
271

INTRODUCTION 

Typically, the metallic sheet component fabri-
cation involves the utilization of specific dies that 
are manufactured in accordance with the shape 
and size of the part. This methodology can result 
in significant delays and costs associated with the 
production of dies. Due to the ability of large-
scale manufacturing to offset the costs associated 
with the die production, the conventional method 
is suitable for achieving higher production out-
put. However, there has been a development in 
flexible die and dieless forming operations for a 
small-scale production due to the diverse needs 
of customers, resulting in a reduction in lot size 
[1]. In today’s globally competitive market, one 

of the most persistent needs of modern industry 
is to reduce the operational costs and personal-
ize the manufacturing processes. Process of In-
cremental Sheet Forming (ISF) is a recent, cost-
effective technique of sheet metal forming used 
in rapid prototyping. Its considerable flexibility 
allows the manufacturers to acquire sheet metal 
parts with complex, free-form geometries. The 
ISF technique depicts a great promise in the fields 
of automotive, aerospace, and medicine [2]. The 
technique of incremental sheet metal fabrication 
is a modern and flexible method that includes the 
manipulation of a metallic sheet using a comput-
er-controlled numerical milling machine. This 
process involves computer-aided design and man-
ufacturing to manage the tool trajectory, in which 
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a cylindrical-shaped tool with a hemispherical or 
spherical-shaped head is used instead of a cutting 
tool. This tool enables the machine to establish 
any necessary contour on the sheet without the 
need for a predetermined die [3]. There are many 
different incremental forming (IF) technologies 
that have been developed, including SPIF, Two-
Point Incremental Forming (TPIF), and Double-
Sided Incremental Forming (DSIF) [4]. Compar-
ing with the other ISF types, SPIF is now the most 
commonly used incremental forming technique 
[5], as revealed in Figure 1 [6].

SPIF is a dieless process that can create parts 
with symmetrical and non-symmetrical geom-
etries and a wide range of thicknesses without the 
need of expensive dies. It permits the manufac-
turing of complex sheet metal components at a 
reasonable cost and is performed on a CNC mill-
ing machine that controls the forming tool motion 
[7]. The sheet is fixed between the backing plates 
and blank holders, as well as the programmable 
moving tool with respect to blank holder slides 
upon the sheet to form the wanted shape [8]. See 
Figure 2 [9].

In this operation, the distortion is equivalent 
to the total localized plastic distortions caused by 

using the tool. The amount of friction produced at 
the tool and sheet interface can be influenced by 
table feed, spindle speed, and depth of step, despite 
the benefits over traditional techniques, including 
faster prototyping, lower forces, excessively high 
ability, lower costs, etc. However, there are a few 
drawbacks to this technique, comprising the slow 
process, excessively thin material, and lack of di-
mensional accuracy [10, 11]. One of the key ob-
stacles to the growth of SPIF is the excessive rate 
of wall thickness thinning. Since the formability 
of the forming portions is significantly correlat-
ed with the thickness thinning ratio, researchers 
from all over the world have conducted a number 
of studies on the thickness distribution of formed 
parts [12]. Li Jun-chao et al. [13] investigated 
the distribution of thickness as well as mechani-
cal properties of a truncated pyramid manufac-
tured by incremental forming. Following that, the 
sine law that was employed to estimate the final 
thickness was confirmed. Furthermore, the rela-
tionship among the path of tool, the least thick-
ness, and its location was described. When us-
ing a standard tool trajectory, the results evinced 
that the least thickness is nearly connected with 
the diameter of tool and depth of step influences 

 Fig. 1. Representation of the SPIF process [6]

