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Abstract— Incremental sheet forming (ISF) is a new technology employed for solving many problems from conventional sheet forming process 
in terms of more flexibility, inexpensive, short production time, suitable for small batches and especially rapid prototype production. The process is 
easily done on CNC machining centers with a rotating forming tool which moves along predefined trajectories that corresponds to the contour of 
the desired geometry. The present work was to investigate the finite element analysis of single point incremental sheet forming (SPIF) process to 
form hemispherical cups using phosphorous bronze alloy. ABAQUS 6.14 software code was used for finite element analysis. Experiments were 
carried on CNC machine and FEA results were validated with experimental results. The major SPIF process parameter which influences the for-
mability of hemispherical cup was sheet thickness. The strains obtained through experimentation were within the limit of the formability limit dia-
gram of phosphorus-bronze material. 
 
Index Terms— Phosphorus bronze, incremental forming process, hemispherical cups.   

——————————      —————————— 

1 INTRODUCTION                                                                     

N the incremental sheet forming (ISF), the universal spheri-
cal forming tool is moved along NC controlled tool path as 
follows: the tool moves down-wards, contacts the sheet, 

then draws a contour on the horizontal plane, and then makes 
a step downwards, draws next contour, next step downwards, 
and next contour and so on as shown in the figure 1. The 
process offers higher flexibility reducing the product devel-
opment greatly and making it suitable for low volume produc-
tion to fabricate 3D complex shapes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The techniques adopted for sheet metal operations in the ol-
den days were pressing, spinning and deep drawing. In a series 
of research on deep drawing process, a rich investigation have 
been carried out on warm deep drawing process to improve the 
super plastic properties of materials such as AA1050 alloy [1], 
[2], [3], [4], [5,] [6], AA2014 alloy [7], AA2017 alloy [8], AA2024 

alloy [9], AA2219 alloy [10], AA2618 alloy [11], AA3003 alloy 
[12], AA5052 alloy [13], AA5049 alloy [14], AA5052 alloy [15], 
AA6061 alloy [16], Ti-Al-4V alloy [17], EDD steel [18], gas cy-
linder steel [15]. 

In the recent years, many researchers worked in the field of 
incremental sheet forming. The effect of step depth, feed rate 
and diameter of the tool have been studied in cold incremental 
sheet forming of aluminum sheet [20], [21]. Kopac et al. [22] 
have given importance to the tool movement along the tool 
path, i.e tool path from center to the end of the sheet has good 
effect and also concluded that the optimal inclination of walls 
on the product are 45°, bigger angles may cause errors, cracks, 
and product failure. Tisza, et al. [23] have stated that due to 
the special incremental nature of deformation process, signifi-
cantly higher deformation can be achieved compared to con-
ventional sheet metal forming processes and it also follows 
from its unique deformation characteristics that materials with 
lower formability in conventional forming may be manufac-
tured in an economic way. Azauzi et al. [24] have found that 
the forming forces depend largely on the proper design of the 
tool path. The forming force is slightly lower than the experi-
mental values, but results are very good (Cerro et al. [25]). 
Forming forces obtained by numerical simulation show good 
correlation with measured values. However, it was a slight 
underestimation of the axial forces during thinning. 

2 MATERIALS AND METHODS 
Phosphorous bronze sheet was used in this study of single 
point incremental sheet forming process. It is copper alloy 
containing the composition as 93.6-95.6%. Rest varies as given 
in Table 1. The addition of tin increases the corrosion resis-
tance and strength of the alloy. The phosphorous increases the 
wear resistance and stiffness of the alloy. These alloys are not-
able for their toughness, strength, low coefficient of friction, 
and fine grain. Material properties considered in this study as 
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Fig. 1. Incremental sheet forming. 
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shown in Table 2 and imported to finite element analysis. 
TABLE 1 

