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Abstract

In this paper, experimental and numerical simulation studies on the forming limit diagram of single-point incremental forming
(SPIF) were described. We proposed a novel method for evaluating the forming limit in incremental forming. The proposed
method utilizes the forming limit angle and the maximum thinning rate. The effects of the forming and processing parameters on
the forming limit of an aluminum sheet during incremental forming were investigated using a combination of simulation analysis
and experimental verification. The obtained results show that the forming limit is large for 1060A1 and 6061 Al when the initial
thickness is 1.5 mm for a single parameter change for SPIF. For 1060Al, the step size is in the range of 0.8—1.5 mm. When the
step size is 0.8 mm, the incremental forming limit is large and the forming precision is high. For 1060Al and 6061Al, the
incremental forming limit is at the maximum level when the tool radius is 6.0 mm, and when the tool radius is 5.0 mm, the best
forming precision can be achieved. It is of great theoretical significance and practical engineering value to study the effects of

various forming parameters on the forming limit of metal sheet SPIF.

Keywords Forming limit angle - Maximum thinning rate - Forming parameters

1 Introduction

The sheet metal single-point incremental forming (SPIF) tech-
nology is one of the flexible manufacturing technologies in
which the sheet is locally deformed successively instead of
integral forming, and finally the sheet is formed into the re-
quired workpiece. Many studies showed that SPIF, compared
with traditional stamping technology, could effectively con-
trol the metal flow of the sheet, increase the forming limit of
the sheet, and reduce the forming force during the forming
process. There is growing interest on SPIF research due to
its substantial importance in improving and developing of
sheet metal forming theory. It also provides more opportuni-
ties for the designing of new products.
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SPIF is based on the relative movement of a simple small
punch concerning the sheet. The main advantages of SPIF
include high flexibility as well as no requirement for a die to
obtain the final shape of components as reported by Gu et al.
[1]. The SPIF technology has been frequently studied, applied,
and perfected for metal sheet manufacturing, especially titani-
um and its alloys in some industrial sectors such as aerospace,
chemical engineering, and medical surgery according to
Nguyen et al. [2]. The incremental sheet forming process is
a rapid prototyping technology that fulfills the current require-
ments for flexible, sustainable, and economical manufacturing
technologies viable for small and medium-sized batches, with-
out necessarily using expensive dedicated machines or equip-
ment. These characteristics make this process very suitable for
the manufacturing of customized parts from metal or polymer-
ic sheets, according to Centeno et al. [3].

Many scholars have conducted extensive research on the
processing parameters and forming limits of the SPIF.
McAnulty et al. [4] reviewed the literature on sheet metals
using the process parameters such as material thickness, tool
shape, spindle speed, tool diameter, feed rate, and tool rota-
tion, which improve the formability. Uheida et al. [5] conduct-
ed an experimental study to investigate the effects of tool
rotation direction during the SPIF of pure titanium. Raju
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et al. [6] examined the possibility of using low thickness mul-
tiple sheets in a SPIF process; their results showed the mech-
anism of sheet failure, new surface generation, and the extent
of achievable forming limits from the top sheet to the bottom
sheet while forming multiple sheets together. Eyckens et al.
[7] used the MK-type analysis to show the effect of through-
thickness shear on the forming limit curve (FLC). They dem-
onstrated that shear could raise the FLC significantly, but this
phenomenon depends on the orientation of the shear. Buffa
et al. [8] proposed a new approach to enhance the material
formability through a localized sheet heating as a consequence
of the friction work caused by elevated tool rotational speeds.
In addition, they observed a significant increase in the material
formability for three materials (AA1050-O, AA1050-H24,
and AA6082-T6 were utilized), and new formability curves
have been built by the varying the utilized rotational speed.
Ramkumar et al. [9] assessed the formability of the sheet metal
along with the surface roughness using the forming limit dia-
gram (FLD) and void analysis. The roughness value of the
sheet metals formed was analyzed using the three-
dimensional (3D) surface roughness tester. The obtained re-
sults showed higher formability and better surface finish could
be achieved by multipoint forming tool compared to the
single-point forming tool.

