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Fatigue of cold formed parts is an important consideration 
especially in the automotive industry. Methods exist for 
predicting the fatigue of parts where the plastic deformation 
during forming is less than the uniform elongation. Nevertheless, 
many stamped parts include areas where forming strain exceeds 
uniform elongation. These areas are also very important in terms 
of high cyclic fatigue. Fatigue tests were carried out on these 
highly formed bodies. The results are presented in this paper. 
Also, a simple method is proposed for avoiding some common 
mistakes in fatigue evaluation. 
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1 INTRODUCTION 

Research of fatigue in cold formed parts is important for many 
reasons. Cold forming is widely undertaken on forming machines 
[Chval 2016, Raz 2020], primarily in the automotive industry. 
This business sector has high demands in terms of reliability.  
There are also high demands on the development process. New 
cars and components have to be developed in a short time and 
the price of the development process has to be reduced too. This 
leads to a preference of simulation methods [Chval 2020] over 
physical testing which is expensive and time consuming. 
The lifetime of components is influenced by many factors such 
as stamping, welding or surface coating.  Methods which enable 
the consideration of the effects of plastic strain originating 
during forming exist and are available in commercial fatigue 
software. Examples of these methods include the Material Law 
of Steel Sheet (MLSS) and the Method of Variable Slopes (MVS) 
implemented in FEMFAT software. These methods assume that 
effective plastic strain originating during forming does not 
exceed uniform elongation. Other researchers have also made 
similar assumptions [Le 2009]. Fatigue results for specimens 
where pre-strain is higher than uniform elongation are not 
available.  
From our measurements it is clear that if effective plastic strain 
originating during forming exceeds uniform elongation then 
results based on MVS or MLSS are no longer valid. These 
methods should be adjusted to situations when effective plastic 
strain is high. Unfortunately, if these methods are implemented 
in proprietary software, it is not possible to modify them. This 
paper proposes a simple method to evaluate the fatigue of the 
stamped part which includes areas of both low and high effective 
strain. Direct modification of MVS or MLSS is not needed, so 
proprietary fatigue software can be used. The method proposed 
here is valuable for practical use because it prevents erroneous 
results.  

2 PROBLEM DESCRIPTION  

There are two areas which need to be investigated. The first area 
is forming. It is necessary to check if the formed part can be 
produced without defects. It is also useful to evaluate effective 
plastic strain, wall thinning or residual stress which can be used 

in further evaluation of fatigue. The second area is evaluation of 
life-time where forming effects are taken into account. 
Calculation of a stamped part’s fatigue which considers forming 
effects can be seen in [Meng 2013] and [Jakubec 2022] in detail. 
 

2.1 Forming 

It is common practice to use a Forming Limit Diagram (FLD) to 
evaluate formability. The FLD where levels of effective plastic 
strain are visualized was originally published in [Massendorf 
2000]. A similar FLD is shown in Figure 1. This diagram shows that 
it is possible to produce a stamped part where effective plastic 
strain exceeds uniform elongation. 

 

Figure 1. Forming Limit Diagram (FLD)  

It should be noted that the FLD was drawn for flat pre-strained 
specimens. A flat specimen has the same plastic strain on the top 
surface, in the middle surface and on the bottom surface. This is 
not valid for pre-strained parts with non-zero curvature. 
Creating the same diagram for such a part is difficult. The FLD is 
valid for the middle surface [Abspoel 2013], but effective plastic 
strain needed for fatigue evaluation should be evaluated on the 
part’s surface. High cyclic fatigue cracks are nucleated on the 
surface.      
 

2.2 Fatigue 

MVS and MLSS methods prescribe a strain life curve based on 
pre-strain level. The pre-strain level is expressed via effective 
plastic strain 𝜑𝑣, formula (1) which is based on [FEMFAT 2022].  
Symbols ε1, ε2, ε3 represent principal plastic strains calculated via 
Finite Element Method (FEM). 
 
𝜑𝑣 =

= √
2

3
{[𝑙𝑛(𝜀1 + 1)]2 + [𝑙𝑛(𝜀2 + 1)]2 + [𝑙𝑛(𝜀3 + 1)]2} 

(1) 

 
The author of the MLSS method published it in the form of 
equation (2) in his work [Massendorf 2000]. 
 

