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In this paper we investigated the deformation characteristic of embossed aluminum sheet in the incremental sheet forming process
which has frequently used in the design verification and the trial manufacturing of sheet products. The single point incremental
forming (SPIF) experiments for the rectangular cone forming using the CNC machine with a chemical wood-machined die and a
circular tool shape showed that the formability of the embossed sheet are better than that of the flat sheet in view of the maximum
angle of cone forming. This comes from the fact that the embossed sheet between the tool and the elastic die wall is plastically
compressed and the flatted area contributes to increase the plastic deformation. Also the tool path along the outward movement from
the center showed a better formability than that of the inward movement from the edge. However the surface quality for the tool path
along the outward movement evaluated from the surface deflection is inferior than that of the tool path along the inward movement.
The experimental results and detail forming mechanism of the 3D structured sheet in incremental forming were reviewed with a finite

element simulation using ABAQUS software.
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1. Introduction

Recently, the automotive industry has made many efforts concentrated
on lightweight materials to reduce fuel consumption as well as to
enhance global environment protection. Aluminum and aluminum
alloy have been selectively applied as interior and exterior automotive
parts because of reduced weight and good working function.!

Among them, a three-dimensional (3D) structured heat shield of the
engine exhaust system at a high temperature is widely used (Fig. 1).
The embossed aluminum shield shows a very good heat dissipation
effect because of the increased surface area. In addition, the flexural
rigidity (stiffness reinforcement) is increased by the work hardening
effect due to plastic deformation in the rolling process of the additional
3D structure (strain hardening effect). However, due to the 3D structure
inherent in shape forming, the results show many limitations.>*

Results to date show changes in the mechanical properties of the 3D
structure according to the embossing depth of the embossed panel® and
a study of deep-drawing formability, such as under typical deformation
mode® or a few case studies on the actual panel.”

Recently, small-scale prototypes (trial product) using incremental
sheet forming (ISF) technology by CNC machines for the quality
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Fig. 1 Application of embossed panels for heat protection

assessment of the designs of new products in the automotive panel have
been widely conducted.*'® Single Point Incremental Forming (SPIF)
does not use the upper and lower dies, as in the conventional press-
forming step. Instead, one or more spherical tools are mounted in the
CNC machine to press the sheet material to form locally the desired
product shape. Process parameters for forming the quality product
include forming angle, tool size, machining pitch, tool path, and tool
speed. An evaluation of the impacts'' and the optimal tool path
obtained,'>"> two contact points in two-point incremental forming
(TPIF);'* in the case of material processing such as Ti4Al6V, a hybrid

technique using a heating source,"'® and the springback in the ISF
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Fig. 2 Schematic of the cone-shaped embossing sheet

Table 1 Mechanical properties for flat and embossed Al3004-P
specimens evaluated by o= K¢"

Flat A13004-P Embossed Al13004-P
Direction Mean Parallel Diagonal
Yield stress [MPa] 60.5 57.4 64.0
Tensile stregnth [MPa] 183 193 184
E [GPa] 70.0 47.0 58.3
Strain hardening 030 032 027
Exponent, n
Strength coefficient
K [MPa] 312 317 296
Elongation [%] 20 27 21
Plastic anisotropic 0.59 0.03 0.3

Coefficient, R

1719 were implemented.

evaluation

This paper is a basic research to develop a prototype of an embossed
aluminum heat protector. The formability and springback characteristics
of an embossed aluminum panel in the SPIF for the rectangular cone
forming are evaluated and compared with the results of the original
plain specimen. In addition, the effect of the tool path on the forming

process is evaluated.

2. Incremental Forming of 3D Structured Aluminum Sheet

2.1 Material properties

Material used in this study includes AI3004-P aluminum sheet with
the thickness of 0.51 mm. The embossing process is done by rolling the
flat aluminum sheet between two embossed rollers with an embossed
cone-shaped arrangement pitch of 6.4 mm and height of 0.7 mm.
Uniaxial tension tests were conducted to measure the true stress-strain
curves and the Lankford anisotropic parameters, R-values. The embossed
aluminum sheet showed better mechanical properties compared to a

plat aluminum sheet.*

2.2 Single point incremental forming experiments

Incremental forming using a single tool is referred to as SPIF. The
appearance of the CNC machine tool and SPIF specimen used in the
experiment are shown in Fig. 3.

