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Abstract
The step hollow shaft components are composed of two layers of different materials, they are formed using tube hydroforming 

process due to its high strength and rigidity, low weight and flexible profiles, compared to traditional casting, welding, and forming methods. 
These products are effectively used in industries such as the automotive, shipbuilding, aerospace and defense, and oil and gas sectors. 
The success of various double layer pipe hydroforming process depends on several factors, with the most important being the internal 
pressure path and axial loading path. This paper presents research on the effect of input loading paths on the hydroforming ability of  
a different two-layer metal structure – an outer layer of SUS304 stainless steel and an inner layer of CDA110 copper – using 3D numerical 
simulations on Abaqus/CAE software. Output criteria were used to evaluate the forming ability of the formed components, including Von 
Mises stress, Plastic strain component (PEmax), wall thinning, and pipe profile, based on which the input loading paths were combined 
during the forming process. These output criteria allow for more accurate predictions of material behavior during the hydroforming 
process, as well as deformation and stress distribution. This can support the design process, improve product quality, reduce errors, and 
increase production efficiency. The research results can be applied as a basis for optimizing load paths for the next experimental step in  
the near future, for undergraduate and graduate training, as well as allowing designers and engineers to optimize the process of hydro-
forming of different 2-layer tubes, reducing costs, improving accuracy, flexible design, minimizing risks, and increasing efficiency.
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1. Introduction
Tube hydroforming is a highly sought-after alternative to traditional forming methods, be-

coming increasingly prevalent [1, 2]. The outcomes of this forming process are utilized across nu-
merous industries, such as automotive, aerospace, shipbuilding, and oil and gas [3–6]. Additionally, 
microtubes for electrical and electronic components can also be produced using this process [7–9]. 
The strengths and weaknesses of this technique, as well as its growth and application, have been 
thoroughly discussed in numerous resources [10, 11].

Utilizing the finite element method and advanced 3D numerical simulations in the design of tube 
hydroforming processes has been demonstrated to be efficient in evaluating input and output parame-
ters, resulting in cost and time savings [12, 13]. Several advanced numerical model-based approaches 
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have been introduced and implemented by various researchers [14–16]. Additionally, simple methods 
have also been offered to assist in the preliminary design of metal forming processes, such as the ideal 
flow theory in plastic deformation [17] and sheet forming with optimal deformation [18]. A concise solu-
tion, based on integral equations, has been presented to examine the relationship between parameters 
during 2-layer tube shaping [19]. Simple solutions for determining the maximum value of Pi are critical 
for estimating the required forming pressure during water tube forming of coated tubes [20]. Model-
ing has also been utilized to simulate the transverse branch swelling of coated bimetallic tubes [21].

The utilization of hydrostatic shaped multi-layer pipe products has increased because of their 
remarkable properties. These laminated tubes, which possess combined material properties, high 
strength, and corrosion resistance, are used in specialized work environments to meet conflicting per-
formance requirements. In order to predict the most efficient operating conditions, a finite element 
model was developed for the two-layer tubular forming process using the LS-DYNA preprocessor 
and ANSYS LS-DYNA solver. The model was validated through experiments, which showed that the 
numerical and experimental results for the bulge height and thickness reduction of the 2-layer X-shaped 
tube agreed well [22]. An analytical model has also been developed to estimate the forming pressure 
required to avoid creasing in double-layer pipe joints [23]. By comparing experimental and numerical si-
mulation results, it was found that the most significant cause of pipe breakage is due to the internal pres-
sure applied to the part without proper axial feed application and failure to follow the load curve [24].

During tube hydroforming process, three types of errors may occur: burst, wrinkles, and 
excessive thinning. Optimal loading conditions must be established to avoid these instability and 
failure conditions and ensure proper deformation. Due to the complexity of the process, analysis 
and numerical simulation are necessary to better understand it and design process equipment.

The authors utilized finite element numerical simulation with Abaqus/Explicit 3D EXPE-
RIENCE R2017X software [25] on the basis of Materials and Methods presented in detail in the 
next Section 2 to assess the forming capability of stepped hollow shaft components from 2 different 
material layers using hydroforming techniques. The simulations investigated the outcome of com-
bining the internal pressure load line and the axial feed load line, thereby determining the optimal 
loading lines for the different two-layer tube hydroforming process. From the research results, the 
team proposed optimal load lines for successful hydroforming process according to 4 output crite-
ria including Von Mises stress, Plastic strain component (PEmax), wall thinning, and pipe profiles 
of double-layer pipes of different materials are formed into step hollow shafts with an outer layer of 
SUS304 material and an inner layer of CDA110 material.

