
Experimental Investigation of Forming
Forces in Single Point Incremental
Forming

Ajay Kumar, Vishal Gulati and Parveen Kumar

Abstract Single point incremental forming (SPIF) has been confirmed as a quiet
economical process for rapid prototyping and batch-type production. It exempts
complex and expensive tooling as required in the conventional sheet metal-forming
processes. Investigation of forming forces becomes important for selecting the appro-
priate hardware and optimal process parameters in order to assure the perfection and
precision of any process. Moreover, SPIF applicability can be ensured on the indus-
trial scale when appropriate guidelines are highlighted regarding a relation between
the input parameters and forming forces induced in the process. This paper inves-
tigates the influence of tool diameter, tool shape, and wall angle on the maximum
axial forming forces on aluminum alloy (AA2024-O) sheets. Forming forces were
recorded using a dynamometer and data logger system equipped with Microscada
software. Tool shape has been proved a significant factor which affects the forming
forces greatly. Combination of higher wall angle and flat-end tool with the lower side
radius resulted in the fracture of components at a lower depth.
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1 Introduction

Sheet metal forming has been an important manufacturing process in several indus-
trial sectors. In the engineering field, parts are generally made of sheet metal particu-
larly through conventional forming methods such as stretch forming, deep drawing,
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shearing, blanking, and bending, etc. These conventional forming techniques are
expensive and uneconomical for the batch-type production due to the involvement
of pressing dies and punches [1]. Batch-type production can be accomplished at the
economical level using single point incremental forming (SPIF) process [2]. SPIF
is also beatified with smaller lead time and negligible tooling cost for producing
prototypes and smaller batch size components [3].

SPIF is a truly die-less technique which can easily form the components for
aerospace, medical, and automotive sectors. The designed shape of components can
be formed using a simple spherical-headed tool layer by layer as shown in Fig. 1.
This die-less process can be accomplished on a CNC milling machine in order to
form the predetermined shape of components. Moreover, a smaller amount of energy
is required during this technique due to the incremental nature of the process. Less
forming force is required in order to produce the components using the SPIF process.
Forming forces are responsible for the structural integrity of the workpiece [4].
Maximum forming forces which are required to form the components define the
capacity of the hardware used in this process. Hence, investigation of the maximum
forming forces becomes customary to guarantee the secure utilization of the forming
machinery. Forming force is the force required to deform the sheet at the tool–sheet
interface. In the literature, table-type dynamometer [5–11] has mostly been used
which is mounted between the machine bed and SPIF fixture.

Fig. 1 Single point incremental forming
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1.1 History of SPIF

Li et al. [5] deduced a model for predicting the forming forces based on the defor-
mation analysis. The proposed model was validated by investigating the influence of
different step sizes in order to produce the conical and pyramidal frustums by exper-
imental tests on AA7075-O sheets. Results showed that the predicted and experi-
mental results were found in good correlation. Liu et al. [11] investigated the impact
of tool path strategies and wall angle on AA7075-O sheets. Results showed that the
axial peak forces were found to be increased with the rise in wall angle. Bagudanch
et al. [12] and Centeno et al. [13] performed experimental tests on PVC and AISI
304 stainless steel sheets, respectively. They found that the maximum axial forces
increased with the rise in punch diameter. Petek et al. [14] also observed a similar
trend of maximum axial forces. Oleksik et al. [15] investigated the effects of different
tool diameters (12, 16, 20 mm) on forming forces during the SPIF process and elab-
orated the mathematical models. Results showed that the axial forming forces were
much higher than those occurred in the x-direction. Fiorentino et al. [16] studied
the influence of angular step sizes (2°, 4°, 6°) using the positive die on FeP04 deep
drawing steel sheets. They found that the axial force was greater than that occurred
in x-axis and y-axis. It has been revealed from the literature that the force compo-
nent in the axial downward direction (Fz) of the forming tool is much more than the
other two force components (Fx and Fy). Hence, determination of the axial force
component becomes customary for the safe utilization of the hardware.

This work presents the investigation of input factors on axial peak forces on
AA2024-O sheets. The impacts of tool shape, wall angle, and tool diameter have
been investigated for conical frustums. Three different shapes of the forming tools
have been investigated in this study. Table 1 and Fig. 2a represent the geometry of
forming tools used in this study. Table 2 shows the input factors which are studied in
this paper. Each input factor was investigated at three levels. Other input factors were
taken constant as feed rate 1500 mm/min, wall angle 64°, tool diameter 11.60 mm,
spindle speed 1000 rpm, sheet thickness 1.2mm, and step size 0.5mm. Castrol Alpha
SP 320 was used for the lubricating purpose at the contact zone of tool and sheet.

2 Materials and Methods

2.1 Experimental Set up

ACNCmillingmachine has been used for experimental tests (Fig. 2b). Table 3 repre-
sents the chemical compositions of the AA2024-O aluminum alloy sheets. Conical
frustums of 120 upper diameters have been designed for forming operation up to
70 mm forming depth. Lower diameters of conical frustums were controlled by wall
angles.
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Table 1 Geometrical details of forming tools

Tool diameter Side radius of flat-end tool Radius of hemispherical
end tool

Symbol

TD (mm) r (mm) R (mm)

7.52 1.40 – FlatEnd-R1

2.00 – FlatEnd-R2

– 3.76 Hemispherical

11.60 1.98 – FlatEnd-R1

2.85 – FlatEnd-R2

– 5.80 Hemispherical

15.66 1.85 – FlatEnd-R1

3.76 – FlatEnd-R2

– 7.83 Hemispherical

Fig. 2 Experimental set up

Table 2 Process parameters
and their levels

Parameter Level 1 Level 2 Level 3

Tool diameter
(mm)

