5.08 4.03 16.8837 20.4724 
P-3-89 5.06 4.00 16.8713 20.24 
P-3-90 5.08 4.01 16.9323 20.3708 
P-3-91 5.06 4.05 16.9118 20.493 
P-3-92 5.08 4.03 16.7923 20.4724 
P-3-93 5.06 4.02 16.7913 20.3412 
P-3-94 5.07 4.01 16.8990 20.3307 
P-3-95 5.05 4.01 16.9023 20.2505 
P-3-96 5.07 4.02 16.9031 20.3814 
P-3-97 5.05 4.00 16.8516 20.2 
P-3-98 5.05 4.00 16.8322 20.2 
P-3-99 5.08 4.04 16.9641 20.5232 

P-3-100 5.03 4.01 16.8432 20.1703 
Minimum 5.03 4.00 16.78 20.17 
Maximum 5.10 4.05 18.81 20.52 
Difference  0.07 0.05 2.04 0.353 
Mean Value 5.06 4.02 16.92 20.3429 
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