COMPOSITION OF PHOSPHOROUS-BRONZE ALLOY 

 
TABLE 2 

MECHANICAL PROPERTIES OF PHOSPHOROUS-BRONZE ALLOY 

Density  8860 kg/m3 

Yield strength 380 MPa 

Poisson’s ratio 0.341 

Modulus of Elasticity 110 GPa 

 
The values of true stress-true strain are taken from the ten-

sion test on the material Phosphorous bronze. Graph between 
stress and strain for phosphorous bronze is shown in figure 1. 
The obtained values were taken as material properties-
plasticity for simulation of SPIF process. The values of true 
stress-true strain are taken from the tension test on the materi-
al Phosphorous bronze. Graph between stress and strain for 
phosphorous bronze is shown in figure 1. The obtained values 
were taken as material properties-plasticity for simulation of 
SPIF process. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1 Numerical Pre-processing 
Pre-processing is represented schematically as shown in figure 
2. A 150mm x 150 mm sheet as shown in figure 3, which is of 
deformable characteristic, was modeled. Tool for the experi-
ment was designed with 6 mm radius. The tool was modeled 
as analytical rigid part. True stress-true strain experimental 
data were loaded in the tabular form as material properties. 
Contact is the interaction between tool and the sheet. The con-
tact is modelled as frictional contact. Coefficient of friction was 
0.15. Boundary conditions for the sheet and tool were given. 
For the sheet, all the four edges were fixed as show in figure 4. 
The boundary conditions for tool were four degrees of free-
dom, i.e linear movements in x, y and z directions and rotation 
about the axis of tool. The tool path generated from CAM 

software as shown in figure 5 was imported into the ABAQUS 
code and the simulation was run to optimize the parameters. 
Meshing is the process of discretizing the component. The 
sheet was meshed with S4R elements. S4R elements are un-
iformly reduced integration to avoid shear and membrane 
locking [26].  The element has several hourglass modes that 
may propagate over the mesh. Fine mesh gives the good re-
sults with greater computational time. Coarse mesh leads to 
inconsistent results, penetration and convergence problems 
during simulation process. A fine mesh of 2mm was generated 
for consistent results. The Table-3 shows the number of ele-
ments, nodes and variables produced after meshing the sheet. 
Meshed part is seen in the figure 6. Results were extracted 
from output database file generated by ABAQUS after the 
completion of FEA. von-Mises stress, strain rate and strains, 
sectional thickness, maximum principal strain, minimum 
principal strain were taken from output file for further analy-
sis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fe Pb P Sn Zn 

<=0.10% <=0.050% 0.030-0.35% 4.2-5.8% <=0.30% 

 
Fig. 1. True stress-strain curve of phosphorus-bronze. 

 

 
 

Fig. 2.  Steps involved in simulation of SPIF in ABAQUS. 

 

 

Fig. 3.  Modeled sheet and Tool. 
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TABLE 3 
NODES AND ELEMENTS 

Element size 2mm 
No. of Elements 5625 
No. of Nodes 5777 
Total no. of variables 34662 

 

2.2 Experimental Validation 
A 3-axis CNC machine was used in this work to perform SPIF 
process. The CNC machine consists of mainly 3 units they are 
machine tool, control unit and part program [27]. The part 
program is fed into machine control unit where it analyses the 
data. Then the control unit gives the commands for the 
movement of tool. Tool follows the set of instructions.  Apart 
from these three units, sensors or feedback devices are also 
provided to check the errors.  

In the present study, a sine wave CNC milling machine is 
used. It is a 3- axis machine. Table was given motions along X 
and Y directions. The tool which is fixed in spindle was ro-
tated around its own axis and vertical motion was given along 
Z direction. Sheets of 150mm x 150mm are cut from the large 
sheet of thickness 1 and 1.2mm using the shearing machine. 
Holes are drilled on the corners of the sheet using drilling ma-
chine to hold firmly in the blank holder. Square patterns of 
5mm distance (figure 7) are drawn on the two sheets for ex-
tracting the results from the finished part. Part program is a 
set of instructions written according to the required shape. 
Tool path for required shape is generated in CAM package 
and loaded in CNC machine. This sheet was mounted to the 
worktable of the CNC machine. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5.  Tool path generation. 

 

Fig. 6.  Meshed part. 
 

