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In this study, a Finite Element Computational (FEC) model for automotive bellows exhaust pipes is estab-
lished, and the impact of displacement loads on their fatigue life is investigated. The relationships between
various structural parameters of the exhaust pipes and stress, strain, and cycle counts are elucidated. Further-
more, the bellows’ structure is optimized through an orthogonal experiment. A microscopic morphological
analysis is conducted on 309S stainless steel automotive bellows exhaust pipes after fatigue failure. The find-
ings indicate that as displacement loads increase, the fatigue life of the bellows exhaust pipes decreases. The
error between finite element analysis and experimental results is found to be less than 8,8 %. During the water
swell forming stage, partial martensite is produced due to cold deformation. Under alternating loads, with
noticeable cracks at the wave peaks, indicating the presence of internal fatigue characteristics.
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INTRODUCTION

The bellows located in the engine bay is a thin-wall
flexible component used to connect the three-way cata-
lytic converter and the exhaust system [1, 2]. EJMA
(American Expansion Joint Manufacturers Association)
has given the austenitic stainless steel bellows life cal-
culation formula and life curve (S-N curve) [3]. In re-
cent years, many scholars have studied the structural
parameters and fatigue life of bellows under different
working environments [4-6]. It will have a certain influ-
ence on the life curve of automobile bellows. Therefore,
it is difficult to unify the simulation analysis and ex-
periment of the fatigue life of automotive bellows, and
the diversity of bellows also leads to the great influence
of the corrugated structure of bellows on the life.

In this paper, the axial displacement load of automo-
tive bellows is simulated and analyzed, and the stress,
strain and life under axial displacement load are dis-
cussed. In addition, the influence of different parameter
structure of bellows on life is analyzed. In the range of
safety design, the structural parameters of bellows are
optimized by orthogonal experiment method, and the
stress and life are optimized. The microstructure of bel-
lows fracture region was observed by metallographic
microscope and scanning electron microscope, and the
reason of bellows fracture failure was revealed.
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EXPERIMENTAL MATERIALS AND METHODS
Materials

The experimental material is 309S austenitic stain-
less steel. The tensile sample was obtained by cutting
along the axial line of the automobile bellows. The mi-
cro-controlled electronic universal tensile test machine
was used to stretch at Smm/min. The structural param-
eters of the bellows are respectively ® 24 mm in diam-
eter, 0,4 mm in wall thickness, 4 mm in wave height,
Imm in wave width, 4mm in wave distance and 28 in
number of ripples. There are 90° bends in the straight
pipe part and 30° bends in the ripple area. In order to
facilitate assembly with the engine, the automobile bel-
lows are equipped with flanges on both sides. Figure 1
shows the bellows and 3D model.

EXPERIMENTAL RESULTS AND ANALYSIS

Cycle load life analysis of automotive
bellows

Figure 2 shows the equivalent stress cloud diagram
under different displacement loads. It can be seen from
the figure that the maximum equivalent stress points ap-
pear at the wave crest of the bellows bend, which are
416 MPa, 490 MPa, 670 MPa and 804 MPa respective-
ly, indicating that stress concentration is easy to occur at
the bellows crest, which will affect the service life of
the automotive bellows. With the increase of displace-
ment, the equivalent stress of the bellows also increases.
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Figure 1 Bellows and 3D model
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Figure 2 Equivalent stress and strain under different cyclic loads
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Figure 3 Fatigue life under different cyclic loads

When the displacement reaches 2 mm, the equivalent
stress amplitude exceeds the yield stress of the automo-
bile bellows (419 MPa), and plastic deformation occurs
at the wave peak of the bellows. When the displacement
reaches 3 mm, the equivalent stress amplitude exceeds
the tensile strength (720 MPa), and the wave crest of the
bellows is prone to damage. It can be seen that under
different displacement loads, the maximum equivalent
strain point of the bellows appears at the trough. The
maximum stress point and the maximum strain point do
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not appear in the same position because of the wavy
structure of the bellows. The corrugated pipe deforms
under the action of load. At the crest of the wave, the
material is subjected to greater force due to the bulge of
the ripple, which results in the maximum stress point.
At the trough, due to the depression of the ripple, the
material is subjected to less force, resulting in a maxi-
mum strain point. This distribution of stress and strain
allows the ripples to withstand greater external loads,
reducing stress concentration at the point of maximum
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stress, and greater strain at the trough, which can with-
stand large compression and tension. There is a large
strain at the trough, which can make the bellows have
better elasticity and flexibility. Therefore, this stress
and strain distribution characteristics should be consid-
ered in the design process of the bellows to ensure that
the bellows can withstand the required stress and defor-
mation during the working process.

Fatigue life under different cyclic loads

Figure 3 shows the cycle life of the bellows under
different cyclic loads, which are 511 360 times, 281 440
times, 80 060 times and 46 055 times respectively. The
minimum cycle life point and maximum stress point are
at the wave peak, which indicates that the fatigue failure
of the bellows is caused by the stress concentration at
the wave peak. It can be seen that the maximum equiva-
lent stress of automotive bellows is the key factor when
studying the fatigue life of automotive bellows. When
the bellows are under cyclic load of 1,5 mm, the maxi-
mum stress is less than the yield strength of the bellows,
and the bellows can cycle 511 360 times. When the
maximum stress of the bellows is greater than the yield
strength under 2 mm load, the plastic deformation of the
bellows occurs, and the maximum cycle life of the bel-
lows drops sharply, and the number of cycles is 281
440. Under the load of 2,5 mm, the stress of the bellows
is greater than the yield strength and less than the tensile
strength, and the number of cycles is 80060. When the
maximum stress of the bellows is greater than the maxi-
mum tensile strength under the load of 3 mm, the cycle
life of the bellows is 46 055 times, and the bellows are
extremely vulnerable to damage. In order to verify the
accuracy of the life prediction of bellows by displace-
ment load, the simulation data and the experimental
data are compared.