7.52 11.60 15.66

Tool shape FlatEnd-R1 FlatEnd-R2 Hemispherical

Wall angle (°) 60 64 68

Table 3 Chemical compositions of aluminum alloy used

Chemical composition (weight %)

AA2024-O Al Cr Cu Fe Mg Mn Si Ti Zn

91.50 0.10 4.60 0.30 1.70 0.80 0.50 0.10 0.20
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Table 4 Forming force test results with different process parameters

Forming force test results for tool diameter
and tool shape

Forming force test results for wall angle and
tool shape

Sr. no Tool
diame-
ter

Tool shape Fz max Sr. no Wall
angle

Tool shape Fz max

1 7.52 FlatEnd-R1 938 10 60 FlatEnd-R1 1078

2 7.52 FlatEnd-R2 893 11 60 FlatEnd-R2 982

3 7.52 Hemispherical 805 12 60 Hemispherical 905

4 11.60 FlatEnd-R1 1208 13 64 FlatEnd-R1 1210

5 11.60 FlatEnd-R2 1086 14 64 FlatEnd-R2 1091

6 11.60 Hemispherical 997 15 64 Hemispherical 991

7 15.66 FlatEnd-R1 1463 16 68 FlatEnd-R1 1352

8 15.66 FlatEnd-R2 1371 17 68 FlatEnd-R2 1294

9 15.66 Hemispherical 1248 18 68 Hemispherical 1219

2.2 Methodology for Force Measurement

Forming forces in the axial direction (Fz) have been measured using a strain gauge-
based dynamometer which was mounted below the fixture as shown in Fig. 2b.
A data logger system equipped with Microscada software has been provided to
the dynamometer in order to facilitate the processed force values in a PC-based
environment. On the application of the load, the conducting material of strain gauge
provides voltage as an output which is proportional to the elastic deformation. The
analog signals of voltage received from strain gauge are required to convert into
digital signals to display the real-time online observation of forming forces during
operation. ADC 0808 analog to digital converter has been used in the data logger
system for this purpose.

3 Results and Discussion

Experimental test results of different input factors on the forming forces are given in
Table 4.Maximum axial forming forces (Fz max.) are taken into account for analysis.

Figure 3 shows the impacts of tool shape with the different tool diameters on
the maximum axial forces. An increase in tool diameter resulted in the increment
of forming forces. This is due to the fact that the larger contact zone occurs at the
tool–sheet interface for larger tool diameter. Hence, more material is to be formed at
that instant. Forming forces were found to be influenced significantly by changing
the shape of the forming tool. Maximum axial forces were found to decrease with the
increase in the side radius of the forming tool. This trend of decreasing force with the
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Fig. 3 Effects of tool
diameter and tool shape on
maximum axial forces
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increase in the side radiuswas consistent for all levels of the tool diameter investigated
in this study. When tool shape was changed from FlatEnd-R1 to Hemispherical end,
maximum axial forces (Fz max) decreased approximately 14.17, 17.46, and 14.69%
for 7.52, 11.60, and 15.66 mm tool diameters, respectively. Similarly, maximum
axial forces were found to decrease by 35.88, 34.86, and 35.49% for FlatEnd-R1,
FlatEnd-R2, and Hemispherical shape, respectively, when tool diameter was reduced
from 15.66 to 7.52 mm.

Figure 4 shows the impacts of tool shape with the wall angles on maximum axial
forces. Axial peak forces were found to increase with the increase in wall angle of
conical parts. Moreover, sheet fracture was observed with 68° wall angle specimens
for all shapes of the forming tools. This may be due to the fact that the higher wall
angle results in excessive sheet-thinning according to sine law [17] which leads to
an earlier fracture of the sheet material. In the case of the conical frustum of 64° wall
angle, fracture occurred for FlatEnd-R1 and FlatEnd-R2 tool shapes. This can be due
to the fact that the smaller radius of the tool increases penetration into the sheet and
removes materials in the form of chips. Hence, a smaller radius of the tool-tip leads
to cracking of the sheet material resulting in the lower forming depth. When tool
shape was changed from FlatEnd-R1 to Hemispherical end, maximum axial forces
(Fz max) decreased approximately 16.04, 18.10, and 9.83% for 60°, 64°, and 68°
wall angles, respectively. Similarly, maximum axial forces were found to decrease
by 20.26, 24.11, and 25.75% for FlatEnd-R1, FlatEnd-R2, and Hemispherical shape,
respectively, when the wall angle was reduced from 68° to 60°.
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Fig. 4 Effects of wall angle
and tool shape on maximum
axial forces
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4 Conclusions

In this study, the axial forming forces have been investigated using the SPIF process
on AA2024-O aluminum alloy sheets. For this purpose, the conical frustums of
constant wall angle have been formed in order to investigate the impact of input
factors. An increase in tool diameter resulted in the increment of the forming forces.
Increasing side radius of flat-end tools resulted in the decrement of the forming
forces. The shape of the tool has also been proved a significant factor during this
process. Less forming forces are required to deform the sheet with the hemispherical
end tools as compared to those required with the flat-end tools. Combination of flat-
end tools having lower side radius and higher tool diameter requires higher forming
forces in order to produce the components during the SPIF process. On the other
hand, the hemispherical end tools with lower tool diameter resulted in lower forming
forces required to produce the parts. Increase in wall angle led to an increase in
the forming forces. Combination of higher wall angle and flat-end tool with lower
side radius resulted in the fracture of components at a lower depth. Future work
would focus on the analysis of thickness distribution and dimensional accuracy of
the formed components which seeks importance and suitability in setting guidelines
for the industrial application.
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