Fig. 2. The schematic representation of the cross-sectional view of rotationally symmetric SPIF method [9]
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where it is located significantly. Erika Salem et al. 
[14] studied the effect of tool strain path upon the 
AA7075-O sheets formability and localized thin-
ning during the SPIF. As a result of modeling and 
testing, the measurements evinced that there are 
three different types of wall portions (bend, thin, 
and stable). Further, most of the thinning, as pre-
dicted by modeling the development of thickness 
reduction tool, occurred below the tool. Modeling 
without a damage criterion correctly predicted 
the thinning of a truncated cone during SPIF. A 
bending zone with a gradually decreasing thick-
ness was displayed at the beginning of the cone 
creation. Then, after an initial region of uniform 
thickness, a much thinner zone formed. Mistun-
ing et al. [15] investigated the thickness thinning, 
which depends heavily on the shear deformation 
that happens when a forming tool is used on a 
sheet of material and for which the sine law is 
not good enough to predict and control the wall 
thickness. ABAQUS was used to create the finite 
element model. The outcomes portrayed that the 
factors, such as tool diameter, forming angle, and 
sheet thickness have a considerable impact on 
the thinning ratio but have a little to no effect on 
this ratio from the feeding speed. And, the form-
ing angle is the highly robust factor in the thin-
ning ratio, and it can be successfully decreased by 
employing a forming trajectory with an equally 
spaced pressing point. Yanle Li et al. [16] focused 
upon enhancing the mechanical properties (such 
as yield strength, tensile strength, and hardness), 
as well as the thickness distribution, by optimiza-
tion process. Response surface methodology of 
Box-Behnken design was employed for examin-
ing how the various process variables influence 
the mechanical properties and thickness thinning. 
Results demonstrated that the larger step down 
sizes and the larger tools led to a lower maximum 
thinning rate. The three variables taken into con-
sideration were the tool diameter, step-down size, 
and sheet thickness. Zeradam Y. et al. [17] studied 
the thickness distribution of deep drawing qual-
ity steel (DDQ) during the SPIF. To predict the 
thinning in this study, a truncated cone was used. 
The work used a methodological approach that 
integrated the numerical modeling, experimental 
investigation, and theoretical prediction. Results 
elucidated that the thickness distribution analyzed 
in the experimental investigation and that antici-
pated by numerical modeling are in good agree-
ment. The data clearly revealed that the numerical 
simulation may accurately predict the thinning. 

Marwan T. Mezher [18] investigated the effects 
of the diameter of tool as well as forming angle 
upon the formation of force, the distribution of 
thickness, ratio of thinning, depth of forming, ac-
tive plastic strain, and behavior of fracture. Under 
the same conditions as the experimental inquiry, a 
model was built utilizing the SPIF of a truncated 
cone numerical model using the ANSYS pro-
gram. The results demonstrated that compared to 
AA1050 aluminum alloy, DC04 carbon steel pos-
sesses a higher forming force, a lower least thick-
ness, and a lower ratio of thinning. Sherwan Mo-
hammed Najm et al. [19] explained how the type 
of coolant, tool speed, feed rates, and diameter 
of the forming tool affected the hardness of sheet 
material made of the aluminum alloy AA1100. To 
calculate the hardness, various regression equa-
tions were designed depending upon the search 
factors. Regression equations allow the scientists 
to determine the hardness levels reasonably rap-
idly and practically, as opposed to the experimen-
tal method. When the tool speed was increased, 
the hardness considerably augmented, according 
to the examination of the test findings. Hardness 
also rose in correlation with an increase in the 
feed rate. Furthermore, the impacts of different 
coolant oils and greases were investigated em-
ploying the similar rates of feed; the hardness 
increased if the coolant oil was utilized, and de-
creased if the grease was used. Kamel Bensaida 
et al. [20] analyzed the iterative shaping method 
that produced a trunk cone using finite element 
simulation. The effect of geometrical factors (di-
ameter of tool, depth of cut, and path of tool) 
based on the forming force, distributed stress, and 
sheet thinning were examined and assessed in this 
work. The computer modelling of the machining 
process took into account the impact of tool’s tra-
jectory, the vertical step, and the tool’s diameter. 
The results displayed that the thinning of sheet is 
substantially more relevant in the situation of a 
continuous tool path (of around 0.2 mm) than it is 
in the state of a discontinuous tool path.

