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Introduction

Due to the promising capabilities of multi-layered metallic 
bellows in complex working conditions, such as high pressure, 
high-frequency vibration and large axial displacement, they 
have been used in various industries like energy, automotive 
and etc. Nowadays, the hydroforming process [1-22] has 
become an advanced and preferred technology to form the 
bellows because of its advantages of high effi ciency and 
fl exibility compared with different forming approaches [23-
25].

The simulation of the hydroforming process of multi-
layered bellow entails a number of complexities due to 
nonlinear material behavior, large deformation and contact. 
During this process, the mechanical behaviors of layers are 
different owing to the fact that their materials are different. 
Moreover, the layers are in contact and go through high levels 
of plastic deformation which increase the possibility of failures 
such as wrinkling and cracking. Furthermore, the unavoidable 
spring back that happens after unloading and removing the 

dies makes the process more complex. To keep the accuracy 
of hydroforming and prevent failures, it is necessary to study 
this process thoroughly. Many types of research were focused 
on the deformation behaviors of single or bi-layered bellows 
in hydroforming. The studies on multi-layered bellows with 
more than two layers are less commonly reported. To study the 
deformation behavior of bellows in hydroforming, some Finite 
Element (FE) simulations are carried out. Lee [26] simulated 
the single-layered bellow hydroforming process, including 
bulging, folding, and unloading stages using the FE method. 
Olabi and Alaswad [27] prepared a FE model for bi-layered 
tube hydroforming, and in the model, the ‘‘rigid-to-fl exible 
surface-to-surface” contact pair was applied to describe the 
contact behavior between the outer layer and dies, while the 
‘‘fl exible-to-fl exible surface-to-surface” contact pair was 
chosen for defi ning the contact behavior between the contacted 
layers. In research by Liu, et al. [28] on bellows with a single 
layer, different parameters such as initial tube thickness, crown 
and root diameters, convolution shape of the bellow, internal 
pressure, axial force and movement, die stoke, frictional 
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coeffi cient, are studied. Zhu, et al. [29] investigated the effect 
of internal pressure on thickness change by employing the FE 
method. Similar studies on the effect of forming parameters 
are performed by Liu, et al. [30,31], Alaswad, et al. [32,33], 
and Faraji, et al. [34-36]. According to Liu, et al. [37], due to 
the complex limitations between layers in multilayer metal 
bellows, defects such as wrinkles and fractures can easily 
occur. This is a key to revealing deformation behaviors in order 
to get the right product. The hydroforming process of four-
layer U-shaped metal bellows is modeled using fi nite elements 
and is validated by testing. The stress and strain distributions, 
changes in wall thickness and bellows profi les in each layer 
are investigated throughout the process, including the bulging, 
folding and spring backstages. Then the deformation behavior 
of bellows in different shaping conditions is discussed.

To the combined effects of tri-layered structural and 
non-homogeneous material characteristics of Tri-layer Non-
Homogeneous Bellows (TNBs), the spring back behaviors 
are more complicated compared with bi-layered non-
homogeneous bellows. Therefore this research investigates the 
effect of the bellow structure on spring back, and the bellows 
of different specifi cations and Numbers of Layers (NoLs) (NoL 
= 2,3) are compared. Also, the bellows of different materials are 
compared to study the infl uence of mechanical properties of 
the material (Inc718 and SS304) on spring back.

Forming process

In the hydroforming method, the primary raw material is 
deformed into a cavity inside the die by using high-pressure 
fl uid. This process always requires a hydraulic press, a 
hydroforming die, and a pressure-boosting system [38-
40]. Generally, the process involves placing the primary raw 
piece (tube) inside the die, closing the die and applying high-
pressure fl uid inside the tube. The pressure of the fl uid must 
be such that it deforms the raw material and causes the part 
to take the shape of the die. This process is called bulging. 
In the next stage (folding), without decreasing the internal 
pressure, an axial displacement is applied to the tube which 
decreases the length of the tube and forms the bellows. In the 
last stage, all the applied loads including internal pressure 
and axial displacement are removed and elastic deformation is 
released. The third process is known as spring back. Different 
stages of the process are shown in Figure 1. Moreover, Figure 
2 [31] shows a schematic for pressure and axial displacement 
changes versus time during the forming process.

