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Abstract: In this research mathematical model was developed utilizing the 
3D finite element method and response surface methodology to describe the 
tube hydroforming production process. This paper is an example of the 
relatively simple analysis of the influence of the technological parameters
on hydroformed T-shaped tube protrusion height, diameter, and thickness 
utilizing statistical analysis and 3D finite element analysis in the QForm 
UK 10.2 commercial software. Therefore, this paper could be beneficial for 
both researchers and engineers interested in tube hydroforming design 
guidelines and simple optimization methods. The influence of the 
hydroforming die radius filler, axial tool displacement, and counter punch 
force on the T tube protrusion height, diameter, and thickness was described 
and optimized.

Introduction 
In the last few decades hydroforming has become the 
standard method to produce more complex parts with 
fewer operations than traditional cold forming methods. 
The other advantages can be better surface finish, 
production of parts with fewer components, and better 
thickness control. Hydroforming is usually divided into a 
tube, sheet, and shell hydroforming. It is well known that 
the tube hydroforming process (THF) has wide 
application in the automotive industry, but also can be 
found in the aerospace industry and piping 
manufacturing processes [1]. Hydroforming can be found 
in the latest automotive parts production due to the 
increased demand for a lightweight solution on due to 
production of the electric vehicles with relatively heavy 
batteries. Furthermore, weight reduction in next-
generation vehicles can be achieved by the replacement 
of stamped and spot-welded steel assemblies [2]. Many 
of the structural members of the automobile are now 
made via a hydroforming manufacturing method that 
includes such as cradles [3] and pillars, [4]. Therefore, 
through the THF process, manufacturers are able to 
produce complex-shaped parts with lightweight and 
fewer welds than through alternative metal forming 
techniques [5]. Hydroforming can increase designed part 
complexity and quality due to the uniformly distributed 
working fluid pressure inside workpiece material. For 
certain geometries, hydroforming technology permits the 
creation of parts that are lighter weight, have stiffer 
properties, are cheaper to produce and can be 
manufactured from fewer blanks which produce less 
material waste [6]. Some authors investigated the 
hydroforming process parameters influence on 

hydroformed parts utilizing the finite element method 
and statistical analysis. Reddy P.V. investigated tube 
hydroforming utilizing the finite element method and 
Taguchi analysis. Results showed that axial feed,
hydroforming pressure, and friction coefficient have an 
influence on formed bulge height and thickness. Taguchi 
optimization showed that optimized bulge height can be 
obtained if 6 MPa pressure, 3 mm axial feed, and 0.05 
friction coefficient were used [7]. Rakesh A. S. 
researched the influence of die corner radius, length of 
the tube, the thickness of the tube, and internal pressure 
on hydroformed tube thickness reduction. In this case,
simulation was performed in combination of the FEM 
and Taguchi methods [8]. Koc M. used FEA and the low-
cost response surface method to optimize the height of 

were left and right tube edge distance from protrusion, 
die opening diameter for protrusion part, and die fillet 
radius. According to the authors, these parameters should 
have a significant influence on protrusion height. 
Increased protrusion die diameter, and die fillet radius 
increased protrusion height. Also, reduced edge distance 
contributed to the protrusion height increment [5]. In this 
research, motivated by increasing interest in
hydroforming in the automotive industry over the last 
few years, a simple method for tube hydroforming 3D 
numerical simulation and statistical optimization was 
presented. 3D finite element analysis has the advantage 
to provide a unique insight in the production process. The 
advantage of the numerical simulation approach is well 
known because it is possible to avoid costly and time-
consuming multiple experiments. Statistical analysis 
utilizing response surface methodology was employed in 
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combination with FEM. Statistical analysis of the 
influence of hydroforming parameters on hydroformed 
tube shape enabled the development of the mathematical 
model which can be useful to describe and optimize the 
mentioned process. Selected input hydroforming 
parameters were axial punch tool displacement, the 

, and counter 
punch force. Punch displacement, die radius, and counter 
force were in a range from 20 mm to 30 mm, 2 mm to 10 
mm, and 8 kN to 12 kN, respectively. Output parameters 
were protrusion height and diameter, and thickness of the 
protrusion upper part. Utilization of the commercial 
software QForm UK 10.2 enabled 3D simulation with 
simultaneous axial tool movement, counter punch 
movement and force regulation, and pressure change 
according to the optimized pressure load diagram. The 
ability to simulate all mentioned parameters and tools 
kinematics is important due to the aim to describe the 
realistic production parameters more accurately.