Many research papers have been published 
to investigate the effect of SPIF parameters that 
influence the thinning ratio, with the main goal 
of these works being to select the best SPIF pro-
cess parameters to produce parts with a minimum 
thinning ratio. The researchers’ study involved a 
number of variables, including the diameter of 
forming tool, shape, size of step, spindle speed, 
rate of feed, tool path, and others that could 
have an impact on the thickness distribution and 
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reduction in thinning. The aim of this research is 
to find out how the strength of aluminum AA6061 
affects the thinning ratio in the SPIF and choose 
the best strength that gives the lowest thinning 
ratio, for obtaining a high-quality product made 
in the SPIF. To achieve this goal, both numeri-
cal simulation and experimental work were used. 
Heat treatment was used to alter the strength of 
aluminum alloy sheets. The optimal SPIF param-
eters used to make truncated cones were chosen 
based on a previous research.

EXPERIMENTAL WORK

Material and process

In this work, two samples of the aluminum al-
loy AA6061 were used; each sample had a thick-
ness of 1 mm, and it was then cut into dimen-
sions 225 mm x 225 mm. Aluminum AA6061 is a 
popular alloy because of its acceptable mechani-
cal properties, outstanding weldability, and high 
corrosion resistance [21]. 

The chemical composition of aluminum alloy 
AA6061 was analyzed at the room temperature 
using the Spector Max equipment, as illustrated 
in Table 1. The heat-treated AA6061 alloy was 
designed to have its yield and ultimate strength 
reduced in this investigation to obtain another 
case of strength. The annealing heat treatment 
procedure for this alloy was carried out in an 
electric furnace at 520 ºC for 10 min, followed by 
cooling in the furnace [22].

The tensile specimen was prepared accord-
ing to the ASTM-E8 standard using a water jet 
as depicted in Figure 3, and the tensile test was 
conducted using a tensile testing machine model 
(WDW-200E), to determine the mechanical prop-
erties of the materials employed. The load-deflec-
tion curve for the two samples of AA6061 alloy is 
illustrated in Figure 4.

In an effort to make things simpler, the 
AA6061 alloy at 278 MPa in strength was des-
ignated as sample 1, and AA6061 at 68.7 MPa 
in strength was designated as sample 2. Addi-
tionally, Figure 5 reveals the true stress-strain 
curve for the two samples. Table 2 provides the 
mechanical characteristics of each sample of 
AA6061 alloy.

The experimental work was carried out on 
a C-Tek CNC machine, as viewed in Figure 6, 
utilizing an oil lubricant, a hemispherical form 
tool, a (1200 rpm) rotational speed, and a (500 
mm/min) travel speed, in accordance with the 
literature review. A spiral tool pathway was 
used in this experiment. The dimensions of the 
part and how the component is displayed in 
the CNC-part program are explained in Figure 
7, which exhibits the shape of the SPIF-made 
sections as a truncated cone with dimensions 
(120 mm in diameter, 40 mm in depth, and 
forming angle).

To theoretically anticipate the thinning es-
timates, the following formula was used in this 
research [23]:

	 𝜑𝜑 = 𝑡𝑡 − 𝑡𝑡₀
𝑡𝑡 · 100%  	 (1) 

And, the device that used to measure the 
thickness is an electronic micrometer.