Modeling procedure

In this section, at fi rst geometry and material properties 
are presented. Then, a short explanation of the FE model is 
given. To check the validity of the modeling, the fi rst forming 
process of the two-layered bellows is modeled. The results 
are compared to the available results from the literature. In 
the next stage, forming process of the three-layered bellows 
is simulated. Additionally, the effect of different parameters 
on forming process is evaluated. To study the effect of friction 
on forming process, two different simulations are performed. 
In the fi rst simulation, the coeffi cient of friction is defi ned 

between layers, and in the second simulation; surfaces are tied 
(bonded) together to simulate the maximum possible friction 
between two surfaces.

Geometry and material

The outer diameter of the initial tube is 65 mm and its 
length is 62 mm. After forming the length decreases to 31.4 
mm. In the bi-layer geometry, the thickness of each layer is 
0.12 mm and the material of the inner and outer layers are 
respectively Inconel 718 and Stainless steel 304 and in the tri-
layer geometry, the thickness of each layer is 0.08 mm and 
the materials are Inconel 718 (inner layer) and Stainless steel 
304 (two outer layers). Material properties that are used in the 
simulations are shown in Table 1 [8].

FE simulation details

In this study, for modeling in ABAQUS software, Dynamic 
Explicit solver is used for steps 1 and 2, which are bulging and 
folding and then Static General Solver is used to create the 
spring back step. Also, in the load section, fi rst, the boundary 
conditions of the die parts were applied as shown in Figure 3(a). 
In this way, in the fi rst step, all the parts are fi xed and only 
pressure is gradually introduced into the tube. Then, in step 
2, the amount of displacement of the die parts was considered 
while the amount of pressure is still constant. In the spring 
back step, all parts of the die were removed to unload the tube. 

Figure 1: FE model for bellow hydroforming and spring back process.
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Figure 2: Loading path used in bellow hydroforming simulation.
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To simulate the bellows, the CAX4R element is used which 
is a suitable element regarding the thickness of the plates. A 
study on mesh convergence is carried out which shows that the 
optimum element size is 0.12 mm and by further increasing 
the elements, no considerable change in displacement and 
stress level is detected. At fi rst, each layer was a separate layer, 
and die components were modeled in the “part”, then, in 
“property”, materials properties related to Inc718 and 304SS 
were determined. The annular die and the punch are treated as 
analytic rigid bodies. In the “assembly” section, all parts are 
located in place based on Figure 3(b).

Then, in “step” two stages of bulging and folding were 
defi ned. In the bulging step, the punch and the annular dies are 
fi xed. By Putting on the internal pressure, the layers bulged. In 
the folding step, the die component moves axially towards the 
fi xed layers end, and the internal pressure respectively fl ows. 
The layers are formed to the suitable form by the cooperation 
of internal pressure and axial feeding of the die component. 
After the completion of the second stage, a new step is made 
in a separate model using “create predefi ned fi eld“ and in 
the spring backstage, the dies are removed and the internal 
pressure is released as shown in Figure 4.

The connection between the layers and die was defi ned 
in “interaction” The “rigid-to-fl exible surface-to-surface” 
contact behavior is defi ned between the tubes and dies and the 
“fl exible-to-fl exible surface-to-surface” contact algorithm is 
adopted between the three layers. The value of the coeffi cient 
of friction is also given in Table 2 used by Liu, et al. [31]. The 
thin-walled tubes are deformable and meshed as shell element 
S4R (four-node doubly curved thin shell).

Bi-layered simulation and validation

To validate the desired method, fi rst, the bi-layer model of 
the bellows was modeled with the mentioned specifi cations. 
Then, the values obtained at the end of the modeling were 
compared with the values obtained by Liu, et al. [31]. According 
to the obtained values, the accuracy of the work method was 
confi rmed. The results are presented in Table 3.

Results and discussion

In this study, the effect of two parameters on the 
hydroforming of bellows is studied. The fi rst parameter is 
pressure and the second one is friction.

Study the effect of the pressure

To have a complete hydroforming process without any 
defects, a narrow band of pressure is acceptable. To start an 
initial guess is applied for the value of pressure. Then based 
on the results, other values are tested until the correct value 
is found. Different values ranging from 7 MPa to 13 MPa Are 
tested. Finally, it is found that a pressure of 11 MPa is suitable 
for shaping. As shown in Figure 5(a), a pressure of less than 
11MPa has prevented the complete formation of the bellows. 
So, the hydroforming process has not been fully implemented 
and has caused the parts to interfere with each other. On the 
other hand, excessive pressure causes the bellows to deviate 
from the desired shape. In such a way that the die parts do not 
reach each other due to excessive pressure on the inner wall and 
getting out of the desired size based on Figure 5(b). The reason 
for the improper form in the sample with the pressure below 
the allowable limit is probably not enough to draw off the tube 
by the fl uid. For this reason, the heterogeneous distribution of 
the tube on the die surfaces is visible after forming. Also, with 
pressure higher than the allowable limit, the tube seems to be 
too stretched and wrinkled.

