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 A B S T R A C T

Stamping and shot peening of chassis components such as wheels and cross beams introduce 
residual stresses that affect the fatigue life. The tensile residual stresses from stamping are 
often found in the most critical areas for fatigue. These areas are commonly subject to bending 
stress states while smooth material fatigue data for steel sheets more commonly is obtained 
by uniaxial testing. Both the sensitivity to residual stresses and change in load condition are 
material dependent posing a challenge in fatigue life estimation of formed and shot-peened 
specimens. This paper aims to provide a convenient tool for high cycle fatigue life estimations in 
these conditions solely dependent on uniaxial tensile properties without parameter fitting. The 
underlying causes for the material dependency is discussed and reflected in the methodology. 
Uniaxial fatigue testing and fatigue testing of formed specimens with and without subsequent 
shot peening are performed for validation.

1. Introduction

Cold stamping is a common process in the production of automotive components, especially chassis components [1] and steel 
wheels [2]. Steel wheels are composed of two main units [3], the stamped disc and the roll-formed [4] rim, as shown in Fig.  1. Some 
regions of the disc are particularly stressed and susceptible to fatigue [5]. Thickness reduction, strain hardening or softening, and 
residual stresses have been mentioned as important factors contributing to the different fatigue strength in formed areas as compared 
to the base material fatigue strength [6–8]. In addition, for some steels, the paint baking cycle can have a negative effect on fatigue 
life due to carbon nitrides forming at the grain boundaries [9], and pre-stresses from the wheel assembly might be present [10].

It is well known that the stamping process often induces significant residual stresses that for some loading conditions are 
detrimental for the fatigue life of the component. In [9] it was shown that the fatigue life of a wheel disc had a closer correlation 
with the residual stresses than with the hardness. It was stated that bending was the predominant loading mode in fatigue of wheel 
discs. Discs produced of a dual phase steel of grade 600 were studied and the residual stresses were measured close to the cup 
radius on disc components after complete production. Tensile residual stresses of a magnitude around 70% of the yield strength 
were found. The fatigue tests were performed at load ratio 𝑅 = −1.

The fatigue life reduction due to tensile residual stresses could also increase with material strength [11,12], posing a challenge in 
the constant pursuit of grams to reduce fuel consumption. On the other hand, the effect of strain hardening on fatigue can decrease 
as the material strength increases [13]. Hence, a life estimation model able to account for the residual stresses from forming seems 
tempting. It could be used to increase the understanding of why some materials perform better than others in fatigue after forming 
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Fig. 1. Steel wheel composed by a disc (blue) and a rim (gray). The arrows point out critical locations for fatigue crack initiation.

and give an estimation to when post processing is necessary to achieve satisfactory fatigue performance. This is especially important 
in development of safety component such as the wheel, where the durability must be secured [6].

In [7] a local fatigue life estimation method was proposed, accounting for stretching and bending induced plasticity. The 
incorporation of residual stresses was left as future work. Analytical expressions were established to calculate the local stresses 
and strains in the fatigue-sensitive areas. The material orthotropy due to the rolling direction was neglected and the method was 
considered valid for small curvatures where the local strain was lower than 10% in bending. The calculated von Mises equivalent 
plastic strain 𝜀𝑝 was translated into an increase of the base material endurance limit 𝜎∞0 using 

𝜎∞
𝜎∞0

= 1 + 𝐴𝜀𝑝, (1)

where 𝜎∞ is the new fatigue limit and 𝐴 is a material and load case dependent parameter in the range of 1 to 4 for most cases, 
meaning that the fatigue limit would increase at least as many percent as the local plastic strain. This magnitude of endurance 
limit increase was confirmed for DP590 in [14] where 10% uniaxial prestraining resulted in a fatigue strength increase of 11%. For 
notched specimens the effect of prestraining is small, which could be explained by a corresponding increase in stress concentration 
as the material fatigue strength increases [1].

One of the most critical fatigue tests for wheels is the dynamic cornering test [15]. The stress state during this test was simulated 
in [15] and it was found that the fatigue cracks were mainly caused by normal stresses in the radial direction of the wheel.

In [6] a multi-step stamping process of a wheel disc was simulated, and the resulting thickness change and effective strain were 
used for fatigue life estimation. It was stated that the residual stress could have a great influence but due to uncertainties in the 
residual stress levels and relaxation rates, these were disregarded.

To summarize the studies mentioned, bending often seems to be an important load case for fatigue on component level and the 
residual stresses seems to affect the high cycle fatigue life.

A new specimen design was proposed in [16] to explore process effects on bending fatigue. The studied material was hot rolled 
S500MC steel sheets of thickness 12 mm. To maintain plane strain bending conditions the specimen width was set to 68 mm. A 
load ratio of 𝑅 = 0.1 was used for the fatigue testing. The fatigue stress range was taken as the longitudinal stress component range 
in FEM (Finite Element Method) simulations of the load case. It was stated that 16 elements through the thickness were needed 
to safely reach convergence of the surface stress. In the forming simulations a friction coefficient of 0.05 was used. A decreasing 
magnitude of residual stress was found as the ratio between radius and thickness increased.

