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Abstract: Steel wheels, consisting of rims and spokes, are important load-bearing parts of vehicles,
and the fatigue fractures’ life estimation accuracy directly determines the stability and safety when
applied in the transportation industry. The most common form of failure is fatigue fracture. The
strong elastic—plastic deformation during the rim roll-forming process generates a residual stress
field in its surface layer, which changes the actual stress distribution in the rim when it is loaded
and thus affects the fatigue life of the steel wheel. In this paper, ABAQUS software was used to
establish a rim-rolling simulation model to obtain the residual stress field distribution after forming
and compare it with the actual residual stress on the formed surface of the rim to verify the reliability
of the model. On the basis of this model establishment, the service hazard areas and maximum
stresses of steel wheels with or without superimposed residual stress fields were calculated separately,
and their fatigue lives were predicted separately using the local stress-strain method. The simulation
results show that the maximum stress of the rim before and after the superimposed residual stress
occurs in the area of the bottom of the groove, which is consistent with the actual failure location.
However, the maximum stress after superposition increased from 120.7 MPa to 332.9 MPa, and the
corresponding calculated life decreased from 158,340,000 to 459,500 cycles, which is closer to the
actual test results. The results of the study can provide a theoretical basis for the lightweight design
and process improvement of automotive steel wheels.

Keywords: residual stress; working stress; stress superposition; finite element simulation; fatigue life

1. Introduction

Accurate estimation of fatigue life of wheels, generally composed of spokes and rims,
has great potential to improve the performance of safety of the vehicle. The design and
production process experiences three durability tests, including radial fatigue test, dynamic
bending fatigue test, and impact test [1]. The dynamic bending fatigue test is applied to
simulate the loading of the wheels during vehicle turning [2,3], and its force state is the
most complex and difficult to analyze [4-6]. In the actual product development process,
it is difficult to make a more accurate estimate of the fatigue life of a product. The test
life often differs significantly from the initial design expectations, and the design can only
be continuously improved through repeated testing. This design method based on the
sole experiments requires a large amount of time and cost; therefore, a systematic and
efficient design method is hard to form; as a result, the development of the industry is
seriously limited.

In order to seek an efficient analysis method that can accurately predict the actual
stress distribution and fatigue life of wheels, shorten the design cycle, and ensure the safety
of traffic, a large amount of studies were conducted. Karandikar H. M. et al. used finite
element simulation, equivalent force magnitude, and S-N curves and local stress-strain
methods to predict the fatigue life of wheels in cornering, respectively [7-10]. Zheng Z.
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G. et al. [11] proposed a computational method to simulate the dynamic bending fatigue
tests of wheels and estimate their multi-axial fatigue life, illustrating that steel wheels are
in a biaxial tensile and compressive stress state in dynamic bending fatigue tests. Duan
Y. et al. [12] proposed a new method for multi-scale biaxial fatigue simulation, which can
significantly reduce the dispersion of biaxial virtual test life prediction results. Wan X.
et al. [13] considered the biaxial loading conditions for the effect of tire and wheel camber,
and their simulation model was closer to the actual service conditions. The above experi-
mental studies were all based on fatigue life predictions based on nominal load stresses
during wheel service without considering the effects of their manufacturing process.

The manufacturing process of a component is accompanied by a complex stress
evolution that generates certain residual stresses and affects its fatigue life [14,15]. Based
on the above view, some scholars have conducted studies related to the effect of residual
stress on wheel fatigue life. Das B. et al. [16] considered the effect of the steel wheel disc
forming thickness variation and pre-strain on fatigue life prediction of steel wheel turning.
This method can be used to predict the turning fatigue life of different wheel designs and
patterns. Dong S. et al. [17] proposed a wheel fatigue life prediction method introducing
residual stresses in steel wheel disc stamping, and the results were more accurate and
effective. Zheng Z. et al. showed that the design style and complexity of the wheel had
a large influence on its dynamic cornering fatigue failure location [18-20]. Rim failure,
accounting for a large proportion of the cases, and residual stresses exist in rim-roll forming.
Analysis of the residual stress distribution on the forming surface of steel wheel rims and
its effect on fatigue life is of great interest to the work of improving wheel life and the light
weight of wheels. In this paper, ABAQUS software was used to simulate the residual and
working stresses in wheel rims. The effect of residual stresses on the prediction of wheel
fatigue life was analyzed. Finally, the predicted life was compared with the experimental
one in order to verify the feasibility of the method.