 Table 1: Mechanical properties of strip materials 304SS and Inc718 [8]

Parameters Inc718 SS304

Density (g/cm3) 8.24 7.85

Initial yield stress (MPa) 848 216

Poisson’s ratio 0.3 0.285

Strain constant 0.08 0.049

Strain hardening exponent 0.42 0.68

Strength coefficient (MPa) 2497.4 1645.3

Young’s modulus (GPa) 204 204

 
a b 

Figure 3: A) Applied boundary conditions. b) Placement of parts in the simulation.

Figure 4: Finite element model after each step.

 Table 2: Friction coeffi  cients at various contact interfaces [9].

Contact interfaces Friction coeffi  cient

Tube/die 0.3

Tube/tube 0.1

 Table 3: Comparison of present results to Liu, et al. [9] for validation purposes.

 
Pitch after 
Springback 

(mm)

Pitch after 
Folding 
(mm)

Height after 
Springback 

(mm)

Height after 
Folding 
(mm)

Initial 
pressure 

(MPa)

Liu, et al. [9] 4.5 3 7.4 7.8 9

Present Study 4.4 3 7.46 7.9 9

%Error 1 0 0.99 0.98 0
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Study the effect of the friction

To study the effect of friction between layers, two models 
are created. In the fi rst model, the coeffi cient of friction 
is defi ned between layers, and in the second model, this 
coeffi cient is very high in the way that two layers are tied 
to each other. By comparing these two models, the effect of 
friction between layers can be studied. As discussed in the 
above section, a pressure of 11 MPa is used in the hydroforming 
process. Simulations are performed and results are reported in 
the following paragraphs. Figure 6 shows the amount of von 
Mises stress that layers undergo as a result of the shaping 
process. Based on this fi gure, the maximum amount of stress 
occurs in the inner layer and its value is equal to 1500 MPa. 
Therefore, in the hydroforming process, the layers that are not 
in contact with the fl uid have less stress than the inner layer. 
The amount of stress in both models is equal, but due to more 
friction in the tie, the adhesion of the layers to the die wall is 
more.

As Figure 7 presents, the maximum equivalent plastic 
strain in this model is equal to 0.32 for the tie model and 0.24 
for the friction model. The reason for this seems to be the lack 
of any air gap in the tie model So that all three layers on top of 
each other have created an overall thickness. And this causes 
more strain.

The amount of radial displacement is shown in Figure 8. As 
is clear, the amount of displacement in the Tie model is more 
than in the friction model, which is also due to the greater 
adhesion of the tie model. As is shown, the part of the model 
that is folded outwards has the most displacement and its 
value is a little more than 7 mm. Also, the fold has a negative 
inward displacement and has gone inward (in the -x direction) 
compared to the initial state.

Afterward, the spring back process is investigated. Figure 
9 shows the von Mises stress in the spring back. This fi gure 
reveals that the maximum amount of stress is in the inner 
layer and in the part where the layers have deformed and 

become convoluted. As it turns out, this value in the tie model 
is higher than this value in the friction model due to more 
friction between the layers. The reason for this is the adhesion 
between the layers in the Tai model, in which the Inc 718 layer 
was not allowed to discharge energy after the spring back. Also, 
the separation between the layers of the friction model after 
spring back is visible.

The amount of displacement in the spring back process is 
shown in Figure 10. As is depicted, the outward fold had the 
least and the inner fold had the most displacement. Also, it is 
absolutely obvious that the displacement in the friction model 
after the spring back process is more than the displacement 
in the Tie model, which is due to less friction between the 
layers which allows the layers without adherence to each other 

 

 

a 

 

 

 

b 

Figure 5: Formation with a) less and b) more than the desired pressure.

  
a b 

Figure 6: The von Mises stress in a) the tie model and b) the friction model.

  
a b 

Figure 7: The max equivalent plastic strain a) tie, b) strain friction.

  
a b 

Figure 8: Displacement in a) tie model, b) friction model.

  
a b 

Figure 9: Von Mises stress in the spring back a) with tie, b) with friction.
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to continue moving in the direction of discharging existing 
stresses.