𝜀𝑎 =
(10370 + 13036𝜑𝑣)

𝐸𝐴𝑔
(2𝑁)−0.065 + 

+(1.5262 − 1.1878𝜑𝑣)𝜌(2𝑁)
−0.518 

(2) 

 
E represents Young’s modulus, εa is strain amplitude, Ag is 
uniform elongation entered in percentage, N is number of cycles 
and ρ is exponent of power law (3) which is an approximation of 
the cyclic stabilized stress-strain curve. Symbol σ represents true 
stress, ε is true strain and κ is constant. 
 

𝜎 = 𝜅𝜀𝜌 (3) 
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The MVS is taken from [Hatscher 2004] in the form of equation 
(4). Constants γ, ω, α, β, N0.2, E can also be found in [Hatscher 
2004]. For material S420MC γ=0.7, ω=1.6, α=0.0041, β=0.69, 
N0.2=7500 and E=206000 MPa. Ultimate strength Rm is 480 MPa. 

𝜀𝑎 =
𝛾𝑅𝑚(1 + 𝜑𝑣)

𝐸
(
𝑁

𝑁0.2
)
𝑎

+ 0.002(
𝑁

𝑁0.2
)
𝑏

 

(4) 

𝑎 =
−1

log(2𝑁0.2)
𝑙𝑜𝑔 [

𝜔

𝛾(1 + 𝜑𝑣)
] 

𝑏 =
𝑙𝑜𝑔 [

0.002𝐸

𝛾𝑅𝑚(1+𝜑𝑣)
]

𝑙𝑜𝑔[𝛼𝛾𝑅𝑚(1 + 𝜑𝑣) − 𝛽]
+ 

−
1

log(2𝑁0.2)
𝑙𝑜𝑔 [

𝜔

𝛾(1 + 𝜑𝑣)
] 

 
The strain life curve as a function of 𝜑𝑣 is shown in Figure 2, 
where relationships (2) and (4) are visualized as εa-N-𝜑𝑣 
surfaces. The authors of the MVS and MLSS methods point out 
in their publications [Massendorf 2000], [Hatscher 2004] that 
results are valid only if effective plastic strain does not exceed 
uniform elongation Ag. Implementation of both methods in 
FEMFAT does not have a ceiling and the fatigue curve is changed 
for any  𝜑𝑣 as indicated by the arrow in Figure 2. Increase of life-
time could continue even if effective plastic strain significantly 
exceeds uniform elongation. This could lead to life-time 
overestimation if the results are not checked carefully. In 
FEMFAT εa is replaced by stress amplitude σa, i.e. S-N curve is 
used. The replacement is done with the use of cyclic stabilized 
stress-strain curve. 

 

Figure 2. Strain life curve as a function of effective plastic strain 𝜑𝑣         

(εa-N-𝜑𝑣 surface) 

3 EXPERIMENTS AND CALCULATIONS 

Fatigue calculation of a stamped part has several steps. It is 
necessary to calculate the forming effects, primarily the effective 
plastic strain. Also, operational stress emerging during cyclic 
loading has to be analysed. Both calculations are done using 
FEM. If the mesh used in the forming task differs from the mesh 
used in the operational stress analysis, then the results from the 
first task have to be mapped onto the mesh of the second task. 
All the results are then transferred into the fatigue software, 
where fatigue is evaluated. The local approach is used, i.e. the S-
N curve is adjusted for each mesh node depending on the 
conditions in it. One of the local influence factors is effective 
plastic strain.  

The specimens which we used for the tests and which are 
described below always have two planes of symmetry. The 
symmetry can be used to simplify the calculation model. 
Therefore, models used for forming simulations were cut 
according to symmetry planes – this is referred to as the 
“reduced model” in the following sections. Appropriate 
boundary conditions were applied to these cuts.  