The size of the specimen is 180 mm * 180 mm, the size of the die

inlet is 80 mm * 80 mm, and the die shoulder radius is 10 mm. The

Fig. 3 CNC-based incremental forming machine using cylindrical tool

and toggle clamp jig

——

(a) Inward

(b) Outw

Fig. 4 Schematic view of the SPIF process for two tool paths: (a)
inward movement of tool path, (b) outward movement of tool path

Table 2 Maximum forming angle for flat and embossed specimens

Maximum formable angle (°)
60 62 64 66

Flat sheet 0
Embossed Inward path o
sheet Outward path o 0 X

o: Safe forming, x: failure occurred

diameter of the tool is 12 mm; the feed rate of the tool is 500 mm/min;
the rotational speed of the tool is 2 rpm; the vertical pitch of the tool
is 0.5 mm and the depth of formed shape is 50 mm. Applying a sufficient
lubricant to the top of the sample before the experiment minimized the
friction between the tool and the specimen. In addition, the outer
boundary of the specimen (outer perimeter) is strongly pressed during
the forming process.

With the same machining parameters, the forming angle increases
from 60 degrees for the flat specimen to 62 degrees for the embossed
specimen in the case of the same inward tool path. On the other hand,
the maximum forming angle is improved from 62 degrees for the inward
tool path to 64 degrees for the outward tool path with the same embossed
specimens and the same machining parameters. The results are
summarized in Table 2.

The entire surface of the square cone without fracture is bent
inwardly. Springback occurred during progressive forming processes
that did not use the lower die. When the tool moved the outer periphery
of the cone section, it deformed the sheet through stretching and shear.
The shear is parallel to the tool movement and increasing in the sheet

cross section caused more deflection. The study of springback prediction
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Fig. 5 Deformed shapes of flat specimen for the cone angles €= 60°

(safe formed, left) and 62° (failure occurred)

Fig. 6 (a) Deformed shapes of the embossed specimen for the cone
angles 6 = 62° (safe formed, left) and 64° (failure occurred, right) in
the case of an inward movement tool path
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Fig. 6 (b) Deformed shapes of the embossed specimen for the cone
angles 6 = 64° (safe formed, left) and 66° (failure occurred, right) in
the case of an outward movement tool path

and compensation for the embossed aluminum sheet will be left in
further study.

From the incremental forming results, it can be seen that the
embossed specimens exhibit a higher forming angle. This is explained
by the increase in the plastic deformation when the tool presses the
ridge and valley of the embossing plate (restoration).

On the other hand, the same embossed plate with the outward tool
path could be formed at a greater angle than the inward tool path. This
is the case of the outward tool path, as shown in Fig. 6, in that it
gradually starts as the tool is moved to the outer circumference of the
product from the center of the product. The tool is already formed so
there is a large thickness difference in the entire working surface
between the two tool path strategies. With the outward tool path, the
forming sheet exhibits a greater plastic deformation in the previous
steps. Additionally, for inward forming, due to the thickness difference
between the tool center position and the formed section, the forming

resistance at the tool center is increased, which is determined to cause

i T h(<t,)
(a) Inward (b) Outward

Fig. 7 Explanation of the difference of forming characteristics of
embossed specimens between two tool paths, where 7, is the original
thickness, ¢ is the deformed thickness at the cone-wall area, and ¢ is
the deformed thickness at the cone-bottom area

a fracture at the formed area.
Jeswiet” presented that a maximum forming angle 6, without
fracture occurs for AA3003-O plate in the following equation.

B = 8.51y+60.7" (1

Where 1 is the original thickness of the sheet with the unit of mm.
If a 0.51-mm thick sheet is used in this study, the maximum forming
angle is 65.035°. However, the results obtained in this study show there
is actually a range between 60° and 64°. This error is determined to be
due to the configuration and processing conditions of the products
formed.

A cross section can be cut by the Wire Electric Discharge Machine
to measure the cross section shape of the formed cones. A curved
deflection surface to the inside showed that the occurrence of the
springback in the wall area implies the formed products in Fig. §(a).
Each of the deflections is 2.80 mm, with 1.76 mm for the outward and
inward toolpaths with embossed material, and 1.98 mm in the case of
flat material.