In [8], reverse engineering was used to extract stamping process results in terms of plastic deformations and thickness changes 
starting from the final geometry and material data. This information was then used for fatigue life estimation. The residual stresses 
were disregarded with the motivation that the cyclic stress amplitude in the critical locations exceeded the yield strength of the 
studied materials.

Several steps of the wheel production process were simulated in [10] using a FEM model composed of shell elements, and the 
results were used for fatigue life estimation. The work was focusing on stresses arising from the wheel assembly. The stamping 
process effects such as thinning, prestraining and residual stresses were not considered but were left as future work.

In [4] fatigue of the rims were studied through rim-rolling simulations and subsequent transfer of residual stress information 
to a fatigue life estimation model. By superimposing the residual stress field to the applied stresses, a better agreement between 
fatigue life estimations and experiments was obtained.
2 
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The works mentioned above shows that the effect of forming induced residual stresses is often mentioned as a possible source 
for fatigue life reduction of steel wheels, but that life estimation methods to conveniently account for this are lacking. This effect is 
also material dependent. Concerning the stamped discs in particular, the effect of residual stresses on fatigue, including cyclic stress 
relaxation and different hardening behavior, has not, to the best of the authors knowledge, been thoroughly investigated.

This work aims to use a simplified specimen geometry that captures the forming induced effects and the major parts of the 
in-service loading conditions to develop and experimentally validate a fatigue life estimation procedure. The method could for 
example be used in early development phases to rank and compare design shapes and materials in terms of fatigue strength.

To reach this goal stamped specimens of three different high strength steels were produced and tested in high cycle fatigue 
(HCF). FEM simulations of the clamping process were performed to evaluate the mean stresses due to different springback from 
forming. The residual stresses in the critical zone where fatigue cracks initiated were measured and conveniently incorporated in 
a fatigue life estimation model. The base S-N curves used as starting points for the estimated reduced curves were obtained from 
uniaxial testing and hence a conversion from uniaxial fatigue to bending fatigue was implemented. In addition, the effect of shot 
peening was studied to explore the possibilities of fatigue enhancing post processes.

2. Theory

In [17] a method for HCF life estimation of punched and trimmed specimens subject to uniaxial loading was presented. This 
method was later used in [18] for specimens subject to out-of-plane bending. Neglecting the surface roughness treatment, necessary 
for cut edges, the reduced fatigue life 𝜎′𝑎(𝑁) is stated to be estimated by 

𝜎′𝑎 = 𝐾𝑚𝜎

(

1
𝐾𝑡

)ℎ𝑡
𝜎𝑎−1 (2)

where 𝜎𝑎−1 is the S-N curve for as-rolled specimens with polished edges at 𝑅 = −1 obtained through uniaxial testing, 𝐾𝑚𝜎 accounts 
for mean stresses including residual stresses, and 𝐾𝑡 is an elastic stress concentration factor. The exponent ℎ𝑡 increases the impact 
of elastic stress concentration as the number of cycles increases, and is given by 

ℎ𝑡 =
1
6
log10(𝑁) (3)

with limits set so that it obtains a value of 0 for all values below zero and 1 for all values above 1.
The expression for 𝐾𝑚𝜎 is, following [18] based on the Gerber parabola (𝑄=2) for positive mean stresses and the Goodman’s 

model (𝑄=1) for compressive stresses so that [19–21] 

𝐾𝑚𝜎 = 1 −
(

𝜎𝑚 + 𝜎𝑟𝑒𝑠
𝜎𝑢𝑡𝑠

)𝑄
(4)

where 𝜎𝑢𝑡𝑠 is the uniaxial ultimate tensile strength, 𝜎𝑚 is the nominal mean stress of the as-rolled specimens. The stabilized residual 
stress, after cyclic relaxation, 𝜎𝑟𝑒𝑠 is estimated by [18] 

𝜎𝑟𝑒𝑠 =

⎧

⎪

⎨

⎪

⎩

𝜎𝑦 − 𝜎𝑚𝑎𝑥,  if 𝜎0𝑟𝑒𝑠 > 𝜎𝑦 − 𝜎𝑚𝑎𝑥
−0.48𝜎𝑦 + 0.33𝜎𝑚𝑎𝑥,  if 𝜎0𝑟𝑒𝑠 < −0.48𝜎𝑦 + 0.33𝜎𝑚𝑎𝑥
𝜎0𝑟𝑒𝑠,  if − 0.48𝜎𝑦 + 0.33𝜎𝑚𝑎𝑥 ≤ 𝜎0𝑟𝑒𝑠 ≤ 𝜎𝑦 − 𝜎𝑚𝑎𝑥,

(5)

where 𝜎𝑦 is the monotonic yield stress at 0.2% plastic strain, 𝜎0𝑟𝑒𝑠 is the initial surface residual stresses in the loading direction in the 
region of crack initiation, and 𝜎𝑚𝑎𝑥 is the nominal maximum stress, see Fig.  2. The implementation of the relaxation criteria based 
on the nominal maximum stress, as done in [17,18] introduces an inconsistency with the theory as the relaxation is calculated, 
not on the actual stress level of testing, but at the nominal stress level before reduction due to residual stress. However, it has 
demonstrated capabilities in modeling the HCF reduced fatigue life of specimens containing both compressive and tensile residual 
stresses [17,18].