Simulation and process 
In the tube hydroforming process, a blank tube, straight 
or preformed, is shaped in a die cavity through the 
application of hydraulic internal pressure and 
simultaneous axial compressive forces from both ends. 
One of the most important parameters to be considered is 
the optimized pressure load step which should be 
carefully selected in accordance with the side punches
displacements. By simultaneously increasing the fluid 
pressure on the inside of the tube while feeding new 
material, axial feeding can reduce material thinning. For 
better process control counter punch should also be used 
to prevent excessive thinning and unwanted shape of the 
protrusion part in the T-shaped hydroformed tube. Other 
influence parameters are workpiece material properties, 
friction coefficient, die geometry, workpiece size, axial 
punch feed speed and amount, counter punch pressure, 
etc. Successful numerical simulation or experiment of the 
hydroforming process can be performed only if all 
influence factors are taken into consideration. Therefore, 
hydroforming can be considered as a complex 
manufacturing process. The main aim is to avoid possible 
failures such as wrinkling, buckling, necking, or bursting 
and to achieve good dimensional accuracy [1]. Firstly, 
material description is of the main importance. Both 
experimental data and mathematical material hardening 
models can be used to describe the used material. In this 
paper, flow stress curves for aluminum alloy AA 1050 
obtained with different strain rates were taken from the 
database available in the numerical simulation software 
QForm UK 10.2. Experimental data should provide a
better material description than material hardening 
models which are usually used in previous research. An 
aluminum alloy workpiece was considered an isotropic 
material. The workpiece was meshed into 62138 
volumetric tetrahedral finite elements, which is 
considered sufficient relative to the work volume and 

previous researches [9]. The mesh was automatically re-
meshed if the elements became too distorted during the 
forming process simulations. The aluminum tube was 
200 mm in length with 50 mm diameter and 2.5 mm wall 
thickness. Tools were considered to be a rigid body. In 
previous research, the Coulomb friction coefficient was 
used for lubricated conditions 0.03 [10]. In other research 
was determined to be around 0.05 in expansion zone for 
20 MPa pressure [11]. Some researchers reported that the 
friction coefficient in a range from 0.06 to 0.23 was 
dependent on hydroforming pressure [12]. To describe 
friction behavior in this research Levanov friction model 
was used with a 0.1 friction coefficient which should be 
appropriate for aluminum steel contact with lubrication 
conditions. The used model is similar to the hybrid model 
of the classic Coulomb friction model and Shear friction 
model [13]. Selected input hydroforming parameters 
were axial punch tool displacement, fillet radius of the 
hydroforming die, and counter punch force. According to 
the reviewed literature, there is a lack of investigation of 
the counter punch force influence on part shape. Output 
parameters were protrusion height and diameter, and 
thickness of the protrusion upper part. Figure 1. a shows 
hydroforming pressure versus axial tool displacement 
diagram. This diagram is usually called loading path 
diagram and it has great influence on the thickness 
uniformity of the product [9, 14]. Diagram was optimized 
according to the preliminary simulations where the aim 
was to find a range of the input parameters and pressure 
load diagram for successful simulation. The main criteria 
for successful simulation were the ability to create 
protrusion with some minimal height or to avoid 
protrusion bursting. Figure 1. b shows used tools and
hydroformed aluminum tube sample. Furthermore, after 
initial simulations selected range to vary counterpunch 
force was from 8 kN to 12 kN. When a smaller force was 
used, for the selected hydroforming pressure load path 
diagram, a burst of the tube occurred. In the case that 
pressure or material were changed, this counterpunch 
pressure should be selected accordingly. The radius of 
the fillet at the die channels intersection was very 
influential on the shape of the formed tube protrusion, but 
using to high radius useful part of the T shaped tube 
protrusion is smaller, so in this case, the fillet radius was 
selected in a range from 2 mm to 10 mm. This parameter 
can be easily changed according to the possible 
application or tube geometry. The third parameter was 
axial punch feed (displacement). Intending to achieve 
good tube protrusion shape and thickness (to avoid 
possible bursting) it is necessary to simultaneously
control punch axial feed, hydroforming pressure, and 
counter punch force. Therefore, mathematical modelling 
utilizing response surface methodology can be a useful 
tool for selected process optimization. The same analogy 
can be easily used for other process parameters, material, 
geometry, etc.
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Figure 1. a) Hydroforming pressure versus axial tool displacement b) hydroforming tools and formed workpiece plastic strain

