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Hydroforming is a cost-effective way of shaping workable metals such as aluminum or
brass into lightweight, structurally stiff and strong pieces. One of the largest applications of
hydroforming is the automotive industry, which makes use of the complex shapes possible
by hydroforming to produce stronger, lighter, and more rigid unibody structures for vehi-
cles. This technique is particularly popular with the high-end sports car industry and is also
frequently employed in the shaping of aluminium tubes for bicycle frames [1, 2].

Hydroforming is a relatively new process, popularised by design studies which suggest
that automobiles can be made much lighter by using hydroformed components made of
steel. Structural strength and stiffness can be improved and the tooling costs reduced
because several components can be consolidated into one hydroformed part. Components
manufactured by forming can springback, meaning that the undergo elastic distortion on
removing the component from the die. This effect is apparently smaller in hydroformed
components.

One advantage is that large components with complex shapes can be made in one step,
although the productivity tends to be small because the forming is slow and there is time
involved in mounting and unmounting the blank from the hydroforming press. The parts
currently produced using THF (Tube Hydroforming) are illustrated in Figure 1 [3–5].

Hydroforming is a specialized type of die forming that uses a high pressure hydraulic
fluid (water with oil as a lubricant agent) to press room temperature working material into
a die. To hydroform aluminum or steel into a vehicle’s frame rail, a hollow tube is placed
inside a dies that have the shape of the desired end result. High pressure hydraulic pistons
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then inject a fluid at very high pressure inside the tube which causes it to expand until it
matches the dies cavity. The hydroformed tube is then removed from the dies.

Hydroforming allows complex shapes with concavities to be formed, which would be
difficult or impossible with standard solid die stamping. Hydroformed parts can often be
made with a higher stiffness to weight ratio and at a lower per unit cost than traditional
stamped or stamped and welded parts.
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The process design of hydroformed Y-shapes (3-way connectors with an angled
branch) was discussed in this paper. These components are the most common parts hydro-
formed for exhaust system applications. The simple equations were used in order to esti-
mate all of the necessary process parameters (e.g. internal pressure, axial feeds and initial
tube length). These estimated parameters where then inserted to the FE simulations. As an
initial shape for the simulations the tubular blank made from low carbon steel was used.
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In this hydroforming operation a straight tube blank was placed, coated with a liquid
film lubricant (oil), in the die cavity that corresponds to the final shape of the component
and seals the ends by the axial punches. Then the tube blank is formed internally by using
high-pressure oil, while subjecting it to axial compressive stresses from the action of the
axial punches. These loads expand the tube wall to the die cavity, Figure 2 [3].

A typical Y-shape hydroforming operation involves a controlled application of inter-
nal pressure and axial feed of tube material from the tube ends. Appropriate loading path
(axial feed vs. internal pressure) is the right way to achieve the defect-free final Y-shape
and with required dimensions. During computer simulation as well as experiment utilizing
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of loading path curve was the main problem. The initial path of the axial feeding vs. internal
pressure was determined during experiment and then was implemented to the FEM simula-
tion where was improved. Such final path was introduced to the experiment to achieve the
final shape without failures. Example of the loading path was illustrated in Figure 3 [6–8].
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In this paper three Y-shapes with different geometrical parameters as well as steel grade
were investigated.
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 rb < ro < 16,1 mm, as shown in Figure 4. For the simulations as well as
experiment two different initial lengths of tubular blanks were investigated, l0 < 140 mm and
l0 < 130 mm for X2CrTi12, E235 and E235+N steel grades respectively. For each tubular
blank exact pressure curves were prepared, as it was described in Table 1. Values described
in brackets characterized the maximum pressure that was reached at the end of hydroforming
process. The left and right axial strokes Δs/2 have the same distances and equal 25 mm.
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Loading parameters – During hydroforming process the tubular blank is open to
the defects, eg. local thinning and bursting or wrinkling, Figure 5. In order to avoid
such instability and within required dimensional tolerance the appropriate rules are given.
It is mean that internal pressure versus displacement curves need to be calculated and
designed properly in coordination with axial feeding [6, 9, 10]. In order to prepare right
internal pressure sequence the yielding as well as bursting pressure could be estimate by the
simple equations.