In [17,18] a constant load ratio was used. In this work on the other hand a state of constant mean stress 𝜎𝑚 due to clamping 
stresses is assumed, further described later. Hence, the maximum nominal stress can be calculated by 

𝜎𝑚𝑎𝑥 = 𝜎𝑚 + 𝜎𝑎−1

[

1 −
(

𝜎𝑚
𝜎𝑢𝑡𝑠

)𝑄
]

. (6)

3. Material and methods

3.1. Materials

The materials used in the study were hot rolled CP800SF, DP600, and DP780, where DP600 represents the current state of the 
art in steel wheel production [1,22].

Tensile properties are required information for utilization of the fatigue life estimation method in [17]. No tensile tests were 
performed in this work, instead, the information for HR CP800SF in [23] and the material data from MW Italia S.r.l. were relied 
upon. The mechanical properties of the studied materials are presented in Table  1. The nominal thicknesses used for HR DP780 and 
HR DP600 were 3.0 and 3.5 mm, respectively. In the case of HR CP800SF, the bent specimens were produced in another thickness 
3 
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Fig. 2. Cyclic stress relaxation criterion. 
Source: From [18].

Table 1
Uniaxial tensile properties of the studied materials. Yield 
stress 𝜎𝑦 at 0.2% plastic strain and tensile strength 𝜎𝑢𝑡𝑠. 
Properties for HR CP800SF are obtained from [23] and 
the properties for the other materials are supplied by MW 
Italia S.r.l.
 Mtrl. 𝜎𝑦

[MPa]
𝜎𝑢𝑡𝑠
[MPa]

 

 HR CP800SF 778 835  
 HR DP600 385 590  
 HR DP780 531 812  

(3.7 mm), as compared to the uniaxial specimens (3.4 mm). Equal material properties were assumed for the different thicknesses. 
This assumption was justified mainly by the fact that the sheets were produced by hot rolling where the metal is formed above its 
recrystallization temperature [24]. In cold rolling, on the other hand, work hardening during the thickness reduction is expected to 
influence the mechanical properties. The different CP steel sheets used in this study were also the same grade produced by the same 
company. In [25], thin hot-rolled sheets were shown to be relatively unaffected by sheet thickness in terms of microstructure and 
texture, which in turn govern mechanical properties. In [26] hot rolled DP590 steel showed a decrease of 1.1% in yield strength 
when the thickness was increased from 3 to 11 mm. The corresponding decrease in tensile strength was 7.9%. In this work the 
thickness difference was 0.3 mm. Assuming similar properties might still introduce some uncertainty to the results, also due to the 
fact that the material can come from different production batches.

3.2. Manufacturing of bent and straight fatigue specimens

To reproduce the loading conditions and forming history found in some of the critical locations of the wheel without requiring 
full wheel component testing, a specimen geometry and production methodology were proposed in [27]. The specimens, see Fig.  3 
used in this work were produced according to [27] except for the optional hole since the aim only was to evaluate the influence of 
the stamping process on the HCF strength. The punching process effects on fatigue were studied in previous works [17,23]. Some 
of the specimens were shot peened after forming.

Due to different material properties, sheet thicknesses and post processes, the geometries after forming exhibited differences 
between the studied materials. To account for this at least three specimens of each material were measured along the center line 
(the dashed orange line in Fig.  3) of the specimen using a coordinate-measuring machine (CMM). The average of the measurements 
(A-F) for each material are presented in Table  2. The parameters C and R1 were measured on both sides of the symmetry line and 
then averaged.

The geometry of the uniaxial fatigue specimens is presented in Fig.  4. The edges of the specimen are polished, and the top and 
bottom surfaces are in as-rolled condition.
4 
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Table 2
CMM geometry measurement results after forming, and after forming followed by shot peening.
 Mtrl. A [mm] B [mm] C [◦] R1 [mm] E [mm] R2 [mm] 
 HR CP800SF 203.5 87.5 1.0 18.9 38.8 12.0  
 HR CP800SF (SP) 203.9 88.0 0.8 19.2 38.4 12.3  
 HR DP600 202.3 85.1 0.0 18.3 38.9 11.7  
 HR DP600 (SP) 203.8 88.1 −0.4 20.6 38.2 12.1  
 HR DP780 207.1 87.4 0.3 18.5 35.0 10.8  
 HR DP780 (SP) 207.9 87.8 −0.4 18.8 34.0 11.8  

Fig. 3. Geometry of the bent fatigue specimens. [mm].

Fig. 4. Geometry of the straight fatigue specimen. [mm].

3.3. Clamping simulations to obtain mean stresses

Implicit FEM simulations of the clamping process used in the fatigue testing were conducted to obtain the correct mean stress in 
the loading direction for each material with and without shot peening. The simulation setup, using a quarter of the specimen and 
symmetry conditions, is presented in Fig.  5. Solid eight node elements were used with a width of 0.183 mm and a height of the 
sheet thickness divided by 20. 40 mm of the specimen was clamped on each side. A linear elastic material model was used with an 
elastic modulus of 200 GPa and Poisson’s ratio 0.3.