Table 1. The chemical composition of aluminum alloy AA6061
Elements 

% Si Fe Cu Mn Mg Cr Ni Zn Ti Pb Sn V Zr Al

AA6061 0.52 0.389 0.251 0.0392 0.968 0.108 0.0024 0.0010 0.0242 0.0121 0.0005 0.0163 0.0003 97.71

Table 2. The mechanical characteristics of each sample of AA6061 alloy

Material Ultimate strength, 
MPa

Yield strength,
MPa Passion ratio Modulus of elasticity,

GPa
Density,
kg/m3

AA6061-Sample 1 365 278 0.33 69 2700

AA6061-Sample 2 147 68.7 0.33 65 2700

Fig. 3. Standard tensile specimen dimensions
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Finite element simulation

Abaqus/Explicit software was employed in 
this work to model the SPIF procedure of AA6061 
alloy sheets because it can resolve the issues in-
volving geometrically nonlinear difficulties and 

nonlinear materials. Furthermore, the long con-
tact durations and plastic deformation may be 
simulated with a high accuracy. According to the 
research, an explicit resolution approach is the 
best way to model this process. 

Fig. 4. The load-deflection curve for 
the two samples of AA6061 alloy

Fig. 5. True stress-strain curve for 
each sample of AA6061 alloy

Fig. 6. The used CNC machine

 Fig. 7. Part geometry and CNC-part programme. All dimensions are in mm
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The FE model consisted of the following dis-
tinct components:
	• The tool was modeled as a discrete, rigid body.
	• AA6061 sheet was modeled as a deformable 

body with dimensions 225×225×1 mm.
	• Planar shell was in three dimensions. 

In contrast, the thickness of sheet was well-
defined by the workpiece cross section’s fea-
tures. Between the forming tool and the sheet 
top surface, a surface-to-surface contact state 
is established. The sheet is considered to be 
isotropic, and this study does not investigate 
the influence of anisotropy. Once the hyper-
bolic truncated cone attains the depth that has 
been determined through the experimentation, 
the FE simulation comes to an end. The SPIF 
test involves the utilization of a hemispheri-
cal tool with a 10 mm diameter, as appeared in 
Figure 8.

The contact interaction attribute was utilized 
to specify the communication between the tool 
and workpiece. Additionally, to model the fric-
tion experienced by the AA6061 sheet as it is 
being formed, a coefficient of 0.1 was selected.

The followings are the boundary conditions 
that were utilized using the SPIF numerical model:
	• The tool was given a rotational velocity about 

the Z-axis.
	• The tool was subjected to linear movement 

along the X, Y, and Z axes in accordance with 
the experimental tool path.

	• The workpiece was affixed to a fixed support 
on its four external edges.

The final stage of the truncate cone shape de-
velopment during the SPIF simulation is dis-
played in Figure 9. The simulation method was 
developed to contain a truncate cone shape (120 
mm in diameter, 40 mm depth, 0.3 mm step size, 
50° forming angle, 1200 m/s feed rate, and 500 
rpm rotational speed), as well as a hemispherical 
forming tool with a diameter of 10 mm.

Utilizing with the view section function, an 
X-Z section of the component is cut symmetrical-
ly; then choosing the “STH” option, which stands 
for the “sheet thickness”. The sheet thickness is 
then the output for showing the thickness of wall 
and obtaining the thickness values of 20 points 
along the section, respectively.

Fig. 8. FE model of the forming tool and sheet

Fig. 9. The final shape in the formation of the truncated cone shape during the SPIF simulation
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RESULTS AND DISCUSSION

The reduction in sheet thickness is a crucial 
parameter in incremental forming techniques, 
especially in the method of SPIF, as it is closely 
linked to the formability and potential failure of 
the resulting products and in the meantime, the 
portion’s wall thinning is significantly impacted 
by the process parameters. Therefore, this study 
aims to investigate how the strength of the alu-
minum 6061 alloy affects the thinning rate and 
thickness distribution over the length of the shap-
ing component walls during single-point forming 
using simulated analysis and experimental data. 
For two cases of AA6061 alloy strength, one at 
yield strength (278 MPa) and ultimate strength 
(365 MPa) and the other at yield strength (68 
MPa) and ultimate strength (147 MPa) were per-
formed via annealing the heat treatment, as well 
as the SPIF was performed to execute a symmet-
ric truncated cone having the same geometry.