2. Materials and Methods
2. 1. Hydroforming component and original workpiece
This study utilized a setup with an initial tube billet, which has 2 different material layers for 

numerical simulation, with stainless steel SUS304 selected as the outer layer and copper CDA110 
as the inner layer. The material properties of the workpiece are detailed in Table 1, while Table 2 
presents the billet parameters and composition of the step hollow shaft.

Table 1
Material properties of SUS304 and CDA110 [10, 11]

Material properties SUS304/Value CDA110/Value
Temperature (°C) 24 24
Density, ρ (kg/m3) 7850 8940

Young’s modulus, E (GPa) 193 115
Hardening coefficient, K (MPa) 1275 325

Work hardening exponent, n 0.45 0.54
Poisson’s ratio, ν 0.29 0.33

Yield strength (MPa) 226.3 170
Ultimate tensile strength (MPa) 560 425

Elongation (%) 45 45
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Table 2
Double layer pipe blank and step hollow shaft component parameters

Parameters Symbol/unit Value
 

 

        t01                           t0                            t02 

L0 
 

Outer diameter of double-layer pipe billet D0 (mm) 21.80
Diameter of separator between 2 layers of material SUS304 and CDA110 D1 (mm) 19.30

Inside diameter of double-layer pipe billet Di (mm) 18.10
Initial thickness of material layer SUS304 t01 (mm) 1.25
Initial thickness of material layer CDA110 t02 (mm) 0.6
Initial thickness of double-layer pipe billet t0 (mm) 1.25+0.6 = 1.85

Initial length of double-layer pipe billet L0 (mm) 120 
 

 

              De         te             

  R1          

  D0          

  R2          

  Le          
  Lc          

 
Maximum expanded diameter De = 1.8D0 (mm) 39.24

Diameter of separator between 2 layers of pipe component Dic to be formed
Inside diameter of pipe component dic to be formed

Thickness of component tc (mm) to be formed
Transition fillet radius R1 (mm) 20
Expansion fillet radius R2 (mm) 10

Unsupported length of tool for maximum expansion Le (mm) 43.6
Length of double-layer pipe component Lc (mm) to be designed

2. 2. Numerical simulation
The hydrostatic forming of 2-layer metal pipes can be modeled through numerical simula-

tion, utilizing finite element analysis and finite element method. This enables researchers to visua-
lize the shaping process and evaluate the forming parameters. To simulate the process, a cylindrical 
double-layer tube with a total thickness of 1.85 mm, outside diameter of 21.80 mm, and length of 
120 mm is inflated into a step hollow shaft with a maximum extension diameter of 39.24 mm, 
calculated as 1.8 times the outside diameter. The tube is initially modeled as two separate blocks, 
with the outer layer made of SUS304 and 1.25 mm thick, and the inner layer made of CDA110 and 
0.6 mm thick, both of which use a bi-linear elastic material model as shown in Table 1. The coeffi-
cient of friction between the surfaces of the SUS304 and CDA110 materials is assumed to be zero, 
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while the coefficient of friction between the remaining surfaces of the workpiece and the tool is set 
to 0.1 [26]. Using symmetry and precise boundary conditions, a one-eighth segment of the problem 
can be modeled, resulting in a suiTable three-dimensional solution. The bulge forming process  
is simulated using the finite element model in Fig. 1.

Fig. 1. Assembly and mesh modules used in the bimetallic tube analysis

The same finite element model was used to perform simulations with combined internal 
pressure load paths (Fig. 2) and axial feed load paths (Fig. 3).

Fig. 2. Internal pressure load lines

Fig. 3. Axial feed load lines
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3. Results and Discussion
3. 1. Combined internal pressure load line I1 and axial feed load line A2
Three simulations were conducted, combining the internal pressure load line I1 with  

Pi-max values of 45, 55, 65 MPa, and the axial feed line A2, where each punch has a displacement 
of 10 mm, resulting in a total axial feed of 20 mm. The simulations were named P45I1-Af10A2, 
P55I1-Af10A2, and P65I1-Af10A2, corresponding to maximum internal pressure values of 45, 55, 
and 65 MPa. The forming results of simulations 1, 2, and 3 are presented in Fig. 4 in the order  
of Fig. 4, a, b, and Fig. 4, c, d.