3.4. Simulation of axial loading to calculate nominal stress

The simulated resulting geometries in clamped condition were used for implicit FEM simulations of applied axial displacement 
of the nodes in the clamped region. The displacement was set to 0.3 mm in the Y-direction. The moment around the 𝑋-axis 𝑀𝑥
close to the center of the specimen, and the force in the Y-direction, were measured. The nominal maximum stress amplitude from 
loading in the bent radius can be calculated according to 

𝜎𝑎 =
𝑀𝑥
𝐼𝑥

𝑡
2
+

𝐹𝑦

𝑊 𝑡
, (7)

where 𝑊  and 𝑡 are the width and thickness of the specimens, respectively, 𝐹𝑦 is the force along the Y-direction, and 𝐼𝑥 is the moment 
of inertia of the rectangular cross section calculated as 

𝐼𝑥 = 𝑊 𝑡3

12
. (8)
5 
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Fig. 5. Example (3.7 mm HR CP800SF) FEM simulation setup of clamping for subsequent fatigue testing.

Fig. 6. XRD residual stress measurement position.

Table 3
Factor to calculate moment from test force in the section 
of interest, and elastic stress concentration factors for each 
configuration.
 Mtrl. 𝑘

[Nm/N]
𝐾𝑡
[-]

 

 HR CP800SF 21.58 1.17  
 HR CP800SF (SP) 21.46 1.17  
 HR DP600 22.68 1.17  
 HR DP600 (SP) 22.52 1.16  
 HR DP780 20.42 1.16  
 HR DP780 (SP) 20.34 1.14  

With these simulations, assuming a linear relationship between the applied force in fatigue testing and the moment in the radius, 
a conversion factor 𝑘 between the applied force in testing and the resulting moment could be established for each configuration. 
Hence, the nominal maximum stress amplitude for each applied load in the experiment could be calculated according to 

𝜎𝑎 =
𝑘𝐹𝑦

𝐼𝑥
𝑡
2
+

𝐹𝑦

𝑊 𝑡
. (9)

By comparing the simulated stress in the center of the radius to the nominally calculated stress, an elastic stress concentration factor 
𝐾𝑡 could also be established for each configuration. These values and the conversion factors are presented in Table  3.

3.5. Residual stress measurements

The residual stresses in the longitudinal direction of the specimens were measured on the inside of the bent radius in the center 
as shown in Fig.  6 using X-ray diffraction (XRD). Measurements were performed on at least six specimens per material and post 
processing option. Half of the specimens were cut transverse to the rolling direction and half along the rolling direction.
6 
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Table 4
Basquin parameters (𝑅 = −1) for the studied mate-
rials for specimens with polished edges. The values 
for HR CP800SF are obtained from [17].
 Material 𝐶 [MPa] 𝑚 [-]  
 HR CP800SF 2004.80 7.885 
 HR DP600 637.716 15.56 
 HR DP780 1057.31 11.57 

3.6. Fatigue testing of uniaxial and bent specimens

Uniaxial fatigue testing of flat specimens according to SEP1240 was conducted to create the base material S-N curves. The fatigue 
tests presented in Tables  A.1–A.3, including the tests of the bent specimens, were set to terminate if the total displacement of the 
grips exceeded 2 mm. The S-N curves were created by fitting a Basquin curve to the experimental data, creating a 50% failure 
probability curve on the form [28] 

𝜎𝑎 = 𝐶𝑁−1∕𝑚, (10)

where 𝑁 is the number of cycles to failure of the specimen. 𝐶 and 𝑚 are used as calibration parameters in this work.
The fitted Basquin parameters are presented in Table  4. The parameters for HR CP800SF are obtained from [17]. A few fatigue 

tests using this material were conducted confirming the validity of the curve. These tests also verifies the failure criterion based of 
grip displacement instead of total fracture used in [17].

3.7. Extension of life estimation method to enable different loading modes

In [17] reduced fatigue life of axially loaded specimens was estimated using a base material S-N curve obtained in uniaxial 
testing. In [18] on the other hand, both the base material S-N curve and the reduced fatigue tests results were obtained through 
out-of-plane bending fatigue testing. In this work, the starting curve is obtained through uniaxial testing and the results to be 
predicted are subjected to an out-of-plane bending state, which imposes an additional challenge. The differences observed in fatigue 
life between the two loading types (bending and axial) can be attributed to stress gradient and stressed volume effects [29].

One approach to convert HCF S-N curves between loading modes is to apply scale factors at 103 and 106 cycles, where the 
difference between the load cases typically is larger at 103 cycles [30]. In [29] a factor of 1.2 and 1.0–1.1 on the fatigue limit 
was proposed when going from axially loaded cylindrical specimens to simple/pure bending and rotating bending of cylindrical 
specimens, respectively. The motivation for having a factor close to 1 when estimating the rotating bending fatigue curve is that 
the volume subject to high stresses was similar to axially loaded specimens. The specimens subjected to simple bending had on the 
other hand a smaller process volume and hence a smaller probability of critical defects in the stressed volume.