2. Steel Rim-Roll-Forming Simulation
2.1. Rim-Roll-Forming Model Construction

The rim-rolling system usually consists of an upper roll, a lower roll, and a guide
wheel. The upper roll rotates around the axis in the initial position, and the lower roll
rotates around the axis while feeding upward to squeeze the rim to obtain the desired outer
profile. Taking the roll forming process of 22.5 x 9 steel rim as an example, we established
the finite element model as shown in Figure 1. The upper roll, lower roll, and guide wheel
are made of analytic rigid body, and the rim blank is made of eight-node linear hexahedral
element C3D8R, and the sweep progression algorithm divides the mesh with a total of
29,784 cells. In order to avoid tearing due to excessive deformation during the rolling
process, this rim needs to be roll formed three times to obtain the desired profile. During
the simulation, the stress and strain data from the previous roll forming are sequentially
transferred to the next roll-forming process.

Zhang Yunkai et al. [21] used an electronic universal testing machine to perform room
temperature tensile tests on 380cl steel plates to obtain data on the mechanical properties
of the material. The rim blank is made of 380CL wheel special steel with initial thickness
of 4 mm, whose Young’s modulus is 189 GPa, Poisson’s ratio is 0.3, and yield strength is
288 MPa, and the real stress—plastic strain relationship of the material is shown in Figure 2.
The contact between the rolling tool and the rim is face-to-face, and the contact constraint
is applied by using the penalty function contact method with a feed rate of 5 mm/s. The
rolling process is simulated by using an explicit dynamics algorithm.
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Figure 1. Roll-forming model.
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Figure 2. 380CL real stress—plastic strain relationship.

2.2. Residual Stress Field Analysis of Rim-Roll Forming

The first roll is mainly to perform the bottom part of the groove, and the bottom part
of the groove is deformed by the first contact with the upper roll. The simulation results
of the profile and residual stress after rolling are shown in Figure 3. In the rolling process,
the continuous reduction of the diameter of the bottom of the groove leads to the metal
material flow to the middle, and the material flow in the contact area between the outer
surface of the bottom and the upper roller is limited by the roller, resulting in the surface
residual tensile stress of a large value outside the bottom of the groove; the maximum value
is 222.7 MPa. Similarly, the inner surface of the outer edge is in contact with the lower roll,
and the flow of other materials is restricted, resulting in a relatively large residual surface
tensile stress on the inner surface of the outer edge.

The second roll is mainly to shape the groove bottom part and the rim part to obtain a
more accurate groove bottom profile size while preforming the rim part, and the residual
stress after rolling is shown in Figure 4. The residual stress increases slightly after the
rounding of the groove bottom is further reduced, and the diameter of the middle of the
rim is further enlarged, but the axial residual stress is distributed in a more uniform way
in this area, and the amplitude of the circumferential residual stress on the inner surface
continues to increase due to the flaring, with a maximum value of 266.6 MPa.
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Figure 3. Residual stress distribution after the first rolling.
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Figure 4. Residual stress distribution after the second rolling.

As the shape of the rim is already relatively close to the workpiece in the first two roll
forms, the third roll is mainly for forming the outer edge and the rib in the middle of the
rim to achieve precise forming, and the residual stress distribution after rolling is shown
in Figure 5. The arc radius of the wheel rim is small, and the material here undergoes
serious plastic deformation during the forming process, so the residual tensile stresses of
high magnitude appear on the outer surface of this area. It can be seen that the residual
tensile stresses are on the outer surface of the groove bottom, there are large residual tensile
stresses on the outer surface and inner surface of the outer edge, and the maximum value
is 274.9 MPa. It will have a certain negative effect on the fatigue life of the steel wheel. The
rim-roll-forming simulation simulates the actual rim-forming process. When the lower roll
drives the rim blanks to rotate upward, the rim will inevitably have a large impact in the
local area, and its regional residual stress will show a certain asymmetry in the value.
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Figure 5. Residual stress distribution after the third rolling.

2.3. Residual Stress Measurement of Rim-Rolling Forming

In order to verify the accuracy of the roll-forming simulation results, the residual
stresses in the rim were measured using X-ray diffraction. The basic principle of X-ray
diffraction is that when internal stresses exist in a polycrystalline material, the grain surface
spacing d of the material inevitably changes, and diffraction occurs when certain conditions
are satisfied between the known X-ray wavelength A and the diffraction angle &, thus
achieving an indirect measurement of the residual stresses. This relationship for the
occurrence of diffraction is known as the Bragg equation [22,23]:

2dsina = nA 1

The HDS-I X-ray diffractometers used in this paper are shown in Figure 6. The
penetration depth of X-rays to the general metal plate is small (about 10 pum), so the
residual stress component in the direction of the surface normal is not considered. The
rim deformation is plastic deformation with large size and complex shape, and the area to
be measured is cut off from the rim with a wire cutter with sufficient margin. The stress
change near the measurement point after cutting is negligible.

