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Abstract. The hydroforming of extruded and fully-annealed 6061 aluminum tubes is studied using a combination of 

experiments and analysis. The experiments were performed in a custom tube-hydroforming facility using extruded 

Al-6061-O tubes of 60 mm outside diameter and 3 mm thickness. The tubes failed by bursting. The experiments were 

simulated in Abaqus/Standard using solid elements. The von Mises model failed to capture burst, so that the isotropic 

Hosford 1972 and anisotropic Barlat et al. Yld2004-3D non-quadratic yield functions are considered next.  

1 Introduction  

Tube hydroforming allows the manufacture of thin-

walled structural components of varying cross-section 

along their length. This allows the components to be 

optimized for weight and strength. As a result of this, 

tube hydroforming is currently used extensively in the 
transportation industry [1, 2].  

Despite being a widely used technology, major 

challenges remain, in particular when dealing with new 

materials with reduced formability. Furthermore, 

prediction of failure in tube hydroforming requires the 

use of solid elements, which hampers industrial 

simulations due to computational cost.  

In this short paper, we discuss a combined 

experimental and numerical (finite element) effort to 

study the hydroforming of annealed aluminum tubes. We 

discuss the relevant material modeling issues and 
compare the finite element results to the experimental 

measurements.   

2 Experiments  

2.1 Material 

The material reported in this study was supplied in the 

form of extruded aluminum tubes from the alloy Al-

6061-T4. The tubes were extruded through a porthole die, 

therefore they had 3 cold-weld seams running the length 
of the tube [5, 6]. The outside diameter of the tubes was 

60 mm and the wall thickness was 3 mm. The tubes were 

heat-treated in house to the –O temper, using the 

following procedure [7]: the tubes were heated to 415 oC 

and left to soak for 3 hrs. Subsequently, they were cooled 

with a rate of 28 oC/hr until they reached the temperature 

of 260 oC. The entire operation lasted about 9 hrs. After 

that, the tubes were left to air-cool to room temperature. 

Because the –O alloy ages rapidly after this heat 

treatment, all experiments reported here were performed 

18-24 hrs after removal from the furnace at the 

temperature of 260 oC. Before the heat-treatment, subsize 
tensile specimens according to the ASTM E-8 standard 

were extracted along the axial direction of the tubes. 

These were tested after the heat-treatment, to obtain the 

material properties to be used in the numerical 

simulations as described in a later section.  

2.2 Experimental facility 

The experiments were performed on a custom, tabletop 

tube hydroforming machine, see Fig. 1 [8]. The device is 

designed to accept different types of dies. For the 

purposes of this work, a square die with rounded corners 

 

 

Figure 1. Tube hydroforming machine at U. New Hampshire. 
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was used. The opening of the die is 65 mm and the corner 

radii are 12.7 mm (2 radii) and 9.5 mm (the other 2). The 

ends of the tube are sealed with a self-tightening device 

using a urethane ring. As the internal pressure is 

increased, it applies an increasing force on the urethane 

ring, which expands radially against the tube wall, hence 

effectively sealing the tube end. At the same time, this 

device restrains the free axial flow of the tube due to 

radial expansion. The tube is pressurized using an 

Enerpac P-80 hand pump. 

2.3 Typical experiment 

In the present work, the die walls were covered with 

metal shims, so that the effective opening of the die was 

62 mm. The overall length of the tube was 290 mm, 
while the length between the end-seals was 200 mm. The 

tube is lubricated with Drawsol WM 4740, an insert that 

is slightly undersized from the tube is placed inside and 

the assembly is placed between the two end-seals, which 

are then tightened. Subsequently, the tube is placed in the 

hydroforming machine, and is slowly filled with 

pressurizing fluid. The internal insert limits the amount of 

fluid required to fill the tube, and limits the energy stored 

in the system during pressurization [9-11]. During the 

filling, care is taken to remove all air from inside the 

tube, using a system of snorkels. The tube is then 
pressurized, until burst (see Fig. 2). For the Al-6061-O 

tube material of this study, burst occurred at 200 bar. As 

in previous work by the authors, failure occurred in the 

regions where the flat sides of the tube meet the still 

curved sides. 

 

 
Figure 2. Photograph of burst tube and identification of 4 
locations where the thickness will be measured around the 
circumference. 
 

Subsequently, the tube is removed from the die and the 
wall thickness is measured around the circumference 

using an ultrasonic thickness gage (Olympus 45 MG). 