Numerical simulation is essential for SPIF to predict the
fracture and forming limit during the forming process. The
instantaneous stress state variables and the evolution of the
nonlinear strain path can be obtained. Numerical simulation
and experiment can jointly verify the accuracy of the results.
Mirnia et al. [10] investigated the ductile fracture in SPIF by
implementing the phenomenological modified Mohr-
Coulomb (MMC3) model through an appropriate user subrou-
tine using the commercial FE code Abaqus/Explicit. The com-
parison of predicted and experimental fracture depths of SPIF
parts demonstrated that utilizing the MMC3 criterion has 10%
discrepancy on average. Good agreement of the fracture loca-
tion can also be found between experiments and FE simula-
tions. Numerically computed fracture strains showed that the
fracture forming limit diagram (FFLD) under a proportional
loading, like a tensile test, differed in shape and value from the
one obtained under a non-proportional loading like SPIF in
which the FFLD is higher. Zhan et al. [11] calibrated the flow
stress model and thermal ductile fracture criterion and inte-
grated with the numerical simulation of SPIF process for
AA2024-T3 under high-speed tool rotation, and a novel
numerical-analytical model is proposed to calculate the dam-
age accumulation. Zhang et al. [12] presented a novel flexible
forming process called incremental bending. They investigat-
ed the formability of this process based on experiments and a
numerical simulation. Esmaeilpour et al. [13] used the
Y1d2004-18p as a non-quadratic anisotropic 3D yield function
for the finite element simulation of incremental forming pro-
cesses. For this purpose, a VUMAT was developed to employ
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this yield function in ABAQUS. Considering that von Mises
and Hill’s 1948 yield functions are special cases of the 3D
Y1d2004-18p yield function, the same VUMAT was used to
simulate SPIF for a conical geometry using the three yield
functions. Thus far, no uniform evaluation method has been
proposed for studying forming limits in incremental forming.

This paper proposes a FLD by combining the forming limit
angle and the maximum thinning rate. We applied FLD to
evaluate the forming limit in incremental forming. We used
a simulation analysis and experimental verification to investi-
gate the effects of forming and processing parameters on the
forming limit of aluminum sheets during incremental forming.
The FLD can help to optimize sheet forming properties and
improve forming quality.

2 Theoretical forming limit for numerically
controlled SPIF

In this paper, we mainly analyze the forming limit angle and
the thinning rate for SPIF.

As shown in Fig. 1, 6 is the forming angle and « is the half-
cone angle. The two angles are complementary to each other.
When 6 is the limit angle, the minimum value is called the
limit half-cone angle reported by Esmaeilpour et al. [13].

According to the principle of constant volume (Eq. (1))
claimed by Silva et al. [14]:

t = tosin(90°—6) (1)

where 1, is the thickness of the sheet before forming in milli-
meters and ¢ is the thickness of the sheet after forming in
millimeters.

According to the above sinusoidal function relationship,
when 6 is close to 90°, the thickness ¢ of the deformed sheet
is close to 0. Cracking occurs when the thickness of the sheet
is reduced too much according to Cho et al. [15]. Therefore,

dx

Z A

Fig. 1 Single-point incremental forming sheet deformation
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we can prevent cracking of the sheet by controlling the
forming angle.

The average thinning rate is the percentage difference in the
wall thickness before and after forming showed in Eq. (2)
reported by Nichols et al. [16]:

to—t
¥, =2 x 100% (2)
to

The logarithmic thinning rate (Eq. (3)) is the logarithmic
rate of change of thickness according to Lee et al. [17]:

1,
n = ln70 x 100% (3)

Combining the above, we obtain Eq. (4) and Eq. (5):

¥, = (1-sina) x 100% (4)
1 .
7, = ln@ x 100% = —(Insinc) x 100% (5)

Using the above formula, the relationship between the half-
cone angle and the thinning rate is shown in Fig. 2. It can be
seen from the figure that the average thinning rate and the
logarithmic thinning rate decrease with the forming half-
cone angle, but at a different rate. In actual SPIF, once the
sheet breaks, the entire forming process has failed. Thus, the
final failure of the sheet depends on the maximum thinning
rate, not the average thinning rate.