In this work both the axially loaded specimens and the specimens subject to bending are designed so that the surface area where 
the crack is expected to initiate is relatively small in both cases, hence the scale factor at 106 cycles were assumed to obtain a value 
of 1.

At 103 cycles the stress gradient effect will be more exhibited due to micro-plastic deformation and hence the scale factor is 
often larger than for lower stresses. Due to the plastic deformation the nominal stress at the surface becomes greater than the true 
surface stress in bending and hence the bending S-N curve deviates from the axially obtained curve. As a rule of thumb, the baseline 
fatigue strength at 103 cycles is proposed in [30] to be 0.9𝜎𝑢𝑡𝑠 in bending and 0.75𝜎𝑢𝑡𝑠 for axial loading. This yields a conversion 
factor 𝑏 of 1.2 at 𝑁 = 103 going from an axially obtained S-N curve to a curve for specimens subject to bending.

In this work the scale factor 𝑏2 is applied at 100 cycles to avoid the introduction of an additional exponent. Instead, Eq. (3) can 
be reused so that the base material S-N curve in bending 𝜎𝑎−1,𝑏(𝑁) is estimated from the uniaxial curve 𝜎𝑎−1(𝑁) by 

𝜎𝑎−1,𝑏 = 𝑏2
(

1
𝑏2

)ℎ𝑡
𝜎𝑎−1, (11)

which produces the desired value of 𝑏 = 1.2 at 103 cycles. This creates an estimate of the base material S-N curve in bending 
according to the example shown in Fig.  7 if limits are set according to 0 ≤ ℎ𝑡 ≤ 1. Hence, for estimation of reduced fatigue life in 
bending starting from a S-N curve obtained from axial testing, it is proposed that the base material S-N curve 𝜎𝑎−1 in Eqs. (2) and 
(6) should be replaced by 𝜎𝑎−1,𝑏 as obtained by Eq. (11).

In the FKM-guideline [31] it is stated the static strength of a non-welded component subject to bending can be scaled using a 
section factor 𝑛𝑝𝑙,𝑏, which is calculated by 

𝑛𝑝𝑙,𝑏 = Min
(√

𝑅𝑝,𝑚𝑎𝑥∕𝜎𝑦 ; 𝑓𝑟𝐾𝑝,𝑏

)

, (12)

where 𝑅𝑝,𝑚𝑎𝑥 is a material group parameter that for elastic stress concentrations lower than three is 1150 MPa for steel, and 400 
MPa for wrought aluminum. The hardening factor 𝑓𝑟 is calculated by 

𝑓𝑟 = 0.5
(

1 +
𝜎𝑢𝑡𝑠

)

, (13)

𝜎𝑦

7 
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Fig. 7. Example of estimation of base material S-N curve in bending 𝜎𝑎−1,𝑏(𝑁) using Eq. (11), starting from a curve obtained in uniaxial testing.

Table 5
Residual stresses (XRD measurements) and clamping mean stresses (simulated) 
in the loading direction of the specimens.
 Mtrl. Residual stress

[MPa]
Std. Dev.
[MPa]

Clamping mean
stress [MPa]

 

 HR CP800SF 300.8 14.7 107  
 HR CP800SF (SP) −590.4 25.6 86  
 HR DP600 222.8 30.1 1  
 HR DP600 (SP) −381.5 26.3 −39  
 HR DP780 297.5 14.5 27  
 HR DP780 (SP) −435.9 28.7 −34  

and the plastic notch factor 𝐾𝑝,𝑏 is 1.5 and 1.7 for rectangular cross sections and circular cross sections, respectively. Even though 
this scale factor was not intended to be used for fatigue life assessment it produces values in the same order of magnitude as the 
traditional scale factor while distinguishing between material grades and types of material. Hence, it was also examined to replace 
𝑏 = 1.2 by 𝑏 = 𝑛𝑝𝑙,𝑏.

4. Results

4.1. Residual stress measurements and mean stresses from clamping

The XRD residual stress measurements and the clamping mean stress 𝜎𝑚 obtained from FEM simulations are presented in Table 
5. Larger angles after forming (see Table  2) results, as expected, in a higher magnitude of stress. Negative angles result in negative 
mean stresses and vice versa for positive angles. The magnitudes of the residual stresses seems to correlate with the yield stress, 
with the highest magnitudes found for the material with the highest yield stress.

4.2. Fatigue life estimation

The fatigue experiment results and the corresponding estimated S-N curves are presented in Figs.  8 and 9. The blue lines are the 
starting curves obtained from uniaxial fatigue testing and red and green curves are the estimations/predictions for formed specimens 
subject to bending in the critical region. The red curves represent the as formed condition and the green curves the shot-peened 
condition.

4.3. Crack initiation site

Visible cracks were found in the inner bent radius on samples reaching the fatigue test stopping criterion both at relatively low 
number of cycles, sometimes below 104, and at high number of cycles above 106, see Figs.  10–12. This is considered to confirm the 
validity of the stopping criterion in testing. At one of the inspected samples, shot-peened DP600 with failure at 20 528 cycles no 
crack was visible by eye, but already in the sample failing at 33 243 cracks were visible.
8 
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Fig. 8. Fatigue test results and fatigue life estimation using 𝑏 = 1.2 for (a) CP800; (b) DP600; and (c) DP780. 