The results are shown in Fig. 3, and confirm the earlier 

observation about the locations of maximum thinning. 

Interestingly, in contrast to our earlier work [3, 4] the 

thinning is almost uniform along the tube length, due to 

the limited axial feed that results from the presence of the 

self-tightening end-seals and the small length/diameter 

aspect ratio of the tube. 

 

 

Figure 3. Wall-thickness reduction of the hydroformed 

tube, defined as change-in-thickness/original-thickness, 

measured at the 4 locations identified in Figure 2. 

 

3 Modeling  

3.1 Material modeling 

The first step in creating a finite element model of the 

hydroforming experiment described above is the 

identification of the material hardening curve at strains 

larger that the uniform elongation in uniaxial tension. For 

that purpose, a 3D finite element model of the tension test 

was created in Abaqus using C3D8R elements (linear, 
reduced integration). The load-displacement responses 

for different input hardening curves (each with a different 

post-uniform branch) were compared to the one measured 

experimentally. The first guess was power-law hardening. 

After a few iterations, this process converged to the 

material hardening curve that was used to simulate the 

hydroforming experiments. The second necessary 

ingredient for material modeling, i.e., the yield surface, 

was calibrated in our earlier work [12]. 

3.2 Finite element model 

Due to the geometric and material symmetries present, 

only ¼ of the experimental setup was modeled. As seen 

in Fig. 4, the model consisted of the tube, the die and the 
seal. In accord with our earlier work on hydroforming [3, 

4], the tube was meshed with solid, instead of shell 

elements. While the latter are more computationally 

efficient, and currently represent the industry standard for 

sheet and tube forming simulations, they are unable to 

capture failure in hydroforming [4] and hence cannot be 

used for process design. Therefore, the tube was meshed 

with solid, linear, reduced-integration elements (C3D8R). 
The elements were arranged in a mesh of 5 (thickness) x 

180 (circumf.) x 80 (length). The die and seal were 

represented as rigid surfaces. Symmetry boundary 

conditions were used were appropriate. The contact 

between the tube and the die and the seal was frictional,  
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Figure 4. Finite element model of the tube hydroforming 
experiments. 
 

with a Coulomb friction coefficient of 0.05. Finally, the 

model was loaded by prescribing a distributed load to the 

inside surface, to replicate the applied pressure.  

3.3 Finite element results and discussion  

The major simulation result of interest is the prediction of 

wall-thickness around the circumference of the tube, to 

be compared to the experiment of Fig. 3. Furthermore, of 

interest is the capturing of the localization of deformation 

in one of the thickness depressions. Given that there is no 

failure criterion included in the finite element model, this 

localization is considered to represent the onset of failure 
(burst) in the hydroforming experiments.  

 The predictions of the finite element model using the 

von Mises material model are shown in Fig. 5. The 

pressure that corresponds to this configuration is 200 bar, 

i.e., the same pressure as the one that caused burst in the 

experiments. It can be seen that the model predicts the 

localized deformation that occurs in the regions where the 

flat sides meet the curved ones. Furthermore, the 

equivalent plastic strain is seen to be greater than the 

uniform strain in uniaxial tension, which justifies the 

effort described above to identify the post-necking 
hardening curve of Al-6061-O. 

  
Figure 5. Finite element predictions of equivalent plastic strain 
at p=200 bar. 
 

 While the model predicts the correct locations of 

localized thinning, there is no evidence of localization, 

i.e., the tube does not seem to be in the vicinity of burst. 

This is in agreement with our earlier work on tube 
hydroforming [4], which demonstrated that for 

anisotropic aluminum tubes, the von Mises material 

model is unsuitable for predicting burst in hydroforming. 

Currently, the non-quadratic yield functions Hosford ’72 

[13] and Yld2004-3D [14] are under implementation in 

the finite element model, and are expected to improve the 

predictions of burst over the von Mises model [4].   

Summary and Conclusions 

In this short paper, the hydroforming of Al-6061-O 

aluminum tubes was investigated using a combination of 

experiments and analysis. The experiments were 

performed in a custom hydroforming facility and 

involved no axial feed. The tubes failed by bursting in the 

regions where the flat sides met the curved ones. A finite 

element model of the process was created, using solid 

elements. The von Mises material model failed to capture 
the localized thinning that leads to burst. Currently, non-

quadratic yield functions are under investigation. 
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