Fig. 4. Shaped bilayer components:  
a – P45I1 – Af10A2; b – P55I1 – Af10A2; c and d – P65I1 – Af10A2

Simulations 1 and 2 yielded unsatisfactory component profiles, with wrinkled-corrugated 
expansion zones, and the material did not fully expand into the entire mold cavity. In these simu-
lations, axial feeding was fast, and the sealing requirement was guaranteed within 20 steps with  
P1-max at 45 MPa and P2-max at 55 MPa. On the other hand, simulation 3 showed that the axial feed-
ing was slow, resulting in the sealing requirements not being guaranteed within steps 12–14, and 
failing to meet the requirement for timely feeding of the workpiece in the expansion area. Conse-
quently, both layers of material experienced strong plastic deformation, with a plastic deformation 
component PE3-max (CDA110) of 1.755, and significant thinning with a minimum material thickness 
of 0.07 mm/0.6 mm (thinning ratio of 83.33 %). Similarly, PE3-max (SUS304) was strongly thinned 
with a minimum material thickness of 0.16 mm/1.25 mm (thinning ratio of 87.20 %).

Based on the data analysis of the simulation, it can be concluded that the plan to combine 
the load lines during the forming process did not meet the evaluation criteria for forming com-
ponents. To enhance the forming ability, it is suggested to increase the total axial feed and the  
internal pressure.

3. 2. Combined internal pressure line I1 and axial load line A1/A3
Based on the results and analysis above, the research team made adjustments to the axial bil-

let feeder, increasing it to 30 mm total, and modified the axial feed load line to I1 and I2 load lines.  
The internal pressure load line is still the load line I1 with Pi-max values of 60 and 75 MPa. These modi-

a

c

b

d
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fications were used in three simulation runs where the internal pressure load line and the axial feed 
load line were combined together. The simulations were run with P4-max = 60 MPa (P65I1-Af15A1),  
P5-max = 75 MPa (P75I1-Af15A1), and P6-max = 75 MPa (P65I1-Af15A3). The results of these simu-
lations 4, 5, and 6, are presented in Fig. 5 in the order of Fig. 5, a–c.

Fig. 5. Shaped bilayer components: a – P65I1 – Af15A1; b – P75I1 – Af15A1; c – P65I1 – Af15A3

The findings of simulation 4 reveal an incomplete component profile, characterized by an 
expansion zone with a wrinkled-corrugated profile, indicating that the material has not expan-
ded to fill the entire mold cavity. The simulation demonstrates that the axial feed is quite fast,  
ensuring that the sealing requirement is guaranteed in 20 steps. However, the internal pres-
sure P4-max = 60 MPa is still small to achieve satisfactory results.

The results of simulation 5 indicate a slow axial feed, resulting in the sealing requirement 
not being met at step 9 and the workpiece not being fed in the extended area in a timely manner. 
Both layers of the material experienced plastic deformation, with the plastic deformation component 
PE5-max  (CDA110) = 0.81, and significant  thinning occurred, with  the smallest material  thickness 
reaching  0.32 mm/0.6 mm  (a  thinning  ratio  of  46.47 %);  similarly, PE5-max  (SUS304) = 0.72 with  
a minimum material thickness of 0.76 mm/1.25 mm (a thinning ratio of 39.20 %). Although compo-
nent profiles are well-formed, delamination occurs in the transition zone between radii R1 and R2.

Simulation 6 resulted in slow axial feed, leading to failure to guarantee sealing requirements 
at steps 9 and 10 and timely feeding of the workpiece into the extended area. Consequently, both 
layers experienced plastic deformation with the plastic deformation component PE6-max (CDA110) 
of 1.64 and significant thinning with the minimum material thickness of 0.07 mm/0.6 mm (with  
a thinning ratio of 88.33 %). Similarly, the PE6-max (SUS304) was strongly thinned with a minimum 
material thickness of 0.19 mm/1.25 mm (with a thinning ratio of 84.80 %).

Based on the analysis of simulation data, it is evident that the current combinations of sub-
sequent loading lines during the forming process do not meet the required forming components 
according to the evaluation criteria. However, the analysis provides a basis for exploring more 
feasible test options by varying the internal pressure values, axial feed displacement, and combi-
nations of load lines as analyzed.