Fig. 9. Fatigue test results and fatigue life estimation using 𝑏 as calculated by Eq. (12) for (a) CP800; (b) DP600; and (c) DP780.

Fig. 10. Examples of fatigue crack formation in inner radius of the bent specimen of CP800 failing at (a) 𝑁 = 896 633; (b) 𝑁 = 5 544 
(shot-peened); and (c) 𝑁 = 816 797 (shot-peened).

5. Discussion

5.1. Predicting performance and conversion between nominal S-N curves for different loading modes

As presented in Fig.  13 a scale factor of 1.2 at 𝑁 = 103 going from S-N curves for uniaxial fatigue to curves for bending seems to 

yield more conservative, and in terms of predicting performance, worse results than the other proposed method. This is particularly 
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Fig. 11. Examples of fatigue crack formation in inner radius of the bent specimen of DP600 failing at (a) 𝑁 = 52 527; (b) 𝑁 = 310 371; (c) 𝑁
= 20 528 (shot-peened); (d) 𝑁 = 33 242 (shot-peened); and (e) 𝑁 = 654 823 (shot-peened).

Fig. 12. Examples of fatigue crack formation in inner radius of the bent specimen of DP780 failing at (a) 𝑁 = 622 217; (b) 𝑁 = 1 535 892 
(shot-peened); and (c) 𝑁 = 27 645 (shot-peened).

true for the lowest grade steel which also features the lowest yield ratio (𝜎𝑦/𝜎𝑢𝑡𝑠). One explanation is likely the stress gradient due 
to bending which, in some sense, can be treated as a notch. It was shown in [32] that high strength steels with high yield ratio were 
more sensitive to notches than steels with low yield ratio. For smooth specimens and notch free specimens the fatigue life at a given 
load increased with increased yield stress. The explanation given for this was that high yield ratio usually indicate cyclic softening 
and low yield ratio results in cyclic hardening. This means that in cases where the fatigue testing is load controlled and stress 
10 
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Fig. 13. Predicting performance using (a) 𝑏 = 1.2; and (c) 𝑏 according to Eq. (12).

gradients exist, the local strain amplitude in the critical area are likely to decrease for materials subject to cyclic hardening [33]. 
Smaller local strains than assumed mean longer fatigue life than expected. Following this reasoning, the increase in fatigue life is 
expected to be larger for DP600 with a low yield ratio when going from axial loading to bending. This phenomenon can occur 
well below the monotonic yield stress in the HCF regime [34]. In fact, the cyclic yield stress and the endurance limit stress at 106
cycles are often comparable for metals [35]. However, the yield ratio was not the only factor affecting the ability to handle stress 
gradients in fatigue as reported in [32]. The yield stress had also an influence. This dual dependency is reflected by the FKM scale 
factor [31] for static strength assessment presented in Eq. (12). The application of this scale factor in a fatigue framework needs, 
however, further validation.

5.2. Clamping induced mean stresses

Ignoring the clamping induced residual stresses would have a negative impact on the predicting performance of the model. 
Especially for CP800 where the stresses are above 100 MPa. In that case neglecting clamping induced stresses causes five of the 
estimations to end up outside of an error factor of three. Hence it is concluded that rather small deviations of the resulting shape 
after forming can induce clamping stresses that have an impact on the fatigue life. Knowing this, it is tempting to think that assembly 
induced residual stresses can be used to increase the fatigue life of components. This could be achieved by designing the forming 
process for a specific amount of mismatch between two parts, which during the assembly would introduce compressive residual 
stresses in regions susceptible to fatigue.

5.3. Material sensitivity to forming processes

In Fig.  14 the experiments for all studied materials are plotted in the same graphs with one graph for each condition. They 
demonstrate that the benefit from choosing the best performing material in straight specimen uniaxial fatigue vanishes after the 
forming process and especially for lives around 106 cycles, something also observed for steels in [17,36] while the aluminum results 
were significantly lower in [17]. The processes in the referred works were punching and/or trimming rather than stamping. After 
shot peening the higher strength steels are again distinguished from the lower strength. Interestingly, DP780 end up at approximately 
the same level as CP800 even though the yield stress is significantly lower. Hence, a hypothesis could be that the HCF performance 
correlates with yield stress in uniaxial as-rolled condition (in line with previous discussion for smooth specimens [32]). On the 
other hand, it seems to correlate with material type in stamped condition where high tensile residual stresses are present, and with 
ultimate tensile strength in shot-peened condition where compressive residual stresses are introduced. One explanation for finding 
a correlation between fatigue life and tensile strength rather than yield stress for shot-peened specimens might be that the shot 
peening process introduces severe plastic deformation at the surface increasing the true surface yield stress to values that correlate 
more with tensile strength than the initial yield stress. It should be noted that the experimental results are obtained at slightly 
different mean stresses due to the different springback from forming.