Forming simulations were done in accordance with [Jakubec 
2022]. A multilinear stress-strain curve with isotropic hardening 
was used. Parts are made from rolled metal sheet which has 
orthotropic behaviour, therefore, Hill’s 1948 yield criterion [Hill 
1948] was used. M. Jakubec in his work [Jakubec 2022] derived 
the necessary parameters for S420MC. He prepared the material 
specimens in the rolling direction, perpendicular to the rolling 
direction and 45° to the rolling direction. Then he performed 
tensile tests and test simulations. An optimization procedure 
was used to derive the material parameters. Tensile tests were 
supplemented by compression tests. Jakubec’s material model 
of S420MC was used in all of our forming simulations. 

The results from the forming simulations were extended to full-
size models via script. Models, without any reduction, were used 
for operational stress calculation and for fatigue evaluation. 
FEMFAT fatigue software uses stress gradient [FEMFAT 2022] for 
fatigue evaluation. The stress gradient influence was active in 
our calculations. This is because the curvature of some of the 
specimens is high. Significant stress peaks occurred in areas of 
high curvature. The stress gradient in the nodes is calculated 
from the surrounding elements. If some elements were missing 
due to the model’s reduction, then stress gradient and fatigue 
results around the cuts would be incorrect. 

The Scaled Normal Stress (SNS) method [Wächter 2022] was 
used to calculate the mean stress and stress amplitude which are 
important for fatigue evaluation. Normal stresses σni,j are 
calculated in this method for each normal direction given by 
vector {ni} according to formula (5). Stress matrix [σj] is related 
to the jth load-step. Normal stresses σni,j can be used for stress 
amplitude calculation and mean stress calculation in each 
direction {ni}. The direction with the highest damaging effect is 
chosen.   

𝜎𝑛𝑖,𝑗 = (1 + (1 −
𝜎𝑒
𝜏𝑒
))𝑤{𝑛𝑖}

𝑇[𝜎𝑗]{𝑛𝑖} (5) 

Formula (5) also contains shear strength τe and normal strength 
σe. The ratio of σe and τe can be understood as a measure of 
ductility as [Wächter 2022] explains. Symbol w is the ratio of 
principal stresses given by formula (6). 

𝑤 = {

𝜎3
𝜎1

, 𝑖𝑓|𝜎1| ≥ |𝜎3|

𝜎1
𝜎3

, 𝑖𝑓|𝜎3| > |𝜎1|
 (6) 

Normal directions {ni} are chosen with constant step.  Figure 3 
shows normal vectors with step δ=30° because of clarity. Step 
δ=10° was used in our calculations. 

 

Figure 3. Normal directions 

Four specimen types were prepared to test this calculation 
procedure and check the validity of MLSS and MVS especially for 
high strains.  

 



 

 

MM SCIENCE JOURNAL I 2023 I OCTOBER  

6618 

 

3.1 Specimen A 

Type A specimens had an effective plastic strain in the critical 
spot of about 8% which is less than the uniform elongation of the 
material S420MC. The mechanical properties and chemical 
composition of this material can be seen in [Martinez 2019], and 
fatigue properties are given in [Klemenc 2015]. The uniform 
elongation of this material is 13% according to our 
measurements. The specimens were exposed to symmetric 
compression-tension load cycles with three different 
amplitudes. Specimens with Zn-Ni surface coating and 
specimens without surface treatment were tested. The 
dimensions of the specimens are shown in Figure 4. The arrows 
marked F show the direction of the loading force. Constant 
bending stress occurred in the specimen in the testing machine, 
because the left flat part of the specimen is not parallel with the 
right flat part of the specimen. This is a consequence of the 
spring-back effect. Mean stress influence was considered in all 
calculations using the High diagram. 

 

 

Figure 4. Dimensions of specimen A 

Figure 5 shows a comparison of the experimental results with 
the calculated results. Three calculation methods were used. The 
first was MVS, the second MLSS and the third calculation method 
did not consider the effect of plastic strain at all. Fatigue was 
evaluated for two different surface roughnesses. The surface 
roughness Rz=8 μm is related to parts without surface coating. 
The surface roughness Rz=13 μm is related to parts with surface 
coating. Both roughness values are based on measurements. 
Calculations considered roughness according to [FKM 2003]. This 
means that the surface roughness factor KR was calculated 
according to formula (7). 

