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Abstract: In the incremental tube forming process, a tool 

forms a desired shape on a tube by applying local force on 

a predetermined path. A rotating tool produces a 

symmetric bulge in the central region of AA6063 

aluminum tubes. The forming process has been carried out 

in several steps and the final profiles of the components 
have been studied. The process is repeated to achieve the 

desired bulge height. The effects of process parameters are 

investigated on the spring-back and final tube length. The 

process is simulated using Abacus and the numerical 

results have shown good agreement with the experiments. 

The results show that the reduction of the axial pitch and 

the forming depth increases the plastic strain resulting in 

less spring-back. Tool velocity does not have a significant 

effect on the final diameter. By choosing the least forming 

depth and highest axial pitch, minimum change occurs 

along the tube. 

Key words: incremental tube forming; spring-back; axial 
pitch; forming depth  

  

1. INTRODUCTION 

 
The idea of incremental forming was discussed by 

Leszac (1967). In this process, the raw material, 

which is usually a sheet metal is clamped by a blank-

holder and gradually takes the final desired shape by 
means of a forming tool moving on a predetermined 

path (Martins et al., 2008). The tool movement is 

usually controlled by CNC machines. The 
incremental forming process greatly reduces the 

production costs and can be used in batch production 

and prototyping (Khalifa and Thiery, 2019). 
In recent years, many researchers have worked on 

increasing the dimensional accuracy of the 

incrementally formed products. Most of them 

focused on the tool path strategy, tool shape and 
dimensions, and the sheet clamping mechanism. 

Ambrogio et al. (2004) investigated the effect of 

tool diameter and forming pitch on the formed wall 
angle. Micari et al. (2007) investigated the 

dimensional and shape accuracy in the single-point 

incremental forming of pyramids. According to their 
results, to increase the dimensional accuracy, the 

forming region should have the least distance from 

the clamping system. Attanasio et al. (2006; 2008) 

performed path optimization of the forming tool to 
improve the surface quality and dimensional 

accuracy. Ham and Ham and Jeswiet (2008) used 

the Box-Benken design to investigate the effect of 
parameters such as sheet thickness, tool diameter 

and forming pitch on dimensional accuracy. Behera 

et al. (2011; 2013) used a classification method to 
improve dimensional accuracy based on the 

interactions of the process parameters. They could 

reduce the dimensional accuracy error up to 0.4 mm 

by compensating the tool path error. Lingam et al. 
(2016) developed an analytical method to predict the 

displacement of the formed wall, and determine the 

precise forming path. This prediction was based on 
the tool diameter, forming depth and sheet 

thickness. Malhotra et al. (2012) developed a model 

to predict fracture in incremental forming process 
accurately. They implemented this model in finite 

element analysis. 

Spring-back is a phenomenon that occurs after the 

forming process due to the elasticity of the material, 
and reduces the dimensional accuracy of the final 

product. It usually occurs in the incremental forming 

process, and is one of the main reasons for the 
dimensional inaccuracy. In incremental forming, due 

to the local contact of the tool with the sheet, the 

areas not in touch with the tool do not tolerate plastic 

deformation, and cause the spring-back at the contact 
area (Bambach, 2008). Duflou et al. (2007) used laser 

local heating at the tool contact point to increase 

dimensional accuracy. According to their results, the 
amount of spring-back in the heated area is reduced 

by stress reduction. Bamach et al. (2009) showed that 
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the incremental forming process reduces the forming 

forces and so the amount of spring–back. According 

to Asghar et al. (2014), tool deviation and spring-

back are the most important factors affecting the 
dimensional error of the formed piece. By 

compensating these two factors, they were able to 

significantly improve dimensional accuracy during 
the process.  

Single-point incremental forming can be used as a 

die-less process to make various cross-sections on 

metal tubes. This process is called incremental tube 
forming (ITF). In this process, a rotating tool 

creates the final shape by applying force to the 

inner or outer wall of the tube along a forming path 
controlled by a CNC milling machine. Since the 

tubes with desired cross-sections are usually 

formed by the tube hydroforming process 
(Seyedkashi et al., 2012a and 2012b), the proposed 

method can reduce the limitations and drawbacks 

of hydroforming such as the need for high 

pressures, sealing problems and production costs. 
A few studies are published on incremental tube 

forming. Taramae et al. (2007) used incremental 

forming to create a flange on a tube. A hole was 
drilled on the tube wall and then flanged by 

incremental forming. The results showed that the 

thickness distribution of the formed flange is 

improved by increasing the strength hardening 
coefficient of the material. Yang et al. (2014) also 

investigated the flange forming in the tube and 

investigated the effect of tube diameter, shape and 
size of the initial hole on the dimensions of the 