5.4. Residual stresses and base material surface condition

The base material in the as-rolled condition was measured to have compressive residual stresses in the magnitude of 100 MPa 
for the higher strength materials. This was not accounted for in the base material S-N curve, in line with previous works [17,18]. 
This stress level can vary along the rolled sheet and is dependent on the rolling process itself, and on the coiling process, which 
can cause significant variations in residual stress level on the top and bottom surface of the sheet [37]. The surface roughness after 
rolling can also vary. To increase the accuracy and robustness of the proposed fatigue life estimation method, it would be valuable 
11 
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Fig. 14. Fatigue test results from (a) uniaxial fatigue of straight specimens with polished edges; (b) Fatigue of bent specimens; and (c) fatigue 
of bent specimens after shot peening. Curves are fitted to the experiments for illustration.

in the future to specify for which range of initial surface roughness and residual stress (for the as-rolled surface condition) this 
estimation approach is valid. Another possibility could be to develop a methodology to adjust the initial base material S-N curve 
based on the true as-rolled surface condition. This could require adjustment of for example the residual stress relaxation criterion 
to achieve satisfactory life estimation predictions.

The residual stress relaxation model is implemented using the nominal maximum stress level including mean stress from loading 
but before mean stress correction including the relaxed residual stress. This means that the stress relaxation is calculated based 
on a nominal stress level and not at the actual stress level at testing, an approach that has proven capabilities in fatigue life 
estimation [17,18]. However, the relaxation model and stress relaxation behavior of formed and shot-peened specimens should 
be studied more in detail to increase the understanding and to build confidence in the phenomenological relaxation model 
implementation.

Preliminary studies using a Morrow mean stress correction model and calculating the relaxation based on the reduced stress, or 
the actual stress at the reduced load level, show promising results. However, this requires a reduction of the tensile stress relaxation 
threshold from the monotonic yield strength to, approximately, the cyclic yield strength. The Morrow criterion is similar to the 
Goodman criterion but uses the true fracture strength instead of the ultimate tensile strength. For steels, this value can often be 
estimated by adding 345 MPa to 𝜎𝑢𝑡𝑠 [38].

5.5. Geometrical aspects from forming

In this work the geometry after forming was measured along the center line of the specimens as presented in Fig.  3. It was 
assumed in the FEM simulations and in the nominal stress calculation that the cross section was rectangular and that the nominal 
sheet thickness was applicable. In fact some thinning is expected to occur in the radius and the edges of the cross section in the 
bent radius turns upwards slightly. To capture this, more extensive geometrical measurement, or an accurate forming simulation 
should be performed.

5.6. Effect of rolling direction

As presented in Figs.  8 and 9 formed specimens cut both in the transverse to rolling and in the rolling direction were tested. No 
significant differences in fatigue life or in the measured residual stresses were found between the two groups.

5.7. Possibility of using FEM forming simulations instead of residual stress measurements

Forming simulations are sometimes more convenient than experimental measurements of residual stresses. To explore the 
possibilities of using simulations instead of measurements a simple forming simulation of CP800 using the material parameters 
calibrated in [23] was performed. Fully integrated 3D shell elements were used. As presented in Fig.  15 a similar shape as the 
measured formed part, created from center-line measurements according to Fig.  3, was achieved.

The residual stress value in the loading direction, measured in the center of the inner radius was 301 MPa (approx. 0.4𝜎𝑦) 
according to the XRD measurements, as compared to 438 MPa (approx. 0.6𝜎𝑦) obtained from simulations. The main reason for this 
is probably the simplified simulation setup using 3D shell elements. In [39], residual stress predictions in cold-formed steel sections 
using 3D solid elements and 3D shell elements were compared. It was shown that the predicted transversal (corresponding to the 
loading direction in this work) tensile residual stresses at the formed radius inner surface, were clearly higher in the simulations 
using 3D shells as compared to 3D solids. More work on the simulation setup and probably also the material model would be 
12 
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Fig. 15. Comparison of simulated and measured bent specimen geometry after forming (one quarter of the specimen). The simulated geometry 
is created by displaying the shell thickness.

Fig. 16. Estimation of reduced fatigue S-N curves using different initial residual stresses 𝜎0
𝑟𝑒𝑠 from forming. 

necessary to decrease the difference between simulations and measurements. However, this was considered out of scope for this 
work.

To explore the effect of the discrepancy in residual stress as obtained from FEM and XRD, the initial residual stress given to 
the life estimation model was varied. The results are presented in Fig.  16. Above a certain stress level around 0.4𝜎𝑦 the effect of 
further increasing the residual stress level at 106 cycles is a few percent on the stress amplitude, according to the model. Around 
0.5𝜎𝑦 the effect of increasing the initial residual stress vanishes completely. This implies that in cases where high residual stresses 
are found, which is often the case in forming, the accuracy of the residual stress estimation obtained from FEM is not crucial for the 
applicability of the life estimation approach presented here. If residual stresses below this threshold (0.4-0.5𝜎𝑦) is expected, then 
more accurate simulations could provide beneficial insights to for example process parameter effect on fatigue life. This hypothesis 
requires however further validation.

6. Conclusions

In this work, fatigue of formed and shot-peened specimens of high strength steels subjected to a bending stress state was studied. 
A fatigue life estimation procedure was proposed, starting from a base material S-N curve obtained from uniaxial fatigue testing. 
The method requires no parameter fitting and relies solely on static tensile properties.