  
 

 

  
 

 

a b

c
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3. 3. Combined internal pressure line I2 and axial load line A3/A4
After comparing the results and analyzing the data from sections 3.1 and 3.2, the re-

search team has decided to maintain a total axial feed value of 30 mm, using the A3 and A4 load 
lines for axial feed, and using the I2 load line for internal pressure with maximum values of 75  
and 77 MPa. The research team has also combined the internal pressure and axial feed load lines, 
resulting in three different simulations: P75I2-Af15A3 with P7-max = 75 MPa, P75I2-Af15A4 with 
P8-max = 75 MPa, and P77I2-Af15A4 with P9-max = 77 MPa. The results of these simulations 7, 8, 
and 9, are presented in Fig. 6 in the order of Fig. 6, a–с.

Fig. 6. Shaped bilayer components: a – P75I2-Af15A3; b – P75I2-Af15A4; c – P77I2-Af15A4

Simulation 7 produces satisfactory component profiles with complete expansion of the 
mold cavity, except for small wrinkled waves in the transition zone of radius R2. However, the 
axial feed is delayed in steps 16 and 17, and the sealing requirement is not met by step 20. The 
internal pressure P7-max = 75 MPa satisfies  the  forming pressure condition. Both  layers expe-
rience plastic deformation with good plastic deformation composition PE7-max (CDA110) = 1.12, 
and the thinnest material thickness is 0.36 mm/0.6 mm with a thinning ratio of 40.00 %.  
PE7-max (SUS304) = 1.04 and the thinnest material thickness is 0.79 mm/1.25 mm with a thin-
ning ratio of 36.80 %.

Simulation 8 shows that the combination of loading lines is appropriate and guarantees axial 
feeding while meeting the sealing requirement in 20 steps, ensuring feeding into the extended area. 
Both layers of materials are plastically deformed and shaped well with PE8-max (CDA110) of 0.78 
and thinned in guiding and extension zones with a minimum thickness of 0.37 mm/0.6 mm (thin-
ning ratio of 38.33 %); and PE8-max (SUS304) of 0.68 and thinned in guiding and expansion zones 
with a minimum thickness of 0.86 mm/1.25 mm (thinning ratio of 31.20 %). The component profile 
is well-formed, except for a small area in the transition zone of radius R2, where the expanded ma-
terial is not close to the cavity contour.

Simulation 9 produced satisfactory results with a suiTable combination of loading lines re-
sulting in guaranteed axial feed into the extended zone and sealing requirements in all 20 steps 
of the process. Both layers of material were plastically deformed, with plastic deformation com-
ponent PEmax (CDA110) at 1.003 and thinned in the guiding and expansion zones, with the thin-
nest  material  thickness  at  0.40 mm/0.6  mm  and  a  thinning  ratio  of  33.33 %; PEmax (SUS304) 

a b

c
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was at 0.918, and thinned in the conduction and extension regions, with the thinnest material  
thickness at 0.85 mm/1.25 mm and a thinning ratio of 32 % (Fig. 8, e–h). The component profile 
was well-formed, and the transition zone with radii R1 and R2 had the material expanded accord-
ing to the cavity profile.

The research team has evaluated the output criteria of the forming process and identified 
an optimal combination of loading lines that results in good formability (Fig. 7). With this infor-
mation, the team has determined the optimal combination plan for the 2-layer tube hydrostatic 
forming process. The simulation results of this plan are displayed in Fig. 8.

Fig. 7. Optimum combination of internal pressure load line I2 and axial feed load line A4

It is worth noting that the Von Mises stress values of 423.45 MPa for layer CDA110 and 
578.96 MPa for layer SUS304, represent the maximum stress values reached during the forming 
process. These values are equivalent to the ultimate tensile strength of the respective layers, which 
means that the material is under very high stress and may be close to or at the point of failure. 
Therefore, it is important to ensure that the maximum stress values do not exceed the ultimate 
tensile strength of the materials in order to avoid material failure and maintain the integrity of the 
formed component.

The total reaction force RF (Fig. 8, d) can be broken down into three individual forces, 
which include Fz, Fp, and Ff. The axial force component Fz initiates in the tube wall and, in con-
junction with the internal pressure, ensures the plastic flow of the tube wall. The sealing force Fp  
results from the reaction force of the internal pressure on the front punch face. Finally, the fric-
tional force Ff must be overcome in the section where the tube ends come into contact with the 
hydroforming tool during the forming process. The maximum absolute value of the total reaction 
force RF exerted by the axial punch is 14270 N, which is equivalent to 1,470 tons.