In summary, the variation of the wall thickness of an incre-
mentally formed part depends on the sine of the half-cone
angle. The maximum thinning rate of the sheet reflects the
maximum forming limit. If this theory for the variation in wall
thickness in incremental forming can be confirmed for some
less complex shaped parts, it is possible the forming limit half-
cone angle and the maximum thinning rate can be combined
into a predictive metric for sheet forming.
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Fig. 2 Relationship between the half-cone angle and the attenuation rate

3 Simulations and experiments
3.1 Finite element simulations

The simulation part is a cone. Its size and shape are shown in
Fig. 3. For the simulation board, we used sheets of 1060Al and
6061Al. Table 1 lists the chemical composition and other
parameters of the simulated materials reported by Kim et al.
[18]. Tungsten steel was selected for the forming tool head.
The finite element model was built using 3D software and
meshed (grid size 1 mm). The finite element model after
meshing is shown in Fig. 4. In this simulation, limiting the
unique degree of freedom around the sheet is used instead of
the fixing effect of the binder ring on the sheet. Table 2 shows
the diameter of the forming tool head, axial feed amount, and
initial sheet thickness for each test. The tool rotational speed
was 3000 r/min and the feed rate was 300 mm/min. The spiral
path of tool head is shown in Fig. 5. The solver ANSYS/LS-
DYNA was used for the simulation.

3.2 Experiment
3.2.1 Electrochemical etching

Electrochemical etching was used to create a grid pattern on
the blank metal test sheet before being deformed by machin-
ing. In the experiment, the pattern was a dense circular grid
(3 mm diameter). The template was carefully placed on the
surface of the sheet. A felt pad was placed on top of the
template and the electrode wheel pressed the felt pad against
the template. The power supply was connected to the elec-
trode and sheet blank claimed by Cho et al. [15]. The roller
electrode connected to the power source reciprocated on the
felt pad, so current was transferred from the electrode to the
blank. The roller formed a profile on the sheet. After etching,
the metal piece was washed with a neutralizing solution. This
produced a grid of circles, as shown in Fig. 6.

3.2.2 SPIF experiment

In this experiment, we used a platform based on a VC850 NC
machining center. The hemispherical forming tool head used
in the experiment was made of YGS tungsten steel. The plates
used in the experiment were made of 1060Al and 6061Al.
Each sheet was a square with a side length of 300 mm. As
shown in Fig. 7(a), the experimental platform, which includes
the fixing device, the supporting device, and the splint, was
placed on the processing platform of the NC machining cen-
ter. We loaded a pre-written program into the NC machining
center and then we moved the tool head to the center of the
machined sheet. The forming tool head followed the pre-
programmed trajectory while the NC machining center
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Fig. 3 Conical simulation part
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Table 1 Composition and
properties of 1060A1 and 6061A1 Material Chemical composition (%)
Al Si Cu Mg Zn Mn Ti v Fe
1060Al 99.6 0.25 0.05 0.03 0.05 0.03 0.03 0.05 0.05
6061A1 96.1 0.6 0.25 1.02 0.25 0.15 0.15 0.7
Material Performance parameter
Density (kg/m3) Tensile strength (MPa) Yield strength (MPa)
1060Al1 2680 95.32 42.58
6061A1 3130 124.23 55.67

supplied lubricant (Grade-68 Hydraulic oil) through a nozzle.
Figure 7(b) shows a machined part.

We ran seven sets of experiments for each of the two ma-
terials. The experimental parameters are shown in Table 2. For
each set of experiments, we ran the test four times and the
average was taken. The median method was used to find the
maximum forming limit angle for each set of plates. Measure
the thickness of the deformed sheet with an accuracy of
0.001 mm micrometer to obtain the thinning rate. An experi-
mental forming limit diagram was drawn using the strain mea-
surement grid method. The transverse and longitudinal defor-
mations of the experimental fracture diagram grid were

Fig. 4 Finite element model of grid
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measured by GMA System, and the primary strain and sec-
ondary strain were obtained. The forming limit was obtained
using numerical fitting.