flange. Tong et al. (2015) investigated the forming 

of four different shapes on the tube by incremental 
forming process. According to their results, the 

elastic deformation comprises a large part of the 

total deformation, which results in a significant 

spring-back. Raujol-Veillé et al. (2015) studied the 
numerical and experimental incremental flange 

forming at the edge of a steel tube, and showed that 

the concave geometry of the edge could reduce the 
spring-back. Seyedkashi et al. (2017) performed 

free expansion of copper tubes using incremental 

tube forming, and investigated the effect of process 
parameters on the thickness distribution and 

surface roughness of the product. Movahedinia et 

al. (2018) carried out the conical and pyramidal 

expansion of the edge of aluminum tubes using 
incremental forming. It was found that the higher 

cone angle was achievable compared with the press 

forming. Rahmani et al. (2019) experimentally 
studied the tube incremental forming in order to 

convert copper circular tubes into square cross-

sectional parts. Cristino et al. (2020) have been 

used incremental forming process for plastic 
deformation at the end of aluminium tubes.  

Since the tool path is easily programmable on the 

CNC machine, it is possible to produce various 

cross-section shapes on the tubes using the ITF 

process. In this research, the axisymmetric bulging 

of the central region of an AA6063 aluminum tube 
has been numerically and experimentally 

investigated. Due to the low formability of the 

material, multi-stage forming is used. At each stage, 
a certain amount of expansion has occurred in the 

tube. As mentioned above, one of the main problems 

of the incremental forming is dimensional 

inaccuracy due to the spring-back phenomenon 
which is addressed in this paper. In this regard, the 

specimens are formed under various process 

conditions, and their outer profiles are investigated 
to find the precise selection of these parameters in 

order to achieve the highest accuracy. 
  

2. METHODOLOGY 
 

The experimental setup used in this research is 

shown in Figure 1(a). The tube is fixed at its two 
ends by two upper and lower dies that conform to 

the outer surface of the tube. The forming tool has 

a specific tip radius which is shown in Figure 1(b). 

During the first forming pass, the tool contacts the 
inner surface of the tube at the desired start point at 

the free zone between the dies, and moves in a 

radial direction to deform it. This amount of the 
tool radial displacement is called “forming depth” 

(D). Then, it rotates a full circle around the tube 

axis, and continues with a spiral movement towards 

the end of the desired forming region. The 
downward spiral pitch of the tool is called “axial 

pitch” (P). At the end of the forming zone, the tool 

performs another complete circular movement to 
increase the corner radius accuracy. After the first 

pass, the tool returns to the start point rapidly. If a 

higher bulge is required, the tool moves radially 
again according to the forming depth. This 

procedure is repeated until the desired outer 

diameter of the tube (bulge height) is achieved. 

Tool linear velocity (V) is constant during the 
forming. 

 

 
(a)                                        (b) 

Fig. 1. (a) Die setup on CNC milling machine, (b) Forming 

tool geometry 
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The overall length of the tube is 60mm. 18mm of 

each end is in contact with the dies, and limits the 

tube axial movement by friction force. 

All movements of the forming tool are programmed 
by the G-codes defined in a CNC milling machine. 

Obtaining of an exact outer diameter is not possible 

without considering the spring-back phenomenon and 
the thickness changes during the forming. The 

aluminum tubes used in this research are AA6063 

alloy with an outer diameter of 40mm and thickness 

of 1.5mm. The engineering stress-strain curve of the 
tube shown in Figure 2 is obtained by standard tensile 

test according to ASTM-E8M. 

 

 
Fig. 2. Aluminum tube stress-strain curve 

 

Abaqus/implicit software is used to simulate the 

incremental tube forming process of aluminum tubes. 

The tool path is defined according to the 
experimental section. The top and bottom dies are 

modeled as analytical rigid, while the forming tool is 

discrete rigid. The aluminum tube is modeled as a 
shell with 1830 elements of S4R mesh type. The 

coefficient of friction between the tube surface and 

the tooling is assumed to be 0.1. The plastic 
properties of the tubes were computed according to 

the results of the tensile test. The von-Mises yield 

function was used with the isotropic hardening 

model. In order to accurately determine the effect of 
tool velocity, the forming time in the simulation is 

equal to the real experimental time. Design of 

experiments (DOE) was used based on the full 
factorial method to study the effect of process 

parameters on spring-back and thickness distribution. 

The effective factors and their related levels are 

shown in Table 1. The controllable dimensional 
parameter during the forming is the tube outer 

diameter. However, this diameter is decreased after 

forming due to the spring-back. In all simulations, the 
number of forming passes is selected in a way that 

the theoretical bulge diameter after the last pass is 50 

mm. In this way, it would be possible to determine 
the effect of the process parameters on the 

dimensional accuracy after measuring the actual 

dimensions. 
 