Through numerical simulation, the group has a scientific basis to solve the problem under 
study, which is reflected in features such as combining different load lines with different inter-
nal pressure values of Pi-max, different axial feeding values of Af to evaluate the ability to form 
a two-layer stepped hollow shaft with maximum expanded diameter De = 1.8D0 = 1.8×21.80 = 
= 39.24 (mm)  through four output criteria. Based on  that,  the optimal combination of  load  lines 
and Pi-max = 77 MPa, Aftotal-max = 30 mm values was found to increase the likelihood of successful 
formation in the hydroforming process of two different layers of tubing, with the outer layer being 
SUS304 stainless steel and the inner layer being CDA110 copper material (Fig. 7). The unique-
ness and novelty of the results are specifically confirmed through the Plastic strain component 
of layer SUS304 at 0.918 and the Plastic strain component of layer CDA110 at 1.003, as well as 
the wall thinning ratio at 32 % and 33.33 % (the allowable limit is 45 %) which are quite similar  
in order (Fig. 8, e–h). 
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Fig. 8. Output parameters of the two-layer component formed with the optimal combination of 
P77I2 – Af15A4 lo ad lines: a – Von Mises stress of layer SUS304; b – Von Mises stress of layer 
CDA110; c – Von Mises stress of 2-layer component; d – Total reaction force of axial punch; e – Plastic 
strain component of layer SUS304; f – Plastic strain component of layer CDA110; g – Minimum  
thickness measurement of layer CDA110; h – Minimum thickness measurement of layer SUS304
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Fig. 7 shows that the axial feeding load line A4 increases the feeding more than the in-
ternal pressure load line I2 at the time when the time of the forming process reaches 50 %, to 
ensure feeding into the expanded region in time. The axial feeding of each axial punch reaches 
the value of Afmax = 15 mm at the time of 75 % of the forming process time, and in the time inter-
val from 75 % to 100 % of the forming process time, the axial punch acts to seal both ends of the 
tube while the fluid pressure continues to advance towards Pi-max = 77 MPa along load line I2.  
The time cycle of the forming process based on numerical simulation is divided into 20 form-
ing steps, which is quite consistent with the statistics on the time cycle of the actual forming  
process [13, 26].

The limitations of the research results of the research group include the boundary con-
ditions  of  friction  being  set  only  at  a  common  friction  coefficient  value  of  μ = 0.1,  and  the 
time cycle of the forming process being set according to the number of forming simulation  
steps (20 forming steps). 

To increase the applicability of the obtained results in reality, it is necessary to control is-
sues such as lubrication of the surface of the tube blank and the mold surface to ensure stable fric-
tion coefficient in all 3 zones (the guiding zone, the transition zone, and the expansion zone), as 
well as the synchronized combination of the internal pressure loading line I2 and the axial feed 
loading line A4 from the execution devices according to the forming steps. They are truly an in-
teresting challenge and attract further development research in some directions such as expanding 
the value range of the friction coefficient, expanding the value range of the thickness of each layer, 
expanding the range of loading paths, and finding the relationship between the real-time cycle and 
the number of forming steps in the numerical simulation for the forming process of 2-layer tube 
blanks made of different materials.

Running simulations with other combined options can provide researchers with more data 
to better understand how different shaping parameters impact the hydrostatic forming process of 
multilayer tubes. This can help identify additional optimal combinations of load lines and lubri-
cation conditions, as well as provide insights into the effects of variations in these parameters on  
the output criteria of the forming process.

4. Conclusions
Numerical simulation offers the ability to combine various loading paths to optimize the 

output criteria when forming a 2-layer metal pipe product using hydrostatic forming. This tech-
nique has been extensively documented in publications, highlighting its advantages. However, in 
practical applications such as experimental deployment and production, controlling the load paths 
and their combination, as well as lubrication, pose challenges in implementing the 2-layer product 
hydrostatic forming process.

Through a comparison of simulation results of different load line combinations, the research 
team was able to determine the optimal combination of pressure load line I2 (Pi-max = 77 MPa) and 
axial feed line A4 (with total axial feed displacement of 2 punches of 30 mm), based on four cri-
teria including Von Mises stress, plastic strain component (PE), wall thinning, and pipe profile. 
Of note, this optimal combination resulted in the SUS304 and CDA110 layers having a similar 
PE plastic strain component of approximately 1, and a similar wall thinning ratio, without any 
material delamination occurring.
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