Figure 6. X-ray diffractometers.

As the deformation of the measured point is large, the measurement error range is
very large. Therefore, the area of large bending deformation is ignored, and the points
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in the relatively flat area of the surface are selected. We marked 5 measurement points
along the outer surface of the rim, as shown in Figure 7, and a local coordinate system
for each measurement point was established, where the x-axis is along the circumferential
direction, and the y-axis is along the axial direction, and the residual stress distribution
in both directions is obtained by taking the average of three measurements, as shown
in Table 1.

Point 5
Point 4
Point 3
Point 2
Point 1
Figure 7. Residual stress detection.
Table 1. Residual stress testing results.
Measure Points Point 1 Point 2 Point 3 Point 4 Point 5
y-axis (MPa) —53 +18.7 —38+5.2 731 £ 3.4 173 £ 15.4 202 + 20.6
x-axis (MPa) —102 £21.5 —67+164 —8+£231 —-38+122 —82 +8.1

When selecting the residual stress simulation value, the local high area is avoided,
while the residual stress simulation value in other areas is more uniform The comparison of
the results of the simulated and measured residual stresses is shown in Figure 8. It can be
seen that the residual stress of the rim along the measured path gradually increases from
—100 MPa to 200 MPa, and there is a significant rising trend between measurement points
3 and 5, which indicates that the material deformation trend in this region has changed
significantly, and it matches well with the test-measured participation stress distribution.
Except for the deviation of 29.7% for the circumferential residual stress at point 5 of the
third roll in Figure 8 (b), the deviation is smaller (less than 20%) for most of the measured
points, which verifies the accuracy of the proposed elastic—plastic simulation model in
describing the residual stress distribution of the rim after roll forming. The accuracy of the
simulation model is verified.
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Figure 8. Comparison of experimental and simulated data.
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3. Stress Field Analysis of Rim in Turning Condition
3.1. Construction of Steel Wheel Turning Mode Model

The dynamic bending fatigue test is used to simulate the wheel life test under the
turning and loading conditions of the vehicle. As shown in Figure 9, according to “GB36581-
2018” wheel dynamic bending fatigue performance test 90° loading method (bottom
clamping method), the lower outer side of the wheel rim is fixed with a flange clamped
on the test machine, and the wheel is installed on the mounting surface with a length of
L = 0.6 m and sufficient rigidity of the load shaft.

Spokes 7@%] ) ‘ %\\ \

I U]
‘ ~
Rim center line | 7
—~F
Rim ! g
| b .
The flange ‘
Testing machine QM
’/ I\/\l/\’l FO ’

The shaft loaded \ILP]

Figure 9. Schematic diagram of dynamic bending fatigue test.

According to the above test conditions in ABAQUS to establish the dynamic bending
fatigue test finite element model of the wheel, as shown in Figure 10, the model consists of
spokes, rim, connecting plate, bolts, and load shaft, and we calculated the loading bending
moment M, N-m according to Equation (2).

M = (uR+ d)F,S ?)

where y is the friction coefficient between the tire and the road; R is the static load radius of
the maximum tire mated to this wheel, m; d is the internal offset of the wheel, m; F; is the
rated load of the wheel, N; S is the reinforcement factor. According to the above formula,
the loading moment M at a value of 21350 N-m is calculated, and the loading concentration
force at the arm end of the force arm is F = 35583.3 N.

Bolt

Spokes

Rim

1 . — [Force axis

Figure 10. Finite element model of steel wheel.
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The modal analysis shows that the first-order intrinsic frequency of the wheel is 203 Hz,
which is much higher than its operating frequency of 30 Hz, so the dynamic rotational
loading process can be reduced to a quasi-static problem solution. A rotational load Fj is
applied at the end of the load axis at point O, which varies uniformly along the direction in
the Oxy plane. as shown in Figure 11, Fy can be decomposed into two components Fy and
Fy along the x- and y-axes; 6 is the angle between F and the x axis.

Fy = Fy = cosf 3)
F, = Fy =sin6 4)
—F --F ---F
AN /
// \ N / ,
0 NAE
oY
\V/ \\...//

Figure 11. Load decomposition diagram.