Initial 
length 

Outsider 
diameter of 
the tubular 

blank 

Wall 
thickness 

Steel grade 
Material 

parameters 

Pressure curves 
during 

simulations 

l0, mm D, mm t0, mm  n K, MPa p, MPa 

140 32 1,2 
X2CrTi12 

alloyed 
stainless steel 

0,228 765 
p1 (63,5) 
p2 (61) 

p3 (56,5) 

140 32 1,5 
E235 

unalloyed steel 
0,234 702 

p4 (77) 
p5 (74) 
p6 (55) 

130 32 1,2 

E235+N 
unalloyed steel 

after 
normalisation 

0,242 705 
p7 (50,5) 
p8 (45) 
p9 (36) 
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Yielding pressure (Pi)y is the minimum pressure required to start tube deformation in the
hydroforming process. The analytical model to approximate the yielding pressure is based on
a simple axisymmetric bulging of a tube with fixed ends and gives a good initial guess:

( ) 0

0

2 y
i y

t
P

D t

σ
=

− (1)

Bursting pressure (Pi)b is the maximum pressure that can form the tube without burst-
ing and can be estimated as follows:

( ) 0

0

4

2
u

i b
b

t
P

r t

σ
=

−
(2)

where:
σu
���
σy – ultimate tensile and yield strength of the material respectively; strength of

the material;
t0 – tube initial thickness;

2rb – branch diameter;
D0 – outside diameter of the tubular blank.

After determining these two pressure limits, the designer can construct a first initial
pressure curve for hydroforming of the corresponding Y shape by using linear lines connect-
ing these pressure limits. Using iterative FEM simulations, the optimal pressure curves were
determined. In the present study, however, the optimal pressure curve was determined
through the experimental trial and then was implemented in to the FE simulations.
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FEM simulations as well as geometrical shapes of the Y-shape hydroforming pro-
cess were conducted using commercial ABAQUS/CAE software [11]. Computer simulations
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estimated and refined the process parameters (internal pressure, axial feeds) and these pa-
rameters were used to form the Y shapes in the experiments. Geometrical model that was
used during simulation consists of: two dies, two axial punches and tube (Fig. 6).
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During the ABAQUS/CAE simulation the tube was meshed using shell elements, dies
and punches were modeled as the rigid surfaces. The deformation behavior of the tube ma-
terial was isotropic. The friction coefficient is uniform at all points and equals 0.1. The
friction coefficient was described through experimental tests for similar friction pairs [8].
Table 2 presents the initial material and tube parameters used for present analysis. These
parameters were determined through the axial tension experimental tests [8]. These materi-
als are widely used in automotive industry especially for exhaust components, therefore
choosing such kind of steel was well-grounded.
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At the beginning of the Y-shape hydroforming study as a two crucial parameters the
internal pressure p and axial stroke s were determined. Numerical simulation was per-
formed for different pressure paths illustrated on Figure 7 [8].

Chemical analysis, % Mechanical properties 
Steel 
grade C Mn Si P S Cr Ni Cu Al N2 Ti 

�y, 
N/mm2 

�u, 
N/mm2 

A50, 
% 

R 

X2CrTi1
2 

0,06 0,75 1 0,04 0,02 11,6 0,5 – – 0,02 0,3 240 450 32 – 

E235 0,12 0,44 0,09 0,011 0,009 0,02 0,01 0,02 – – – 278 407 30,0 – 

E235+N 0,11 0,47 0,18 0,013 0,007 0,02 0,02 0,13 – – – 267 431 43,3 – 
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For the pressures described above the optimum paths were p2, p5 and p8. It means that
for these pressures the shapes of the Y-shapes were the best. In the next part of this paper
only p2, p5 and p8 pressures were taking into consideration, because Y-shapes hydroformed
by this pressure were the optimal shape. Increasing the forming pressure causes thinning at
the top of the branch. As expected, higher internal pressure restricts the material flow into
the expansion zone. It is caused by increased friction force between tube and dies.