4 Results and discussion

4.1 Effect of initial plate thickness on forming limit of
SPIF sheet

4.1.1 Effect of initial thickness on forming limit angle

For tests 1, 5, and 6, we formed parts through SPIF from
sheets made of 1060Al and 6061Al Figure 8(a) shows the
thickness of a simulated sheet and Fig. 8(b) shows the mea-
surement positions of an experimental sheet. We used the
median method to find the maximum forming limit angle of
each plate, as shown in Table 3.

The relationship between the sheet thickness and the
forming limit angle is shown in Fig. 9. As can be seen, the
forming limit angle of the sheet increases as the initial thick-
ness of the sheet increases.

From the data in Table 3, we can see that the theoretical
logarithmic thinning rates of 1060Al and 6061Al, for a thick-
ness of 1.5 mm, are 100.30% and 100.80%, respectively,
which is unreasonable. The logarithmic thinning rate and the
average thinning rate are quite different from the measured
thinning rates. Therefore, we conclude that Eqgs. (2—4) and
(2-5) do not accurately reflect the thinning rate of a sheet
when it is incrementally formed to the forming limit angle.



Int J Adv Manuf Technol (2021) 113:483-501

487

Table 2 Experimental settings

Number Initial plate thickness (mm) Step size (mm) Tool radius (mm)
1 1 1 5
2 1 1.5 5
3 1 1 4
4 1 1 6
5 0.8 1 5
6 1.5 1 5
7 1 0.8 5

The simulated maximum thinning rate and the experimental
maximum thinning rate are not too different. Hence, the sim-
ulated maximum thinning rate can be used as a proxy for the
experimental maximum thinning rate. Therefore, the forming
angle and the maximum thinning rate can be used to determine
the forming limit of a sheet during incremental forming into a
simple shape.

Figure 10 shows forming limit curves. To the left of the
ordinate is the angle area. The angle of the line is the
forming angle of the workpiece. To the right of the ordinate
is the thinning rate area. The height of the line represents the
reduction ratio. The forming limit curves for sheets of
1060Al1 and 6061Al1 with the same thickness are different.
This method can be used to determine quickly and easily the
maximum forming limit of sheets of 1060Al and 6061Al for
different thicknesses. However, this method does not apply
to the forming limit for asymmetrical or complex forming,
or for a variable forming angle.

4.1.2 Effect of initial thickness on the forming limit diagram

Table 4 compares ruptures from the experiments and the sim-
ulations for sheets of 1060Al and 6061Al with an initial

Fig. 5 Spiral path of tool head

thickness of 1.0 mm machined by SPIF. It can be seen that
the ruptures of the plate in the simulation are roughly consis-
tent with the ruptures in the experiments. Thus, the simulation
can approximate what happens to a plate during SPIF.

Figure 11 shows simulated forming limit diagrams of
1060Al and 6061Al after SPIF for an initial plate thickness
of 1.0 mm. Figure 12 shows experimental forming limit dia-
grams for 1060Al and 6061Al for different initial plate
thicknesses.

A forming limit curve divides the primary and secondary
strain scatter plot into two areas, a safe zone and a non-safe
zone. The non-safe area is above the straight line, in which a
plate may break when it is gradually formed by SPIF. Below
the line is the safe area, where a part can be formed stably.
Therefore, the maximum forming performance of a sheet dur-
ing incremental forming can be evaluated intuitively.

As can be seen from Fig. 12, the forming limit of a sheet
during SPIF is approximately a straight line with a slope of —
1. The forming limit depends on the initial sheet thickness. We
compared sheets made from the same material but with

P

Fig. 6 Pattern formed on metal sheet
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Fig. 7 Equipment: (a)
experimental platform, (b)
formed part

different initial thicknesses in Fig. 13. The results show that
the larger the initial plate thickness, the higher the forming
limit.