𝐾𝑅 = 1 − 𝑎𝑅log(𝑅𝑧)log(
2𝑅𝑚

𝑅𝑚,𝑁,𝑚𝑖𝑛
) (7) 

The constant aR for steel is equal to 0.22 and Rm,N,min is 400 MPa. 
The S-N curve was then multiplied by factor KR in order to reflect 
the influence of roughness.  

 

Figure 5. Specimen A – Comparison of experiments (exp.) and 

calculations (calc.)  

Figure 5 shows that MLSS and MVS provided slightly 
conservative results. If the effect of plastic strain is not taken into 
account then the results are highly conservative.   

[Massendorf 2000] and [Hatscher 2004] claim that residual 
stress relaxation is nearly complete if stress amplitude reaches 
yield strength. Its minimum value is 420 MPa. All calculations 
assumed a complete relaxation of residual stress, regardless of 
stress amplitude. This is because consideration of stress 
relaxation in the calculation model is a complex task, and there 
is no clear procedure for how to perform it. 

Calculated mean stresses and stress amplitudes in critical spots 
for each loading level are shown in Table 1. A linear material 
model was used for operational stress analysis. Then the mean 
stress rearrangement via the Neuber hyperbola [FEMFAT 2022] 
was used.  

Force amplitude 
[N] 

Stress amplitude 
[MPa] 

Mean stress 
[MPa] 

1320 510 40 

1100 422 49 

1000 383 50 

Table 1. Mean stress and stress amplitude in critical spot of specimen A 

Specimen A with a fatigue fracture is shown in Figure 6. This 
specimen was tested with a force amplitude of 1320 N. The 
specimen’s surface was not protected with a coating.  

 

Figure 6. Specimen A after testing 

Figure 7 shows the calculated number of cycles until crack 
initiation. Force amplitude was 1320 N, surface roughness was 
Rz=8 μm and MLSS was used in this case. 

 

Figure 7. Calculated number of cycles until crack initiation based on 
MLSS, specimen A 
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3.2 Specimen B 

Specimen B had an effective plastic strain at the critical spot of 
about 23% which is more than the uniform elongation. The 
material and thickness are the same as specimen A. Specimens 
were exposed to a three point bending test, where the loading 
cycle asymmetry was R=0.067.  Dimensions of specimen B are 
shown in Figure 8a, the position of the critical spot is shown in 
Figure 8b. 

 

 

Figure 8. (a) Dimensions of specimen B, (b) position of critical spot 

Three different loading levels were tested as shown in Figure 9. 
Good agreement between MLSS and the experiments can be 
seen. Some discrepancy may be caused by neglecting residual 
stress.  

 

Figure 9. Specimen B - Experiments (exp.) and calculations (calc.) 
comparison 

Stress amplitude and mean stress in the critical spot of specimen 
B is shown in Table 2. 

Force amplitude 
[N] 

Stress amplitude 
[MPa] 

Mean stress 
[MPa] 

2566.5 456 96 

2231 400 97 

2100 368 99 

Table 2. Mean stress and stress amplitude in critical spot of specimen B 

Specimen B with fatigue fracturing is shown in Figure 10. This 
specific specimen was tested with a force amplitude of 2100 N. 
The specimen was not treated with a surface coating. 

 

Figure 10. Specimen B after testing 

Figure 11 shows the calculated number of cycles until crack 
initiation. Force amplitude was 2100 N, surface roughness was 
Rz=8 μm and MLSS was used in this case. 

 

Figure 11. Calculated number of cycles until crack initiation based on 

MLSS, specimen B 

 

3.3 Specimen C 

Specimen C is a stabilizer clamp subjected to a three point 
bending test. Specimens were subjected to five different levels 
of loading. Only specimens with Zn-Ni surface coating were 
tested. Effective plastic strain at the critical spot was 51%. 
Clamps were made from S420MC. The metal sheet thickness was 
3.5 mm. The clamp and its support used for the three point 
bending test is shown in Figure 12. Cyclic load asymmetry was 
R=0.2. 

 

Figure 12. Three point bending test of specimen C 

Figure 13 shows a comparison of the calculations and 
experiments. MLSS provided non-conservative results. Results 
provided by MVS were even more non-conservative.  
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Figure 13. Specimen C – Comparison of experiments (exp.) and 

calculations (calc.)  