The main conclusions from this study are:
13 
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1. Considering the yield ratio and yield stress can improve conversion between S-N curves for uniaxial loading and S-N curves 
for bending.

2. For polished edges, the yield stress is a good indicator of relative fatigue strength, whereas for formed areas, selecting a steel 
with increased yield strength does not increase the expected HCF life.

3. The results indicate that, for shot-peened components, tensile strength may be a better indicator of fatigue performance than 
yield strength.

4. Utilization of appropriate post-processes, such as shot peening, in formed areas is crucial to benefit from increased steel 
grades in terms of HCF performance and weight saving potential.

5. The model suggests that reducing initial residual stresses does not significantly increase fatigue life if not reduced below a 
level of (∼ 0.5𝜎𝑦). This suggestion requires further validation.

6. Clamping or assembly stresses should be considered in the design of components susceptible to fatigue.
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Table A.1
Fatigue test results of flat specimens with polished edges made from HR CP800SF (nom. 𝑡 =
3.7 mm), HR DP600 (nom. 𝑡 = 3.5 mm), and HR DP780 (nom. 𝑡 = 3.0 mm).
 Mtrl. Amp.

𝐹𝑦 [N]
𝑁
[cycles]

 

 CP800 25700 324677  
 CP800 30000 85501  
 CP800 24000 1098193  
 CP800 27100 184666  
 CP800 28500 98472  
 CP800 21400 > 1706285  
 DP600 17250 980910  
 DP600 19000 130592  
 DP600 19250 103453  
 DP600 17500 209975  
 DP600 18000 274343  
 DP600 17250 700714  
 DP600 19500 98706  
 DP600 20000 41542  
 DP600 17500 266134  
 DP600 19500 33013  
 DP600 17000 596924  
 DP600 21200 25782  
 DP600 18800 179703  
 DP600 18800 191527  
 DP600 12135 > 1693744  
 DP600 16500 > 1679676  
 DP780 19000 272938  
 DP780 20100 193844  
 DP780 22500 49020  
 DP780 17500 694216  
 DP780 17200 1430924  
 DP780 16300 > 2000000  
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Table A.2
Fatigue test results of bent specimens made from HR CP800SF (nom. 𝑡 = 3.7 mm), HR DP600 
(nom. 𝑡 = 3.5 mm), and HR DP780 (nom. 𝑡 = 3.0 mm).
 Mtrl. Amp.

𝐹𝑦 [N]
𝑁
[cycles]

 

 CP800 780 615956  
 CP800 900 290502  
 CP800 840 413167  
 CP800 650 1713858  
 CP800 840 234202  
 CP800 780 1267633  
 CP800 710 896633  
 CP800 960 201514  
 CP800 1040 101733  
 CP800 570 > 2000000  
 DP600 1037 50190  
 DP600 766 310371  
 DP600 881 120310  
 DP600 766 240583  
 DP600 881 127044  
 DP600 766 328822  
 DP600 881 114056  
 DP600 881 118723  
 DP600 881 120025  
 DP600 1037 55418  
 DP600 1037 52527  
 DP600 780 228534  
 DP600 780 199593  
 DP600 766 238457  
 DP600 780 234540  
 DP780 680 370838  
 DP780 780 161717  
 DP780 840 112473  
 DP780 600 652193  
 DP780 540 1070423  
 DP780 720 292327  
 DP780 640 411986  
 DP780 480 > 2000000  
 DP780 750 212049  
 DP780 570 622217  
 DP780 665 427585  
 DP780 665 387652  
 DP780 750 217003  
 DP780 800 154999  
 DP780 840 127128  
 DP780 750 202430  
 DP780 550 883325  
 DP780 520 1311468  
 DP780 500 > 2000000  
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Table A.3
Fatigue test results of bent and shot-peened specimens made from HR CP800SF (nom. 𝑡 =
3.7 mm), HR DP600 (nom. 𝑡 = 3.5 mm), and HR DP780 (nom. 𝑡 = 3.0 mm).
 Mtrl. Amp.

𝐹𝑦 [N]
𝑁
[cycles]

 

 CP800 780 > 2000000  
 CP800 900 > 2000000  
 CP800 1040 > 2000000  
 CP800 1100 816797  
 CP800 1150 > 2000000  
 CP800 2000 5544  
 CP800 1300 179260  
 CP800 1650 19956  
 CP800 1500 33901  
 CP800 1200 353073  
 DP600 1200 20528  
 DP600 1000 93126  
 DP600 800 654823  
 DP600 900 214052  
 DP600 1100 33243  
 DP600 1050 45057  
 DP600 950 89985  
 DP600 850 233268  
 DP600 750 > 2000000  
 DP600 700 > 2000000  
 DP780 1000 68828  
 DP780 900 143968  
 DP780 1100 27645  
 DP780 800 1388625  
 DP780 850 348666  
 DP780 1050 37685  
 DP780 830 360607  
 DP780 870 332893  
 DP780 800 1535892  
 DP780 750 > 2000000  
17 
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