To obtain the forming limit curve of a sheet during incre-
mental forming, we select the highest points (red scatter) in

a /

Fig. 8 Sheets thickness: (a) simulation, (b) experimental
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Fig. 11. In Fig. 14, we compare the numerical fitting lines with
the experimental fitting lines. It can be seen from this figure
that the fit to the forming limit from the simulation and the one
from the experiment are very similar. The forming limit dia-
gram obtained from a simulation can effectively predict the
forming limit of a sheet during SPIF.

In summary, we have produced forming limit diagrams of
the two materials for different initial thicknesses using simu-
lation and experiments. We conclude that in incremental
forming, the forming limit depends on the initial thickness,
within a certain thickness range. The thicker the initial plate,
the higher the forming limit.

4.2 Effect of step size on forming limit of SPIF sheet
4.2.1 Effect of step size on forming limit angle

The tool head moves spirally around the inside of the part with
a rotation speed of 3000 r/min and a feed speed of 300 mm/
min. Each turn machines a layer of the part. After one com-
plete turn, it has moved vertically down by a distance known
as the step size. The step size affects both the forming limit
angle of the sheet and the forming precision. If the step size is
too large, the sheet may not be formed and the forming equip-
ment may be damaged. A small step size will reduce produc-
tion efficiency and increase production cycle times. Thus, the
best step size is moderate.

To use the forming angle and the maximum thinning rate to
describe the forming limit of a sheet during incremental
forming, it is necessary to consider the simulation and the
experiment to measure the thinning rate of the formed sheet
at the forming limit angle. The forming limit angles and max-
imum thinning rates of 1060A1 and 6060A1 sheets of different
step sizes are shown in Table 5. Other parameters are shown in
Table 2. As the step size increases, the limit angle of sheet
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Table 3 Summary of results for

1,5, and 6 tests Material ~ Thickness  Forming limit =~ Thinning rate
angle
(mm) O Logarithmic Average Maximum thinning rate
thinning rate thinning rate
Simulation  Experiment
1060A1 0.8 66.4 91.94% 60.13% 78.25% 82.62%
1 67.2 94.80% 61.25% 79.38% 84.28%
1.5 69.2 100.30% 64.49% 82.81% 87.32%
6061A1 0.8 65.2 86.88% 58.05% 76.12% 79.86%
1 66.8 93.16% 60.61% 78.57% 81.58%
1.5 68.6 100.80% 63.51% 79.61% 83.36%
a 89.5 b 69.0
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Fig. 9 Relationship between initial thickness and forming limit angle: (a) 1060Al, (b) 6061A1
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Fig. 10 Angle and thinning rate forming limit curves: (a) 1060Al, (b) 6061Al

@ Springer



490

Int J Adv Manuf Technol (2021) 113:483-501

Table 4

Comparison of ruptures from the experiments and the simulations

Material:1060A1

Experimental

Simulation

Material: 1060A1

Material:6061 Al

Simulation

Tool head final position

Rupture

metal forming decreases. This relationship is shown in
Fig. 15.

Figure 16 shows the parts machined from 1060Al1 with an
initial thickness of 1 mm, a tool radius of 5 mm, the same
lubrication conditions, and a step size of 0.8, 1.0, or 1.5 mm.
It can be seen from the figure that when the step size is
1.5 mm, the starting edge has severe edging. The texture at
the middle of the part is rough. Overall, the forming quality is
poor. When the step size is 0.8 mm, the starting edge of the
formed part has slight edging and the texture in the middle is
clearly better. The finish is good. The forming quality is much
better than when the step size is 1.5 mm. The back side of the
formed part is also much smoother than when the step size is
1.5 mm, where there is significant layer-by-layer processing
trace.

As can be seen from Fig. 17, the forming angle and the
maximum thinning rate can be used to describe the forming
limit of a simple sheet during incremental forming. During
SPIF of the two kinds of materials, the forming limit angle

and the thinning rate of the sheet are decreased as the step size
is increased. Since the maximum thinning rate obtained by the
simulation is not much different from that obtained experi-
mentally, the maximum thinning rate and the forming angle
obtained from a simulation can be used in production.