Table 1.  Design of experiments table 

Factor 
Forming depth, 

D [mm] 
Axial pitch, 

P [mm] 
Linear velocity, V 

[mm/min] 

levels 

0. 5 
0. 75 

1 
1. 25 

0. 5 
0. 75 

1 
1. 25 

400 
 

800 

 

3. RESULTS AND DISCUSSION 

 

3.1 Validation of Finite Element Model 

Figure 3 shows the strain distribution at the end of 
different forming passes with the forming depth and 

axial pitch of 1.25mm at 800mm/min. As the tool is 

fed into the tube, the plastic strain and the bulge 
diameter increase. 

 

 

 
Fig. 3. Distribution of plastic strain at the end of forming 

passages with a forming depth and axial pitch of 

1.25mm at 800mm/min 
 

Four specimens formed under different process 

conditions are shown in Figure 4. The thickness 
distribution along the longitudinal line in two 

different states for the effective parameters are 

shown in Figure 5. As can be seen in Figure 5, the 
minimum thickness is created in the upper corner 

of the product, where the radial penetration of the 

tool at each pass occurs. In this area, the tube is 
involved on one side of the tool contact with the 

die, and its displacement is restricted resulting in 

greater tension on the tube wall. A 5% deviation is 

seen between the numerical and experimental 
results which is acceptable. The outer surface 

profiles of the specimens were also measured, and 

the diameter at different points along the specimen 
was compared with the numerical results in Figure 

6. In the case of the profiles, also a good agreement 

between the numerical and experimental results is 
obtained. 
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Fig. 4. Formed products 

 

 
(a) 

 

 
(b) 

Fig. 5. Thickness distribution along the axial direction; (a) 

P=0.5, D=0.5, V=800, (b) P=1.25, D=1.25, V=400 

 

3.2 Dimensional Accuracy 
After numerical simulation of incremental forming of 

aluminum tubes, in order to investigate the effect of 

input parameters on the dimensional accuracy, the 

diameters of the tubes in their middle length were 
measured. The results are shown in Table 2. Due to 

the spring-back, the diameter of all parts is less than 

the amount that was imposed by the tool movement at 
the last pass. On the other hand, the length of the 

specimens is less than the initial value due to the 

material flow into the forming area. The maximum 

diameter (minimum spring-back) is obtained with a 
0.5 mm axial pitch and forming depth. 

 

 
(a) 

 

 
(b) 

Fig. 6. External surface profiles of specimens; (a) P=0.5, 
D=0.5, V=800, (b) P=1.25, D=1.25,V=400 

 
Table 3 shows the contribution percentage of the 

effect of each parameter on the bulge diameter and 

tube length. The forming depth has the highest 

contribution on these responses. Its effect on bulge 
diameter and tube length is 97.82% and 86.88%, 

respectively. According to the results, the tool linear 

velocity has no significant effect on the results. This 
may be related to the insensitivity of the material to 

the strain rate at ambient temperature. On the other 

hand, the effect of the axial pitch on the tube length 

is more than the formed diameter. The interaction 
effect of the forming depth and axial pitch on the 

length of the specimen is also significant. 
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Table 2. Actual diameter and length of formed specimens 

No. 
Axial 

pitch, P 
(mm) 

Forming 
depth, D 

(mm) 

Velocity, V 
(mm/min) 

Diameter 
(mm) 

Length 
(mm) 

1 0.5 0.5 400 49.89 59.35 

2 0.75 1.25 400 49.46 58.6 

3 0.75 0.75 800 49.75 59.13 

4 1 0.75 400 49.72 59.24 

5 0.5 1 800 49.6 58.83 

6 1.25 1.25 400 49.39 58.9 

7 0.5 0.75 800 49.76 59.09 

8 0.75 0.5 800 49.86 59.39 

9 1.25 1.25 800 49.46 58.89 

10 1 1.25 800 49.47 58.75 

11 1.25 0.5 400 49.84 59.44 

12 0.5 0.75 400 49.74 59.09 

13 1.25 1 400 49.57 59.13 

14 0.75 0.5 400 49.86 59.4 

15 1 1.25 400 49.41 58.77 

16 0.75 1 800 49.59 58.86 

17 1 1 400 49.61 58.99 

18 0.5 1.25 400 49.45 58.58 

19 0.5 0.5 800 49.89 59.34 

20 0.75 0.75 400 49.73 59.14 

21 0.75 1 400 49.62 58.86 

22 0.5 1.25 800 49.48 58.59 

23 1 0.5 800 49.86 59.44 

24 1.25 1 800 49.56 59.11 

25 1.25 0.5 800 49.84 59.41 

26 1 0.5 400 49.85 59.45 

27 1.25 0.75 400 49.71 59.35 

28 1 1 800 49.58 59 

29 1 0.75 800 49.74 59.24 

30 0.5 1 400 49.63 58.82 

31 1.25 0.75 800 49.7 59.34 

32 0.75 1.25 800 49.47 58.6 

 
Table 3. Contribution of parameters on the bulge diameter 

and tube length 

Contribution 
on tube 

length; % 

Contribution on 
bulge diameter, 

% 
Parameters 

86. 88 97. 82 Forming depth (D) 