The maximum error between the simulation results
and the experimental results of the fatigue life is 8,8 %,
and the error meets the engineering application. The er-
ror may be caused by factors such as air humidity, ambi-
ent temperature and insufficient finite-element mesh
division during the experiment.

ANNEALING MICROSTRUCTURE ANALYSIS
OF FATIGUE FAILURE AUTOMOTIVE BELLOWS

Figure 4 shows the metallographic structure of 309S
stainless steel automotive bellows, which were cut at
the fatigue failure position of the bellows by wire cut-
ting and observed under 100 and 200 times metallo-
graphic microstructure microscope after inlaying,
grinding, polishing and (HNO3:H2SO4 = 3:1) corro-
sion. It can be seen from the figure that the microstruc-
ture of 309S stainless steel is relatively uniform, the
grain arrangement is relatively tight, and the crystals are
mostly austenite, but there are a large number of slats
inside the crystals, which is because the automotive bel-
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lows are deformed in different degrees under the action
of cold working, while the surface tension of water and
the mold pressure are exerted during the water swelling
molding process. This energy transforms austenite into
martensite. Figure 4 is a comparison between simula-
tion and experiment. As shown in the figure, the maxi-
mum stress amplitude point is the same as the experi-
mental fracture position and appears at the bending
crest of the bellows, which verifies the accuracy of the
simulation model. Figure 4 shows the low-power mac-
roscopic morphology of the bellows fracture, which
cracks at the inner and outer surfaces. Under cyclic
load, the bellows formed a crack source due to exces-
sive local stress, and the crack source expanded to the
left and right sides. Figure 4 shows the fatigue charac-
teristics observed on the inner surface. At the same
time, it can be seen that secondary cracks occur in the
process of crack propagation, which seriously harms
the fatigue life of the bellows. In summary, the fatigue
source is cracking inside and outside the wave crest, the
crack direction extends to the inside, and the bellows
fatigue fracture occurs under the bidirectional alternat-
ing load.

CONCLUSION

Based on finite element analysis and axial fatigue
testing machine, the S-N curve considering the automo-
tive bellows structure is obtained, which can accurately
predict the fatigue life of automotive bellows compared
with the S-N curve obtained by empirical formula.

The stress, strain and cycle life of automotive bel-
lows under different displacement loads are studied.
The results show that under different displacement
loads, the maximum equal effect force point is concen-
trated at the peak, the maximum equivalent strain point
is concentrated at the trough, and the maximum stress
point is consistent with the minimum life point. The fi-
nite element and experimental comparison analysis of
the cycle life under different loads is carried out, and the
error is less than 8,8 %. Meet engineering requirements.

Different structural parameters of automotive bel-
lows are studied and analyzed. The results show that
increasing wave height, wave distance and wave diam-
eter helps to reduce stress and increase cycle life, while
decreasing wall thickness helps to increase life of bel-
lows. Orthogonal tests were carried out on the four
structural parameters of wave height, wall thickness,
wave diameter and wave distance. Compared with the
original data, the stress of the optimized scheme was
reduced by 21,2 % and the cycle life was increased by
167 %.

The microstructure of 309S stainless steel automo-
tive bellows was studied. In the forming stage, the cold
deformation led to the appearance of slat bundles inside
the bellows. There were obvious cracks at the wave
crest of the bellows, and obvious fatigue characteristics
were observed inside the wave crest, indicating that the
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Figure 4 Metallographic scanning electron microscopes (SEM) fracture analysis

bellows fatigue failure occurred under the action of al-  [3] EJMA. Standards of the expansion joint manufacturers
ternating loads. asso-ciation[M]. 9th ed. New York: EIMA, 2008.
[4] Yuan, Z.; Huo, S. H.; Ren, J. T., Mathematical description
and mechanical characteristics of reinforced S-shaped
Acknowledgments bellows[J]. International Journal of Pressure Vessels and
Piping, 175(2019), 103931.
This paper is supported by the China Zhejiang To- [5] Chen,J. J.;Yin, Z. H.; Yuan, X. J.; et al. A refined stiffness

bacco Industry Co., LTD Science and Technology model of rolling lobe air spring with structural parameters
Project (H2023000208) and the stiffness characteristics of rubber bellows[J]. Mea-

surement, 169(2021), 108355.
[6] Saad, D.; Dundulis, G.; Janulionis, R., Numerical simula-
REFERENCES tion of SIF in Es-Salam research reactor vessel[J]. Engine-
ering Failure Analysis, 96(2019), 394-408.
[1] Oman S, Nagode M, Fajdiga M. The material characteriza-
tion of the air spring bellow sealing layer[J]. Materials &
Design, 30(2009)4,1141-1150.
[2] Musilova V, Kralik T, Hanzelka P, et al. Effect of different
treatments of copper surface on its total hemispherical ab- Note: The responsible translator for English language is X. Wu, Ningbo,
sorptivity bellow 77 K[J]. Cryogenics, 47(2007)4, 257-261. China

442 METALURGIJA 63 (2024) 3-4, 439-442