As in Section 4.1.2, from the thinning rate zone and the
angle zone of a forming limit diagram, we can obtain the
maximum thinning rate and the maximum forming limit angle
for a material by simulation. There is a non-safe zone above
the forming limit curve, where cracking occurs. A part can be
stably formed in the safe zone below the forming limit. The
simulation method can quickly determine the maximum
forming limit of 1060A1 and 6061Al for different step sizes.

4.2.2 Effect of step size on the forming limit diagram
The ANSYS/LS-DYNA software was used to simulate SPIF

of 1060Al and 6061Al plates at step sizes of 1.0 mm and
1.5 mm. Figure 18(a) and (b) show forming limit diagrams

Fig. 11 Simulated forming limit a b
diagram: (a) 1060A1 thickness = 1.50 1.50 _
1.0 mm, (b) 6061A1 thickness = {Material: 1060Al [Material: 6061AI
1.0 mm 1.20 A 1.20_
E Ll 4
0.90 4 )2 0.90_|
Koty
0.60 & J;, 0.60_
e
| P ]
0.30 | f;.__;;‘ 0.30_
4 & J
0.00 \~" i 0.00
T T T 1 T T T T T T T T T T T
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Fig. 12 Experimental forming limit diagrams: (a) 1060Al thickness = 1.0 mm, (b) 1060Al thickness = 1.5 mm, (¢) 6061Al thickness = 1.0 mm, (d)
6061Al thickness = 1.5 mm
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Fig. 14 Comparison of forming limit lines between simulation and experiment: (a) 1060Al, (b) 6061Al
Table 5 Summary of thickness thinning rate for 1, 2, and 7 tests
Material Step size (mm) Forming limit angle (°) Maximum thinning rate
Simulation Experiment
1060Al 0.8 67.8 81.31% 84.95%
1 67.4 79.38% 84.28%
1.5 66.8 78.97% 83.01%
6061Al 0.8 67.2 79.14% 82.35%
1 67.0 78.57% 81.58%
1.5 66.2 77.64% 80.39%

67.4
%80 1 osoAl [6061AI
678 - rer .\
< B
£ asl 670
Ed e
Z % 668 -
g 674 g
2 E so6f
g 67.2 - %0
= E 664}
67.0 |- i
66.2 -
66.8 -
1 1 1 1 1 1 L 1 66.0 S 1 1 1 1 1 " 1
0.8 0.9 1.0 11 1.2 13 14 15 16 0.8 0.9 1.0 11 1.2 13 14 1.5 1.6
Step size (mm) Step size (mm)

Fig. 15 Relationship between step size and forming limit angle: (a) 1060Al, (b) 6061Al
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of 1060Al and 6061Al plates for SPIF with a step size of
1.0 mm. Figure 18(c) and (d) are simulated forming limit
diagrams of 1060Al and 6061Al sheets for a step size of
1.5 mm.

Figure 19 shows experimental forming limit diagrams
for 1060A1 and 6061Al materials for different step sizes.
The forming limit of the sheet is roughly a straight line
with a slope of — 1, while the forming limit diagram in
traditional sheet metal forming is a V-shaped line reported
by Kim et al. [19].

It is convenient to judge whether the sheet is formed ac-
cording to the straight line in the figure. The effect of different
step sizes on the forming limit is shown in Fig. 20. The step
size and the forming limit are inversely related.

We select the points in the red areas in Fig. 18 to create a
scatter plot. In Fig. 21, we compare the numerical fitting line
with the experimental fitting line. It can be seen that the ex-
perimentally obtained forming limit curve and the simulated
forming limit curve have substantially the same slope; i.e.,
both are straight lines with a slope close to — 1.

In summary, both numerical simulations and experimental
studies can be used to determine that the step size affects the

@ Springer

properties of a sheet during incremental forming. The lower
the step size, the higher the forming limit of the sheet.