Fig. 7.  Prepared sheet. 
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The clamping and top plates restrict flange material flow 
into the forming region that is defined by tool path generated 
from the CAM software and due to this clamping restriction 
tool applies much localized stresses to deform the sheet. Tool 
of 6 mm diameter was fixed in the tool holder. Before starting 
the experiment a demo run as shown in the figure 8, was done 
to check the errors. After completing the demo, the tool was 
set at specified position from centre using CNC controls. Pro-
gram was initiated to start the forming. Lubricant was used at 
the interface of tool and work material. Figures 9 shows the 
formation of hemispherical cup and formed cup. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3 RESULTS AND DISCUSSION 
For 1mm and 1.2mm thick sheets the maximum equivalent 
stress induced are 365.8MPa and 361.0 MPa respectively as 
shown in the figures 10(a) and 10(b). For both the cups the max-
imum equivalent stress was found in the side walls of the cups. 
To validate the simulation results, the finite element grid of 
5mm size was created on the backside of the cup material. The 
size of element was 2mm in case of simulation results. The 

stress and strain obtained by the finite element method coin-
cides with the pattern on the cups. The stress patterns for 
formed cups of both 1 mm and 1.2 mm sheets are shown in the 
following figures 11(a) and 11(b), respectively. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 10. Equivalent stress induced in sheet thickness of (a) 1mm 
and (b)1.2mm. 

 
 

Fig. 8.  Demo of CNC program on monitor screen. 

 

Fig. 9.  Formed Hemispherical cup. 

 
Fig. 11. Grid based deformation on hemispherical cup drawn on 
(a) 1mm sheet and (b) 1.2mm sheet. 
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The strains obtained from the experiment are in good agree-
ment with the strains obtained from simulation. The strains 
obtained from the simulation for 1 mm and 1.2 mm sheets are 
1.34 and 1.36, respectively, as shown in figures 12(a) and 12(b). 
Whereas the strains obtained from experimental are 1.1 and 1.2, 
respectively, figures 13 and 14. When comparing simulation 
strains with the experimental strains, the strains obtained from 
the experiment are found to be on the lower side.  This is be-
cause of absence of fracture in the experimentally formed cups. 
The strains obtained from simulation are higher because they 
represent the maximum values of rupture. This further indi-
cates experimental strains are within the allowable limits of the 
formability of cup.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The strain variations along the walls of hemispherical cups 
are shown in figures 13 and 14, respectively. It is seen that in 
the initial stages of forming, the path of strain is almost linear 
and as the forming continues to take place the strain path fol-
lows a non-linear trend. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

As observed from figure 15 the energy dissipated in the 
plane strain region is less than that dissipated in the shear lips. 
This is due to the higher stress triaxiality in this zone that fa-
vors the micro-mechanisms of damage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The thickness variations along the walls of cup for 1 mm 

and 1.2 mm sheets is shown in figures 16(a) and 16(b). The 

 
Fig. 12. Equivalent strain induced in (a) 1mm sheet and (b) 
1.2mm sheet. 

 

 
Fig. 13. Strain variation in the wall of the cup on 1mm thick 
sheet. 

 

 
Fig. 14. Strain variation in the wall of the cup on 1.2mm thick 
sheet. 

 

 
Fig. 15. Equivalent plastic strain vs equivalent stress for (a) 1mm 
and (b) 1.2mm thick sheets. 
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thickness variation along the walls followed the same trend as 
predicted by the simulation. It is the side walls of the cups 
which experienced the maximum reduction in thickness. This 
is due to the reason that the side wall is the most strained part 
in the formed component. So, the elements in this part of the 
cup are more stretched when compare to other elements. The 
thickness reduction in the flange and the bottom of the cup 
was negligible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17 represents the formability diagrams for the 1 mm 
and 1.2 mm hemispherical cups. Both the cups follow the 
same pattern, which is; in the very initial stages of forming the 
compressive stresses are predominant. But in the later stages 
of forming the formability limit diagrams of both the cups are 
dominated by the uniaxial tensile stress. 

4 CONCLUSION 
In the present work, the finite element analysis and validation 
are successfully implemented for single point incremental 
forming process of phosphorous bronze sheet. The formability 
limit diagram was highly influenced by the sheet thickness. 
Experiments were conducted on CNC machine to verify the 

accuracy of simulated results. The experimental results were 
in good agreement with the simulated results. The stress pat-
tern obtained on the formed cup was similar to that of the de-
formed pattern of mesh in simulated cups from FEA. The 
strain of the formed cup is within the limit of the formability 
curve. 
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