Table 4 represents the values for the tri-layer friction and 
Tie models after the folding and spring back processes.

After simulation, the residual stresses were investigated 
and it was observed that the residual stresses in both tri-layer 
models are equal after the end of the folding process as is 
demonstrated in Figure 11. But what is very obvious is that the 
amount of residual stresses after the spring back process in the 
friction tri-layer model is drastically reduced as is shown in 
Figure 12. As can be found, the inner layer which has a different 
material is separated from the other two layers. The reason for 
this is the high level of residual stress in the inner layer as well 
as the mechanical properties of Inc718 material, which seems to 
be a natural phenomenon due to the high yield stress of Inc718. 
It should be mentioned that the distance created between the 
layers in the model with friction has been observed in other 
studies. The amount of residual stress and main stresses after 
forming were listed in Tables 5,6 respectively.

A summary of the behavior of the bellows in the three 
stages of hydroforming

The simulation results show that the inner layer experiences 
the maximum stress and maximum plastic strain. The 
deformed radius of the inner layer is smaller than the radius of 

the outer layer, which means, this layer undergoes more plastic 
strain. Therefore, in the hydroforming process, the inner layer 
should have a higher forming ability. The simulation results 
show that after the spring back process, the residual stresses 
in the friction model are signifi cantly reduced compared to the 
Tie model. The simulation results show that with increasing 
friction in the hydroforming process, the displacement of the 
convolution at the end of the folding process is greater. The 
simulation results show that the residual stresses in the tri-
layer model compared to the bi-layer model with the same 
overall thickness are signifi cantly reduced after the end of the 
spring back process. The simulation results show that after the 
spring back process, the height of pitch change in the tri-layer 
model is less than in the bi-layer model. 

Conclusion

According to the fi nite element analysis research on tri-
layer non-homogeneous bellows during the hydroforming 
process, the following results are confi rmed:

1- Initial pressure of the tri-layer model in the bulging 
stage of the hydroforming process with a value of 11 
MPa, which shows an increase in pressure compared to 
the bi-layer model of 2 MPa.

2- The amount of spring back in the hydroforming process 
of tri-layer bellows in two models of friction and Tie, 
which shows that more friction increases the length and 
height.

  
a b 

Figure 10: Displacement in the spring back a) with tie b) with friction.

 Table 4: Values related to friction and Tie tri-layer models.

Model
Displacement in X 

direction after spring 
back (mm)

Displacement in X 
direction after Folding 

(mm)

the max equivalent 
plastic strain (mm)

Friction 3.38e-3 7.11 2.4e-1

Tie 2.03e-3 7.28 3.2e-1

 
a b 

Figure 11: Residual stress on a) tie and b) friction after folding.

 
a b 

Figure 12: Residual stress on a) tie and b) friction after spring back.

Table 5: The amount of residual stress after forming.

Model Name
Residual stress after 

spring back (MPa)
Residual stress after 

folding (MPa)

Friction tri-layer 447 1500

Tie tri-layer 1061 1500

Friction bi-layer 846 1456

 Table 6: The number of main stresses after forming.

Model Name Minimum stress 

after spring 

back (MPa)

Maximum 
stress after 
spring back 

(MPa)

Minimum 
stress after 

folding 
(MPa)

Maximum 

stress after 

folding (MPa)
Friction tri-layer 0.7 326 21 1571

Tie tri-layer 14 1201 22 1573

Friction bi-layer 15.9 850 19 1594
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3- Stresses related to non-homogeneous tri-layer and bi-
layer bellows models show that the amount of residual 
stresses in the tri-layer model is signifi cantly reduced.

4- The pitch changes in this study are equal to 1.1 mm, 
while the pitch value of the non-homogeneous bi-layer 
bellows is 1.4 mm. The reason for this is the greater 
thickness of Inc718 material in the bi-layer model than 
in the tri-layer model

5- The height changes in the non-homogeneous bi-layer 
model were 0.12 mm, while in the present study on 
non-homogeneous tri-layer bellows, this value has 
increased to 0.13mm.

6- The comparison of maximum equivalent plastic strain 
in tri-layer non-homogeneous bellows and bi-layer 
non-homogeneous bellows is 0.1075, which indicates 
that the formation in this study has improved due to 
layer increase.
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