Fig. 8(a), (b) show the thickness distribution in the gradient of the
square cross-sectional shape and the forming angle of 60° do not cause
a fracture in all cases.

Meanwhile, the thickness is greatly reduced through the cross-
section, as shown in Fig. 8(b). At the position of about 20 mm from the
bottom of the rectangular cone, the maximum thickness reduction ratio
of the flat specimen is 56.47%, and for the embossed specimen with
inward forming and outward forming, the ratios were 56.86% and
60.78%, respectively. In the case of outward forming, the material at
the bottom of the cone shape is approximately 18.03% thinner.

The strain distribution of the flat specimen with a forming angle of
60° and different forming depths of 30 mm and 50 mm is shown in Fig.
9. The SPIF specimen is printed a grid plate with a diameter of 2.54
mm to analyze the strain. The strain of the deformed grids lied on the
symmetric cross section A-A was measured after forming. The forming
limit curve (FLC) is expressed with the forming limit curve at fracture
(FLCF) that was derived using a program developed by the
researchers.?!?

The forming limit at fracture is represented by

g=—6%1b )

Where ¢ and &, are major and minor strain respectively. To define
b, as shown in Fig. 5, the fracture occurred at the depth of 16 mm by
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Fig. 8 (a) Cross-section view of deformed shape, (b) Thickness
distribution along the section line AB for the flat specimen and the two
embossed specimens at the cone angle 8= 60°

experiment. The single point incremental forming process of the same-
size truncated pyramidal shape with the wall angle of 62 degree is
simulated by ABAQUS/Explicit finite element code to see the strain
evolution at the corner of the pyramid where it is considered as equi-
biaxial tension (& = &). At the depth of 16 mm, the strain reached the
value of 0.71. Then substituting this values to the Eq. (2), the value of
b was obtained as 1.42.

As shown in Fig. 9, the minor strain is from 0 to 0.1. The forming
process of the square cone is considered a substantially plain strain. In
addition, the strain distribution is seen to be under the FLC at fracture.
No fracture occurred.

In the case of the embossed material, strain measurement is difficult.
This study does not compare the surface of the experimental shape and
the FLC at fracture.

In the square cone forming without a lower die of this study, the
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Fig. 9 The strain distribution and forming severity evaluated using

forming limit curve at fracture of the flat specimen

Fig. 10 Finite Element Model for embossed aluminum sheet SPIF

outward tool path is able to form at a greater forming angle and
deflection compared to the inward tool path. This result conflicts with
the study of Kitazawa® in that the outward tool path showed a better

surface quality than the inward tool path.

2.3 Finite element simulation

In this study, the commercial ABAQUS/Explicit finite element code
is used to simulate the SPIF process. This software gives elastic-plastic
and rigid-plastic simulations of metal forming for large deformations.
The elastic-plastic simulation is used; material density is 2.7E-9 ton/
mm?; Young modulus is 47 GPa; Poisson ratio is 0.3; the stress-strain
curve is evaluated by o= K¢" with strength coefficient (K) of 317 MPa
and strain hardening coefficient (n) of 0.32.

Fig. 10 shows the finite element model for the incremental sheet
forming process of a square cone with an embossed sheet. Only the
quarter model is considered to reduce the simulation time but it ensured
the correct results because of the symmetry condition. The embossed
specimen size is 60 x 60 mm? and the size of square cone is 40 x 40
mm? The depth is 30 mm with the increment is 1 mm and the wall
angle is 60°.

The tool with diameter 12 mm is analytically rigid. The die and holder
are discretely rigid and meshed by the R3D4 element. The embossed
sheet is drawn by the CATIA software and imported to ABAQUS
explicit. The element for the embossed sheet is a triangle shape, S4R



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING Vol. 17, No. 2 FEBRUARY 2016 / 221
P 06 r
e = e : S
P S g 0.5 ¢
e g - g 04
2 ik i % - —
D B % 03
O E Experiment
‘) -
& s 02 f :
= Simulation
o1
PE, Max. In-Plane Principal 0 : ; ; -
| +1.185e+00 0 20 40 60 80
----- +1.084e400 g
+9.825¢-01 Distance from center (mm)
15803001 O
18780601 B . . o . N
Ig.;g?e-gi Fig. 13 The thickness distribution by experimental data and simulation
+3. a-
s @) data
. +7.234e-02
-2.879e-02 A