It is essential to point out that the experiments 
have been carried out using optimal parameters 
in order to achieve the least amount of thinning 
possible, such as a small angle, a small tool di-
ameter, a hemispherical tip shape tool, and a spi-
ral path [7, 11, 14]. It is also important to note 
that these experiments have been conducted at a 

safe forming angle of (50º), which is based on the 
findings of previous studies, and would not lead 
the product to fail. Consequently, it is significant 
to make this research concentrate upon the distri-
bution of thickness and the values of thinning at 
the formed walls.

The components were cut through the thick-
ness of wall, and the values of thickness were 
obtained by a micrometer having an accuracy of 
(0.001 mm) while also accounting for the perpen-
dicularity between the part and the micrometer. 
The points at the zone of deformation alongside 
the wall’s radial direction from the region of 
clamping to the part’s bottom base were chosen 
for analyzing the behavior of the part. To obtain 
the average value and reduce the errors for each 
created portion, the measurements were repeated 
many times at various locations along the wall, as 
portrayed in Figure 10.

 In reality, there is a fairly intricate thickness 
distribution alongside the wall, where the thick-
ness is gradually reduces towards the blank hold-
er and continues to decrease until it reaches the 
maximum thinning at around 30 mm depth near 
the base. 

Measurements, both computational and prac-
tical, from the edge that has been clamped to 
the bottom of the truncated cone, were used to 

Fig. 10. Various thickness measurement positions along the formed wall of the truncated cone



278

Advances in Science and Technology Research Journal 2023, 17(4), 271–281

examine the thickness variations along the wall, 
as illustrated in figures (11, 12, 13, 14, and 15).

Figures 11 and 12 manifest the simulated and 
experimental results for the distribution of thick-
ness in the truncated cone wall. In sample 1, the 
minimum thickness reached 0.730 mm in the sim-
ulated result and 0.700 mm in the experimental 
result, while in sample 2, it reached 0.738 mm 
and 0.713 mm in the simulated and experimental 
results, respectively.

Figures 13 and 14 elucidate the numerical re-
sults of the thinning ratio in the wall of the trun-
cated cone. In sample 1, the thinning ratio reached 

27% in simulated result and 30% in experimen-
tal result, while in sample 2, it reached 26% and 
28.5% mm in simulated and experimental results 
respectively. Figure 15 presents the experimental 
results, which indicate that the maximum thin-
ning ratio reached 30% in sample 1 and 28.5% 
in sample 2. To simplify the study, the discus-
sion focuses on the experimental results obtained 
when the thinning ratio values are calculated us-
ing equation (1) [15]. 

It could be noted from the all curves de-
picted above that the best results in terms of 
thinning as well as more uniform distribution 

Fig. 11. Simulated and experimental thickness distribution results of 
AA6061 alloy at yield strength (278 MPa) for sample 1

Fig. 12. Simulated and experimental thickness distribution results of 
AA6061 alloy at yield strength (68.7 MPa) for sample 2
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 Fig. 13. Simulated and experimental thickness distribution results of 
AA6061 alloy at yield strength (278 MPa) for sample 1

Fig.14. Simulated and experimental thickness distribution results of 
AA6061 alloy at yield strength (68.7 MPa) for sample 2

Fig. 15. Chart illustrating the difference between the thinning ratios in the two strength states of AA 6061



