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Incremental forming process has the ability to make sheet parts with
different cross-sections and sizes using simple and cheap forming
tools. Using this process, it is possible to produce tubular sections,
which are usually formed by hydroforming process. In this paper, the
incremental forming of aluminum tubes with axisymmetric cross-
section was investigated. A forming die setup was designed and
manufactured to create symmetrical bulge on aluminum tubes, and
the movement of the forming punch was performed by a CNC milling
machine. In order to increase the formability of material, temperature
of the tube was increased to a maximum of 300 degrees Celsius and
the diameter of the formed part studied. Simulation of process was
carried out using Abaqus software and ductile fracture criteria was
used to find maximum formability. The results showed that the
normalized Cockcroft-Latham criterion can be used with a small error
to predict the maximum forming diameter. By increasing the process
temperature from 100 to 200 °C, the forming diameter increased by
4%. The greatest effect of the forming step was observed at 300 °C,
and with the increase of the step from 0.5 to 1.5 mm, the forming
diameter decreased by 3.7%. The fracture section of the tubes was
also examined by scanning electron microscope (SEM).
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EXTENDED ABSTRACT

Introduction

Atype of sheet metal forming process in which only a small part of the product is formed
atany time is called incremental sheet forming. Incremental forming is a flexible method for
making products from metal sheets that does not require a special punch or die for forming.
In this method, a blank sheet is held firmly by a simple holding die, and the final shape of the
part is obtained by relative displacements of a tool with the help of a computer numerical
control device. Today, tubular parts are widely used in various industries such as
automotive and aerospace. Tubular parts with variable cross section are usually formed by
hydroforming process. Axisymmetric bulge is one of the sections that can be formed by the
hydroforming process. Production of axisymmetric cross-section using hydroforming
process, in addition to the high cost of die, also faces other problems such as the need for
high pressure of forming fluid, tools for die closing and sealing equipment. In this paper, the
effect of important forming parameters of aluminum tubes on ductility in the incremental
forming process was investigated. The cross-section of the part is axisymmetric bulge, and
the forming tool moves inside the tube and by contacting the inner surface of the tube, it
gradually undergoes plastic deformation. In order to predict tube failure and determine the
forming limit, four ductile fracture criteria were used in the simulation, and the failure
surface of the samples was also studied by scanning electron microscope (SEM).

Methodology

In this paper, AA6063 alloy aluminum tubes with an outer diameter of 40 mm and a
thickness of 1.5 mm were used. The experimental setup is shown in Figure 1. The
connection of the upper and lower dies was carried out using three bolts and the whole
forming assembly was closed with a strap clamp on the table of the CNC milling machine. In
order to increase the temperature of the tube during forming, a heating element in the form
of a belt is used and the temperature of the tube is kept constant during the forming process
by a temperature controller. During forming process, no lubrication was used and the type
of fit between the tube and the dies was transition. The movement of the forming tool inside
the tube was spiral with a specific pitch and depth. At the beginning of the process, the
forming tool enters the tube from above and the tip of the tool is placed in a position where
the outer surface of the tube is free and not in contact with the die. After the tool touches the
outer surface of the tube, the first pass of forming begins. At the beginning of the first pass
of forming, the tool moves to a predetermined value in the radial direction and changes the
shape of the pipe. This amount of radial penetration is called the forming depth.
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Forming punch

Lower die

Figure 1. Experimental setup.

Abaqus software was used to simulate the forming process and application of ductile
fracture criteria. The aluminum tube was considered as a three-dimensional deformable
part and the dies were considered as rigid surfaces. The S4R element was used for the
meshing of the pipe.

Results and discussion

After running the simulation for different forming speed, temperature, forming step and
radius, the rupture time and location were determined using seven selected failure criteria.
This prediction was displayed with the contour on different points of the pipe, and reaching
the prediction value to an indicator of the probability of failure according to the desired
criterion. Figure 5 shows the fracture prediction contour by the normal Cocroft-Latham
criterion under a constant forming speed of 800 mm/min, a forming depth of 1 mm and a
temperature of 200 °C.
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Figure 2. Effect of forming pitch on the prediction of Cockroft-Latham.

The samples of warm incremental forming produced at temperatures of 300 °C with
different forming pitches, different forming depths and constant linear speed of 800 rpm
are shown in Figure 3. Due to the higher stress in the radial direction of the tube, fracture is
always in the hoop direction, and also the beginning of the fracture is from the uppermost
point of forming area or the beginning of the movement of the punch in each stage and
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contact with the tube. This issue shows the creation of the greatest elongation and tensile
stress in the area of the upper and lower radius. The friction of the tube wall with the upper
and lower dies prevents the flow of material into the forming area where the tube is not in
contact with the dies. As a result, at the time of applying the forming depth at the beginning
of each forming feed, a large longitudinal tensile stress was generated in the contact area of
the tool where more thinning occurred. The phenomenon of material not flowing to the
forming area increases at high temperatures because the coefficient of friction and adhesion
of the tube to the dies also increases at high temperatures.

Figure 2. Effect of forming pitch on the prediction of Cockcroft-Latham.

Conclusion

In this paper, incremental forming of AA6063 aluminum tubes was studied at
temperatures of 100 2C, 200 2C and 300 2C. The formed section was axisymmetric and the
failure of the samples was predicted by the ductile fracture criteria in the simulation. The
results showed that with increasing temperature, the diameter of the samples increased;
but, in all samples, the beginning of failure occurred at the corner of the bulge area. On
average, the diameter formed at 300 2C increased by approximately 4% compared to 100
2C. By increasing the forming depth and forming pitch at all temperatures, the formability
decreased and the maximum of forming diameter decreased. A comparison of the
experimental and numerical results showed that the normalized Cockcroft-Latham
criterion has the best prediction for the maximum diameter. Examining the fracture cross-
section of the samples illustrated that there is a fracture zone under pure shear at the
fracture edge, which increases in width as the temperature increases.
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