3.2. Analysis of Stress Field under Turning Condition
3.2.1. Nominal Stress Field of Rim Wheel

When 6 was increased from 0° to 360° in steps of 22.5°, the change in load experienced
during one week of wheel rotation was approximated. The nominal stress distribution of
the rim under a load of § = 0° is shown in Figure 12. The area at the bottom of the rim
groove is the danger zone, and the working stress near it is significantly greater than the
other areas. The point A with the maximum stress in this zone was selected as the object of
interest to study its nominal stress history as 6 increases from 0° to 360° in a complete cycle.

S, Mises

(Avg: 75%)
+1.198e+02
+1.098e+02

S, Max. Principal
(Avg: 75%)
+1.207e+02

+2.000e+01
+1.002e+01
+4.865e-02

-1.375e+00
-1.248e+01

(a) Von Mises Stress (b) Max. Principal Stress

Hazardous location

Slot bottom

Point A

(c) Hazardous point

Figure 12. Stress results at hazard points.

The nominal stress history curve at point A obtained from the simulation is shown
in Figure 13. It can be seen that the maximum principal amplitude at this point under
16 different directional loads is 120.7 MPa. During the cycle change, the nominal stress of
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the rim is always much less than its yield stress, but the rim still experiences fatigue failure
several times during the bending fatigue test, so there are still some important factors that
have not been effectively considered in the simulation model, such as the surface residual
stresses introduced during the roll-forming process described above.

150

100 4

50+

0_

_50_

The operating stress (MPa)

-100 ~

-150 4, ; . . .
0 90 180 270 360
6()

Figure 13. Nominal stress history at point A at the bottom of the rim groove.

3.2.2. Rim Wheel Actual Service Stress Field

In order to study the effect of roll-forming residual stress on the actual service stress
of the wheel, the residual stresses and strains of the rim after three rolls were transferred
to the dynamic bending fatigue test finite element model using ABAQUS. At this time,
the initial stress of the rim is not zero, and the calculated service stress of the rim is the
superposition of the residual stress and the nominal stress.

The stress distribution after superposition is shown in Figure 14. It can be seen
that the maximum stress region is also shifted to some extent (adjusted with the actual
results) due to the different initial stresses, causing a significant change in the nominal
after superposition. The maximum stress point A’ was selected as the object of attention
in the stress maximum region to record its nominal stress history curve, with 6 increasing
from 0° to 360° in the complete cycle as shown in Figure 15. It can be seen that after
superimposing the residual stresses from the previous process, the actual stress history
curve of the rim changes significantly, and its maximum magnitude increases to 332.9 MPa.
These changes will certainly affect the fatigue life of the wheel. The simulation results were
further validated the corresponding fatigue life test.

S, Max. Principal

(Avg: 75%)
+3.32%+02
+3.030e+02
+2.731e+02
+2.431e+02

S, Mises

(Avg: 75%)
+2.984e+02
+2.743e+02
+2.502e+02
+2.261e+02

+6.354e+01
+3.360e+01
+3.673e+00
-2.626e+01

(a) Von Mises Stress (b) Max. Principal Stress

Hazardou slocation

7 Slot bottom

Point A’

(c) Hazardous point stress

Figure 14. Stress distribution after superposition.
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Figure 15. Stress history at hazard points before and after stress superposition.

4. Validation of the New Prediction Method
4.1. Local Stress—Strain Fatigue Life Prediction Method

The local stress-strain method is used for analyzing the fatigue life based on the strain-
life relationship, which considers the local plastic deformation at the stress concentration
site as a prerequisite for fatigue crack sprouting and expansion and combines the stress—
strain relationship curve and fatigue cumulative damage theory for fatigue life calculation.
It is applicable to estimate fatigue life over the entire range of fatigue curves, including the
low circumference fatigue state (LCF) and the high circumference fatigue state (HCF). The
expression of the cyclic stress—strain relationship curve of the material is:

1

Ae Ao Ao\ 7
27" (2k/> ©)
where Ae is the local strain amplitude, Ac is the local stress amplitude, E is the modulus
of elasticity, k’ is the cyclic strength factor, and 7’ is the cyclic strain hardening index. The
stress-life approach proposed by Basquin [24] describes the fatigue behavior in the high

circumferential fatigue state. The relationship between stress amplitude and fatigue life is

as follows:
g _ AeE

2 2
where Ae,/2 is the elastic strain amplitude, ¢’ is the fatigue strength factor, b is the fa-
tigue strength index, and 2N is the fatigue life. The Coffin-Manson model for the low
circumferential fatigue state can express the plastic strain amplitude and fatigue life as [24]:

= g/¢(2N)" (6)