Design of experiments
Box Behnken experimental design was used to derive 
mathematical models which can describe the influence of 
the input process parameters on tube protrusion height, 
diameter, and thickness. Design-Expert software was 
used to create the experimental plan. According to the 
Box Behnken design usually 17 experiments are 

necessary for three input numerical factors. But in this 
case, due to the 5 central points which are the same in the 
numerical simulation, only 13 simulations were 
performed. Used input parameters for simulation and 
simulation results are presented in Table 1. For easier 
writing of the mathematical models punch displacement 
will be denoted with A, tool radius with B, and counter 
force with C. 

Table 1. Input parameters according to the experimental plan and simulation results

Exp.
Punch 

displacement
Tool 

radius
Counter 

force
Protrusion 

height
Protrusion 
diameter

Protrusion 
thickness

mm mm kN mm mm mm

1 25 6 10 74,3 49,4 2,2
2 20 10 10 72,04 49,68 2,18
3 20 6 8 72,27 49,23 2,09
4 25 10 8 79,42 49,88 2,05
5 20 6 12 67,85 48,67 2,28
6 25 2 8 74,27 49,34 2,19
7 30 10 10 81,08 49,99 2,18
8 25 2 12 69,56 46,64 2,32
9 30 6 12 75,9 49,59 2,26

10 30 2 10 75,9 49,21 2,28
11 25 10 12 74,29 49,76 2,22
12 30 6 8 81,29 49,69 2,09
13 20 2 10 67,74 46,65 2,28

Results and discussion

4.1. Protrusion height
According to the regression analysis and ANOVA 
quadratic model was suggested to describe the influence 
of the input parameters on the T-shaped tube protrusion 
height. R Squared was 0.99, the same as Adj and Pred R 
Squared. The mathematical model was derived as 
follows:

PH = + 56.93987 + 1.20351 * A + 0.46125 * B 

- 1.09247 * C + 0.011 * A + B 0.0245250 * A 

* C 0.013125 * B * C 3.40526 * 10-3 * A2 + 

0.027467 * C2

(1)

The graphical presentation of equation 1 is presented in 
Figure 2. According to Figure 2. a. and b. increased 
punch displacement, radius, and reduced counter force 
contributed to increased protrusion height. According to 
the results achieved protrusion height was in a range from 
67.74 to 81.29 mm.
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Figure 2.  a) Influence of the die fillet radius and punch axial 
displacement on protrusion height 

 

Figure 2. b) Influence of the die counter force and punch 
axial displacement on protrusion height 

 

4.2. Protrusion diameter 
According to the regression analysis and ANOVA 2FL 
model was suggested to describe influence of the input 
parameters on the T shaped tube protrusion diameter. R 
Squared was 0.88. Adj and Pred R Squared were 0.827 
and 0.595, respectively.  Mathematical model was 
derived as follows:  

 
PH = +47.88358 + 0.27480 * A + 0.12791 * B - 

0.70163 * C - 0.028075 * A * B + 0.080719 * B * C 
(2) 