11. 04 1. 21 Axial pitch (P) 

0. 01 0. 07 Linear velocity (V) 

2. 03 0. 6 
Forming depth×Axial 

pitch (D×P) 

 

The main effect of the factors on the bulge diameter 

is shown in Figure 7. According to this figure, the 
bulge diameter decreases with increasing the 

forming depth and axial pitch, i.e. larger spring-back 

has occurred. The plastic strain distribution along 
the tube length for four different levels of axial pitch 

with a forming depth of 1.25mm and a velocity of 

800 mm/min is shown in Figure 8(a). Accordingly, 

by decreasing the axial pitch, the amount of plastic 

strain in the forming region, especially in the middle 

of the tube will increase, resulting in a lower spring-
back and an increased bulge diameter. At any time 

during the forming in the tool/tube contact area, the 

tube wall undergoes simultaneous bending and 
tensile deformation. As the axial pitch increases, the 

non-contact parts of the tube will experience less 

plastic deformation, and eventually create a larger 

spring-back. 
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(c) 

Fig. 7. Effect of input parameters on bulge diameter, a) 

axial pitch, b) forming depth, c) velocity 
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(a) 

 

 
(b) 

Fig. 8. Distribution of plastic strain along the longitudinal 

direction; (a) Different forming pitches with 1.25mm 

forming depth, (b) Different forming depths with a 

0.5mm axial pitch 

 
The plastic strain distribution along the 

longitudinal direction for different forming depths 

with 0.5 mm axial pitch and 800 mm/min velocity 

is shown in Figure 8(b). As the forming depth 
increases, the amount of plastic strain decreases, 

resulting in a larger spring-back. For this reason, 

smaller bulge diameter is obtained for specimens 
with higher forming depth. Variations of the 

equivalent plastic strain in an element in the 

middle of the tube for different forming depths 

with constant velocity and pitch are shown in 
Figure 9. As the forming depth increases, the 

plastic strain increases per pass, but the total 

strain created in all passes is less. In fact, the 
elastic strain and hence the spring-back increase 

with the increase of the forming depth, resulting 

in lower bulge height.  
The interactions of the forming depth and the axial 

pitch on the bulge diameter is shown in Figure 10. It 

is shown that the minimum pitch and depth should 

be used to achieve the highest bulge diameter. 
 

 
Fig. 9. Plastic strain variations in the middle of tube for 

0.5mm axial pitch and 800 mm/min velocity 
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The main effect plots of input parameters on the tube 

length is shown in Figure 11. It is clear that the increase 

of axial pitch increases the tube length, but the higher 
forming depth results in length reduction. Large forming 

depth, especially in the first and last rounds of the tool 

rotation in each pass, causes the tube to be pulled into 

the forming zone. By increasing the axial pitch and 
decreasing the contact length, the amount of tube flow 

into the forming zone will be reduced and the final 

length will be higher. Again, the process velocity had an 
insignificant effect on the final tube length. 

The interaction between the axial pitch and forming 

depth on the tube length is shown in Figure 12. It shows 

that the maximum axial pitch and the minimum forming 
depth will cause the specimen to form the maximum 

length. 
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Fig. 11. The main effect plots of input parameters on the 

tube length; a) axial pitch, b) forming depth, c) velocity 
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4. CONCLUSIONS 

 

In this paper, the incremental forming of AA6063 
aluminum tubes is investigated numerically and 

experimentally. Axial symmetric expansion was 

performed in the middle of the tube without 

involvement of any dies. Effects of process 
parameters such as forming depth, axial pitch and 

tool linear velocity on dimensional accuracy of the 

components were studied. The results showed that 
the forming depth is the main parameter in the 

process. The forming velocity did not have a 

significant effect on the final bulge diameter and 

length of the specimens. Increasing the axial pitch 
will reduce the plastic strain resulting in a larger 

spring-back and eventually lower bulge diameter. 

The forming depth has a similar effect on the bulge 

diameter. Increasing the forming depth causes the 

material to be pulled from the die into the forming 

zone, and so the final length is reduced. The 
maximum sample length is created when the most 

axial pitch is used. 
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