Figure 8 shows a comparison of thickness variations of the Y-shape predicted with
FEM for various pressure paths. As expected, maximum thickening at the end of the Y-shape
was for the largest value of the pressure path [12]. The simulation results predicted a sound
Y-shape with the maximum thinning at the top of the branch, that were 16.4%, 20.1% and
13% for p2, p5 and p8 respectively.

Figure 9 shows equivalent plastic strain distributions for p2, p5, and p8 pressures at the
end of the process. For different pressure paths the largest differences in the values of the
equivalent strain for each pressure at the top of the branch are observed. In this area maxi-
mum value of the strain was for p1 pressure, whereas minimum value was for p3.

Additionally, figure 10 shows the different axial forces obtained from hydroforming of
the Y-shapes with p2, p5, and p8 pressures. It can be seen that the maximum value of the
force (F5) corresponds to the maximum wall thickness. In case of the same wall thickness
the maximum value of each force (F2 bigger then F8) corresponds to the maximum value of
each pressure.
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The experimental investigations were performed to obtain optimal process parameters
and to verify the numerical simulations. They allow produce final parts without any faults.
The experiment was performed on the hydroforming stand (ZD 100 press, Fig. 11a) that
was consisted of: 1) hydroforming tools that included die and punches (Fig. 11b); 2) hy-
draulic feed which generated high pressure of the liquid medium (machine oil) [8]. Lower
punch was a hole inside, which allow inject the liquid inside the tubular blank.
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On the Figure 12a axial forces variations for pressure paths from Figure 10b were illus-
trated. Maximum force value was for the maximum p2 pressure that correspond to thicker
tubular blank (t0 = 1.5 mm) and equal 256 kN compared to 225 kN and 199 kN for p5 and p8
respectively. It means that the results from the numerical simulations were confirmed.
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The thickness variations in the Y-shapes, hydroformed of p2, p5 and p5 pressure paths,
were illustrated in Figure 13. As expected maximum thinning at the top of the branch rising
along with pressure paths increase, and reached 0.92 mm for p2, 1.25 mm for p5 and 0.98
for p8. The greatest values of the thickening at the both ends of the Y-shapes were achieved.
For the same initial thickness of the tubular blanks (hydroformed with p2, p8 pressure paths)
the thinning at the top edge was comparable. Differences only at the heights of the branches
were visible (Fig. 14).
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As a confirmation of good correlations between the FEM simulation and experiment
the comparison of these two results were performed. Figures 15 and 16 show pressure paths
obtained for the simulations. Significant differences of the wall thickness variations were in
the r1 and r2 areas. At the top of the branch (the crucial area of the Y-shape) these values
were comparable and the maximum differences reached up to 8%. Considering appearance
of the final Y-shapes it was found that they have a very similar shape.
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Coordination of the internal pressure, axial feeding is a crucial task in achieving
the maximum height of the branch without any defects and suitable thickness distribu-
tions. The results of these simulations show that increase in the pressure path affect on axial
force increase. It is due to buildup of: internal pressure acting on front of the punches and
tubular blank internal surface; stroke of the punches cause material thickening and harden-
ing. The main thinning was at the top of the branch, whereas thickening was at both ends.
The top branch is susceptible to excessive tension, because it has no support from the any
die [8, 14].

In simulation as well as experiment optimal Y-shapes remains almost the same. For
this reason assumed simulation parameters were confirmed.

In the FEM isotropic kind of material was utilized. It is necessary to say that use of
anisotropic material should improve the results of the numerical simulations.

The influence of the mechanical parameters was investigated as well, especially ulti-
mate tensile strength σu. The tubular blanks made with the grade steel that has higher ulti-
mate tensile strength (X2CrTi12) are less flexible in comparison to the other (E235+N). It
means that at the final stage of hydroforming process axial feeding as well as internal pres-
sure must have higher values to form optimal Y-shape.
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