The graphical presentation of equation 2 is presented on 
Figure 3. According to Figure 3. a. and b. increased 
punch displacement, radius, and reduced counter force 
contributed to increased protrusion diameter. For a lower 
counter punch force of 8 kN, die radius does
pronounced influence, as for 12 kN counter force. 
Similarly, for punch displacement of 30 mm die radius 
change does not influence protrusion diameter as for 
punch displacement of 20 mm. This indicated that proper 
selection of the tool displacement and counter force can 
reduce negative influence if too small die fillet radius was 
used. According to the results achieved protrusion 
diameter was in a range from 46.66 to 49.99 mm.  

 

Figure 3. a) Influence of the die fillet radius and punch axial 
displacement on protrusion diameter 

 

Figure 3. b) Influence of the die counter force and die fillet 
radius on protrusion diameter 

4.3. Protrusion thickness 
According to the regression analysis and ANOVA 
quadratic model was suggested to describe the influence 
of the input parameters on the T-shaped tube protrusion 
thickness. R Squared was 0.98. Adj and Pred R Squared 
were 0.98 and 0.93, respectively. The mathematical 
model was derived as follows:  

 

PT = +1.34134 - 5.50000E-004 * A - 0.043204 

* B + 0.16810 * C + 1.25000E-003 * B * C + 

1.41283E-003 * B2 - 6.72368E-003 * C2 

(3) 

The graphical presentation of equation 3 is presented on 
Figure 4. According to Figure 4 counter force has a 
significant impact on T-shaped protrusion thickness. 
Increased counter punch force contributed to increased 
protrusion wall thickness. Counter punch force had the 
most influence on workpiece thickness. Workpiece 
thickness was selected as the output parameter to avoid 
possible protrusion bursting due to extensive thinning. 
Increased die radius slightly reduced protrusion wall 
thickness. It seems that axial tool displacement does not 
have a pronounced influence on protrusion upper part 
thickness. According to the results achieved protrusion 
thickness was in a range from 2.05 to 2.32 mm.  
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Figure 4. Influence of the die counter force and die fillet 
radius on protrusion thickness

Conclusion
Numerical simulation of T shaped tube hydroforming 
process was performed for different process parameters. 
Utilizing statistical analysis those parameters were 
described both graphically and mathematically. 
According to the results increased punch displacement, 
radius and reduced counter force contributed to increased 
protrusion height. Protrusion diameter was increased 
with increased radius when 12 kN counter punch force 
was applied, while for 8 kN force, die radius does not 
have pronounced influence. For punch displacement of 
20 mm increased radius was beneficial to achieve a 
higher protrusion diameter, while at 30 mm punch 
displacement radius did not have a pronounced influence. 
On the other hand, punch displacement did have a 
statistically significant influence on protrusion thickness. 
On the protrusion thickness, counter punch force had the 
most influence, and for higher counter punch force higher 
thickness was achieved. It is important to preserve tube 
wall thickness to prevent protrusion bursting. According 
to the results, it is clearly visible that interaction between 
parameter is very dependent based on which values for 
each parameter is selected. Therefore, numerical analysis 
in combination with the statistical approach used in this 
research could be beneficial in the selection of the 
process manufacturing parameters to optimize the 
process before expensive trial-error experiments. 
Mathematical models derivation allowed optimization of 
the process presented in this research. Hydroforming 
process optimization was performed in Design-Expert 
software. Optimization was performed to achieve the 
highest possible protrusion height, diameter, and 
thickness. Optimal punch displacement, counter punch 
force, and die fillet radius were 30 mm, 11.84 kN, and 10 
mm, respectively. Selection of those input parameters 
should result in protrusion height of 78.64 mm, 
protrusion diameter of 50 mm, and thickness of 2.22 mm. 
After numerical simulation of the hydroforming process 
with optimized input parameters, output for protrusion 
height, protrusion diameter, and thickness were 78.72 
mm, 49.95 mm, and 2.24 mm, respectively. These results 

are in fair agreement with those predicted with 
optimization. 
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