4.3 Effect of tool head radius on forming limit of SPIF
sheet

In SPIF, the forming tool traverses the sheet layer by layer,
causing metal flow and plastic deformation of the sheet until
the target part is completed. The radius of the forming tool
head affects the quality of the sheet. This section focuses on
the effect of the radius of the forming tool head on the forming
limit of a sheet during SPIF.

4.3.1 Effect of tool head radius on forming limit angle

From the SPIF experiments, the maximum forming angle and
sheet thickness for different tool head radii were found. When
the tool head has a radius of 4.0, 5.0, and 6.0 mm, other
parameters are shown in Table 2. The results of limit angles
are shown in Table 6. As the radius of the tool head increases,
the limit angle increases. The limit angles are plotted in
Fig. 22.
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Table 6 Summary of thickness thinning rate for 1, 3, and 4 tests

Material Tool head radius Forming limit angle Maximum thinning rate

(mm) ©) Simulation Experiment
1060Al 4 67.1 78.67% 82.59%

5 67.4 79.38% 84.28%

6 67.6 80.05% 84.92%
6061Al 4 66.6 77.21% 80.46%

5 67.0 78.57% 81.58%

6 67.2 79.53% 82.18%
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Figure 23 compares the maximum thinning rate ob-
tained by simulation and that measured by the experi-
ments. It can be seen from the figure that the slope of
the maximum thinning rate for the simulations and the
experiments is about the same and increases as the ra-
dius of the tool head increases.

Figure 24 shows the forming limit curves for the
forming angle and the maximum thinning rate. It can
be seen that the simulated forming limit region and
the forming limit region obtained by experiment are
not much different.

4.3.2 Effect of tool head radius on the forming limit diagram

Figure 18(a) and (b) are forming limit diagrams for a tool head
radius of 5.0 mm. This section focuses on forming limit dia-
grams with tool head radii of 4.0 mm and 6.0 mm. Figure 25
shows the forming limit diagrams for the different tool head
radii obtained by simulation.

Figure 26 shows experimental forming limit diagrams
of the two materials drawn by the strain measurement
grid method for different tool head radii. As can be
seen from the figure, the slope of the forming limit
for the sheet during incremental forming is a straight
line of slope —1. The SPIF primary and secondary
strain regions are, respectively, a safe zone and a non-
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safe zone. We selected the highest point (red scatter) in
the simulated limit diagrams in Fig. 25. We fitted lines
to the values and compared them with the experimental
fit lines. The results are shown in Fig. 27.

As shown in Fig. 27, the forming limit fits for a
sheet machined by SPIF for different tool head radii
obtained by experiment and simulation are very similar.
The slopes of the straight lines are roughly —1. The
experiments and simulations show that as the tool tip
radius increases, the forming limits of the 1060Al and
6061Al sheets also increase.

5 Conclusions

In this paper, the forming limit of sheet metal during SPIF was
studied with a numerical simulation and experimentally. The
forming angle # and maximum thinning rate v/, were used to
describe the simple shape of a sheet in incremental forming.
The forming limit in the process and the effects of the initial
thickness, step size, and tool head radius on the forming limit
of the sheet were analyzed. The main conclusions are as
follows:

(1) The forming angle # and the maximum thinning rate 1),
can be used to describe the forming limit of a simple
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radius =4.0 mm, (d) 6061Al tool head radius = 6.0 mm

shape sheet during incremental forming. The forming
properties of a sheet during incremental forming can be
analyzed more intuitively and conveniently. However,
this method does not apply to the forming limit for asym-
metrical or complex forming, or for a variable forming
angle.

Through the numerical simulations and experiments, we
obtained forming limit diagrams of sheet metal during
SPIF. We fitted a forming limit curve, which is a straight
line with a slope of roughly — 1.

@

(3) The forming limit of a sheet during incremental forming
depends on the initial thickness. As the initial sheet thick-
ness increases, the forming limit of the sheet improves
significantly.

The forming limit of a sheet during incremental forming
also depends on the step size. As the step size decreases,
the sheet forming limit improves significantly.

The forming limit of a sheet during incremental forming
further depends on the radius of the tool head. As the
radius increases, the forming limit of the sheet increases.

4)

©)
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