Stress amplitude and mean stress in the critical spot of specimen 
C for each loading level are shown in Table 3. The values in the 
table are related to a model where the forming effect is not 
considered. If the forming effect is considered, then the position 
of the critical spot is moved slightly, which leads to slightly 
different stress values.    

Force amplitude 
[N] 

Stress amplitude 
[MPa] 

Mean stress 
[MPa] 

2000 601 -106 

1750 525 -105 

1625 480 -108 

1500 451 -105 

1350 407 -105 

Table 3. Mean stress and stress amplitude in the critical spot of specimen 
C 

Figure 14 shows specimen C after testing. The specimen in the 
figure was tested with a force amplitude of 1500 N. 

 

Figure 14. Specimen C after testing 

 

Figure 15. Calculated number of cycles until crack initiation based on 
MLSS, specimen C 

Figure 15 shows the number of cycles until crack initiation. Force 
amplitude was 1500 N, surface roughness was Rz=13 μm and 
MLSS was used in this case. 

 

3.4 Specimen D 

Specimen D is based on specimen A. One more forming 
operation was added which led to a change of the specimen 
shape and to the change of the position of the critical spot. 
Effective plastic strain at the critical spot was 48%. Material 
S420MC was used for the specimen. The specimens were 
exposed to symmetric compression-tension load cycles with 
three different force amplitudes, which differed from the 
amplitudes used for the A specimens. Specimens with Zn-Ni 
surface coating and specimens without surface treatment were 
tested. The dimensions of specimen D are shown in Figure 16. 
The left end of the specimen was not parallel with the right end 
of the specimen. This led to the creation of bending stress when 
the specimen was fixed into the testing machine. The effect of 
mean stress was considered as it was described earlier. 

 

Figure 16. Dimensions of specimen D 

Figure 17 shows a comparison between the calculations and 
experiments. The results based on MLSS and MVS are very 
different from the experimental results. The calculations where 
the effect of plastic strain was not considered are close to the 
experimental results. 
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Figure 17. Specimen D – Comparison of experiments (exp.) and 

calculations (calc.) 

Mean stress and stress amplitude in the critical spot of specimen 
D is shown in Table 4. The values in the table are related to a 
model where the forming effect is not considered. If the forming 
effect is considered, then the position of the critical spot is 
moved slightly which leads to slightly different stress values.    

Force amplitude 
[N] 

Stress amplitude 
[MPa] 

Mean stress 
[MPa] 

1100 497 67 

900 410 76 

750 344 90 

Table 4. Mean stress and stress amplitude in critical spot of specimen D 

Figure 18 shows specimen D after testing. The specimen in the 
picture was tested with a force amplitude of 1100 N and its 
surface was treated with Zn-Ni coating. 

 

Figure 18. Specimen D after testing 

Figure 19 shows the calculated number of cycles until crack 
initiation. Force amplitude was 1100 N, surface roughness was 
Rz=13 μm and MLSS was used in this case. 

 

 

Figure 19. Calculated number of cycles until crack initiation based on 
MLSS, specimen D 

The loading force was set up so that the rupture occurred in the 
high cyclic fatigue regime. The different shapes of the samples 
and the different strain 𝜑𝑣 in critical spots resulted in the 
different levels of stress amplitude, see tables 1-4.    

4 PROCEDURE MODIFICATION  

MLSS provided realistic results for specimens A and B where the 
effective plastic strain originating during forming was 
moderately low. When the method was used for specimen C, 
where effective plastic strain was high, then the results became 
non-conservative. MLSS highly overestimated the life-time of 
specimen D, where effective plastic strain is similar to specimen 
C. From our results, it follows that for areas with high effective 
strain the life-time prediction based on MLSS is not reliable.  

Stamped parts usually contain areas of low strain where 
assumptions of MLSS are valid and areas of high strain where 
they are not. It is not convenient in engineering practice to 
distinguish these areas manually, because it could lead to 
mistakes. We present a simple approach for dealing with this. 

One option is to modify the S-N-𝜑𝑣 surface (or εa-N-𝜑𝑣 surface 
from Figure 2) and acquire something like that shown in Figure 
20. As mentioned earlier, modification of proprietary fatigue 
software is not possible, so direct modification of the S-N-𝜑𝑣 
surface cannot be done in it. 