% = e/¢(2N)* @)

where Ag, /2 is the plastic strain amplitude, s is the fatigue ductility coefficient, and c is
the fatigue ductility index. By combining Equations (6) and (7), the total strain amplitude
can be related to the fatigue life and is called the Coffin-Manson-Basquin equation [25,26]:

Be _ dec  Aey
2 2 2  E

(2N)" + e/7(2N)* ®)

Smith et al. [27,28] discovered experimentally that the average stress has a non-
negligible effect on the elastic strain amplitude and plastic strain amplitude. Based on
this fact, the idea of using the product of the maximum stress omax and the total strain
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amplitude as the damage parameter is proposed. An improved Smith-Watson—-Topper
correction formula was obtained:

OUmaxQAe 0l

> : (2N)? + o1per (2N)H ©)

The relevant parameters were obtained from the low-cycle fatigue experiments of the
material at room temperature by means of axial strain control on an electro-hydraulic servo
fatigue tester. The equation is as follows:

Omax A€
2

= 1904761905 x (2N) 14 1 137.94 x (2N) 06011 (10)

4.2. Fatigue Life Prediction Results and Experimental Verification

The Von Mises stress distribution and the total strain amplitude obtained from the
wheel finite element simulation were used for the fatigue life calculation, and the results are
shown in Table 2. Based on the fact that the maximum stress on the rim occurs in the area of
the bottom of the groove as the factor of residual stress is ignored, the estimated life of the
rim is 158,340,000 cycles. When the residual stress is superimposed, the maximum stress
on the rim occurs in the area of the bottom of the groove, with a predicted life of 459,500
cycles. It demonstrated that residual stresses largely affect the actual stress distribution and
fatigue life prediction results of the rim.

Table 2. Fatigue life calculation results.

Fatigue Life

Failure Location Deviation (%)

(Cycles)
Residual stress-free life simulation Bottom area of 158,340,000 41,134.4
the trench
With residual stress-life simulation Bottom area of 459,500 19.7
the trench
Fatigue test Bottom area of the 384,000 -
trench

According to the GB36581-2018, a dynamic bending fatigue test was performed on
this model of wheel, as shown in Figure 16. In the fatigue test machine, the wheel is rotated
under a constant bending moment, and the control system will automatically stop the test
machine when the wheel has a fatigue crack, resulting in a decrease in stiffness and thus a
decrease in resonance frequency. The results of three tests show that the average dynamic
bending fatigue life of the wheel is about 384,000 cycles. The fatigue life deviation of the
rim after superimposing the roll-forming residual stress reduced from 41,134.4% to 19.7%.
The failure location occurs in the groove area at the bottom of the groove, as shown in
Figure 17.

Figure 16. Dynamic bending fatigue test.
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Cracking

Figure 17. Rim fatigue failure location.

The results show that the life prediction results considering the residual stresses in roll
forming of superimposed rims are closer to the actual experimental data, and the fatigue
failure region matches with the experimental results. The residual stress after roll molding
is mainly manifested as axial tensile stress, and the fatigue crack of the experimental results
is presented as axial tensile. It indicates that the residual stresses largely change the initial
conditions of the wheel service and have a large impact on its fatigue service life.

5. Conclusions

The distribution of residual stress field after roll forming of the wheel rim and its
influence on the actual working stress and fatigue life of wheel rim were analyzed. A
fatigue life prediction method for steel wheels with superimposed roll-forming residual
stress and nominal stress is proposed, and the method was verified by dynamic bending
fatigue tests on wheels, and the following conclusions are drawn:

1.  The residual stresses in the wheel rim after roll forming can cause a significant change
in the service stress state of the wheel, resulting in a significant increase in local stress,
from 124 MPa to 332.9 MPa. It significantly reduces the service life of steel rims.
Considering the residual stress of rim rolling has an important effect on the structure
design, analysis, and life prediction.

2. Themodified local stress-strain equation was applied to predict the fatigue life of a rim
with superimposed roll-forming residual and nominal stresses versus a rim without
considering residual stresses. The calculated fatigue life was reduced from 158,340,000
to 459,500 cycles, which shows that the residual stress generated by manufacturing is
not negligible for the product.

3. The wheel dynamic turning fatigue test showed fatigue cracks at the bottom of the
rim groove, which was consistent with the simulation results. The average fatigue life
was 384,000 cycles, and the fatigue life deviation of the rim after superimposing the
roll-forming residual stress reduced from 41,134.4% to 19.7%. It shows that the life
prediction method of this paper is accurate and effective.

Factors such as the assembly state of the product also affect the actual service stress of
the wheel to some extent, and the stress distribution of the wheel should be controlled in
future research to obtain better expected performance accurately.
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