280

Advances in Science and Technology Research Journal 2023, 17(4), 271–281

of thickness are achieved if the strength drops 
from 278 MPa to 68.7 MPa and the maximum 
thinning ratio decreases from 30% to 28.5% as 
the strength drops. The large thickness reduc-
tion along the wall of sample 1 is due to an in-
crease in the amount of plastic deformation that 
happened in the sheet, which makes the materi-
al heavier when it has a high strength compared 
with sample 2, which has a low strength. That 
means the material strength  has a significant 
impact on the thinning ratio in the SPIF process 
compared with the effect of other parameters 
that impact on the thinning ratio  studied by 
literature review,  like tool diameter, step size, 
and rate of feed which have a little affect [15]. 
The SPIF is a time-consuming process, and the 
deformation takes place in the tool-sheet con-
tact region as well as in the deformed wall that 
is next to the region of contact, causing a lo-
calized plastic deformation. The process results 
in strain hardening of the material, which may 
lead to the increased strength [23], causing a 
difficulty in the forming that leads to an irregu-
lar thickness distribution; on the other hand, 
the lower yield strength by heat treatment an-
nealing leads to the increased ductility, which 
causes a uniform thickness distribution and less 
thinning. It is important to note that the anneal-
ing heat treatment causes a lower strength due 
to the formation of larger grains, according to 
reference [21]. It is important to point out that 
the ratio of variation between the simulation 
and the experiment is 2% for sample 1 and 5% 
for sample 2, respectively. The numerical re-
sults, on the other hand, were affected by a va-
riety of simplifications such as the assumptions 
that the tool is a rigid body, there is no tempera-
ture, there are no heat transfers, and the fric-
tion that exists between the tool and the sheet is 
always the same during the process of forming. 
Nevertheless, they were predicted with an im-
portant degree of accuracy despite the fact that 
the thickness measured in the experiments was 
higher than that of the numerical values with 
respect to the maximum thinning ratio, which 
reached 27% in sample 1, while in the experi-
ment, it was 30%, and in sample 2, the maxi-
mum thinning ratio reached 26%, while in the 
experiment, it was 28.5%.

These findings indicate a direct proportional-
ity between the thinning ratio and yield strength, 
such that a reduction in the yield strength causes 
a reduction in the thinning ratio

CONCLUSIONS

Thickness thinning is a crucial aspect of the 
SPIF process since it establishes the sheet’s limi-
tations for forming, while the process variables 
have an impact on the measured thickness as well 
as thinning, and, consequently, the finished prod-
uct quality. Experimental measurements were 
taken to determine the deviation in thickness and 
the reduction ratio of the formed portions along 
an inclining wall of the finished product of the 
two sheets of AA6061 alloy using the SPIF pro-
cedure, with the aim of achieving the best result 
with regard to the minimum thinning. 

 In this study a comprehensive analysis was 
conducted, both numerical and experimental, to 
examine the correlation between the AA6061 
alloy strength and the distribution of thickness 
along the wall, so the obtained results include: 
1.	The thickness distribution is greatly influenced 

by the material’s strength. According to both ex-
perimental and numerical findings, which dem-
onstrated that the maximum thinning decreased 
from 30% at a strength value of 278 MPa to 
28.5% at a strength value of 68.7 MPa, the 
thickness distribution uniformity alongside 
the profile of the wall has been observed for 
AA6061 alloy sheet with lower strength.

2.	In the experiment, the settings of forming were 
chosen using a thin metallic sheet, a smaller 
forming angle, a smaller diameter and hemi-
spherical tool head, and a smaller step down to 
achieve a lower thinning ratio, according to the 
literature, to increase the forming precision.

3.	The yield strength of AA6061 reduced from 
278 MPa to 68.7 MPa by annealing heat treat-
ment, this reduction in yield strength can be at-
tributed to the formation of larger grains and 
resulted in reducing the thinning ratio.

4.	The maximum thinning ratio determined from 
the simulation and experiment is 27% and 30% 
for sample 1 and 26% and 28.5% for sample 
2, respectively, revealing the accuracy and de-
pendability of the simulation’s findings. There 
is some difference between the simulation and 
experiment outcomes, but it’s noticeably small, 
where the deviation ratio is 2% at sample 1 and 
5% at sample 2. This is due to the fact that the 
forming tool is considered to be a rigid body in 
the procedure of modeling, and the friction that 
exists between the sheet and the tool is always 
constant. As a result, the thickness distribution 
and thinning ratios can be predicted with a rea-
sonable accuracy using a computer simulation. 
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