 
Figure 20. Modified dependence of S-N curve on effective plastic strain 

Nevertheless, it is possible to manipulate the result file where 
the forming simulation results are stored. This manipulation has 
a similar effect to the direct modification of the S-N-𝜑𝑣 surface. 
Specifically FEMFAT 2022a, which we used, takes the forming 
results from an Abaqus .odb file, LS-DYNA result file or .erfh5 file. 
The .erfh5 file format was chosen because it can be easily 
manipulated in Python via library H5Py [Collette 2008]. Files of 
type .erfh5 are based on HDF5 technology [HDF Group 2006]. 
Libraries which enable the user to manipulate .erfh5 files in 
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other programing languages like C/C++, Fortran or Java are 
available at [HDF Group 2006]. Original effective plastic strain 𝜑𝑣 
is changed to modified effective plastic strain �̂�𝑣 during this 
process, see Figure 21. 
 

 

Figure 21. Conversion of effective plastic strain 

The modified .erfh5 file where �̂�𝑣 is stored is used for fatigue 
evaluation. The modified �̂�𝑣 respects our observations based on 
the testing of specimens A-D. If effective plastic strain is lower 
than uniform elongation Ag then no modification is needed and 
the MLSS method is valid as it is. If effective plastic strain 𝜑𝑣 is 
between Ag and 2Ag then we recommend keeping  �̂�𝑣 constant. 
If effective plastic strain 𝜑𝑣 is higher than 2Ag then we 
recommend decreasing �̂�𝑣 to zero. This is because the results 
from specimen D, which were calculated without the influence 
of effective plastic strain, fitted the experimental data the best. 

Figure 22 compares the results from specimen A based on MLSS 
when the original (orig.) S-N-𝜑𝑣 is used and when the modified 
(modif.) S-N-�̂�𝑣 is used. Effective plastic strain in the critical spot 
is lower than Ag, so there is no difference and the corresponding 
curves are identical. Figure 22 also shows the experimental 
results and the calculation results where the forming effect was 
not considered. 

 

Figure 22. Comparison of results from specimen A 

Figure 23 compares the results from specimen B. Results 
become slightly conservative if a modified S-N-�̂�𝑣 surface is 
used. Nevertheless, these results are still closer to the 
experimental results than the results which neglect the forming 
effect completely.  

 

Figure 23. Comparison of results from specimen B 

The highest risk of life-time overestimation was in the cases of 
specimens C and D. If a modified S-N-�̂�𝑣 surface is used, then the 
risk is reduced. Figure 24 compares the results from specimen C. 
The modified S-N-�̂�𝑣 surface made the results highly 
conservative. This is preferable to a situation when the life-time 
is overestimated. The curve corresponding to the MLSS and the 
modified S-N-�̂�𝑣 surface became coincident with the curve 
representing the results without the forming influence. 

 

Figure 24. Comparison of results from specimen C 

Figure 25 compares the results from specimen D. As can be seen, 
using the modified S-N-�̂�𝑣 surface meant the MLSS results drew 
closer to the experimental ones. However, these results 
remained slightly non-conservative.  

 

Figure 25. Comparison of results from specimen D 

Coincidence of orig. 

and modif. curves 
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5 CONCLUSION 

Fatigue testing of stamped parts with four different levels of pre-
strain was performed over a high cyclic fatigue range. The results 
from the experiments and the calculations were compared. If the 
level of pre-strain was moderately low, then MLSS provided 
realistic results. Some discrepancies between experimental and 
calculated results were observed for high levels of pre-strain. 
Therefore, a simple correction method which prevents 
overestimation of fatigue life was proposed. The MLSS method 
and the modified S-N-�̂�𝑣 surface are helpful especially in the 
early design stages when rough life-time predictions are made. 

It is not possible to derive a precise material law from only four 
different pre-strain levels. If our method is adopted by other 
researchers, then we recommend performing the effective 
plastic strain conversion based on their own data and 
observations. 

This study showed that fatigue of bodies with high pre-strain 
levels is not well described. Further research should be focused 
on this area.  
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