Fig. 11 The formed shape and plastic strain in simulation

2
L& —FLCF
1.6 o Wall area
1.4+ & Corner area
§ 1.2 } £ = —€; + 142
=08}
0.6
0.4 |
0.2F
0
-0.4 0.6 0.8

Minor strain

Fig. 12 The plastic strain evolution in the wall area and corner area of
the pyramidal shape

type, size 0.5 mm, and five points through thickness in Gauss integration.
The speed in this simulation is about 80 mm/s as similar as the
speed in the experiment. To reduce the simulation time, mass scaling is
applied but it still remains the kinetic energy of deforming material less
than 10% of total energy of the system in order to reduce the effect of
vibration on the simulation accuracy. The mass scaling value of 100
times is used in this simulation. The computer is used in the simulation
with the processor Intel(R) core TM i7 2.8 GHz and installed memory
(RAM) of 16.0 GB. The simulation time is approximately 72 hours.
In the blank area (from C to D) and the bottom area (from A to B),
the plastic strain is nearly zero and the thickness keeps the same at
initial value. In Fig. 12, the maximum major strain is 1.32 and the value
on the FLCF is 1.56 at the same minor strain. In Fig. 13, the simulation
thickness decreases dramatically in the wall area (from B to C) and gets
to a peak at the distance about 30 mm from the center of the part. At
this position, the experiment thickness of the parts is also minimum.
This is the reason for the failures that always occur at the same position
for the parts with different shape structures and tool paths, as mentioned
in Figs. 5 and 6. In detail, the minimum thickness in experiment is 0.22
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Fig. 14 Fracture occurs in the case of forming angle of 64 degree

mm and in simulation is 0.19 mm. The difference in thickness distribution
between experiment and simulation comes from some reasons. Firstly,
the simulation includes only SPIF process that the emboss sheet is drawn
by CATIA software and converted into shell part in ABAQUS with the
constant initial thickness. This is not similar to actual embossed sheet
with plastic deformation after embossing process. Secondly, the material
property for embossed sheet is isotropic in simulation. It does not
describe the local hardening caused by previous process. This will be
implemented in next research.

In order to verify the ductile fracture criterion based on FLC failure
criterion, FLC data obtained from previous results were implemented
into ABAQUS/Explicit to simulate the forming process. Here, when
the FLC failure criterion at an element, which was defined by the ratio
of the major strain and the FLC value at the same point for the minor
strains, reaches to unit value. Then the fracture area could be deleted
following softening behavior of damage model or remained to see the
evolution of failure.

The simulation was done with the forming angle of 64 degree. The
FE simulation results for critical test samples are presented Fig. 14. Here,
FLC ductile fracture value (FLDCRT) approached 1.0 (the condition of
failure) then the fracture occurs and maximum deformed height was
obtained for corresponding wall angles. The results shows that the
fracture occurs at the similar depth in comparison with experiment.
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3. Conclusions

This study investigated the characteristics of 3D structured aluminum
panels (embossed panels) by SPIF, which is widely used in automotive
exhaust products.

Through a comparison with the original plain Aluminum 3004-P
sheet with the inward tool path, the results showed the embossed sheet
exhibits a better forming angle and part accuracy. This is the result of
a previous rolling process to make the embossed aluminum sheet, which
created local hardening and plastic deformation. Furthermore, the tool
in the CNC presses the ridge and valley of the embossed sheet during
the SPIF process, and the restoration increases the plastic deformation
of the material. Additionally, with the outward tool path, the embossed
sheet showed improved formability because of the increased deformable
section and reduced forming resistance.

Furthermore, the Finite Element simulation by ABAQUS software
analyzed the plastic strain that is very difficult to measure by actual
experiment for embossed specimen. The thickness distribution result is
quite similar to experimental data. The simulation accuracy can be
improved by describing the previous local hardening and plastic
deformation in material before SPIF process.

The incremental forming process did not use a lower die and a finite

element analysis for compensating prediction studies is on its way.
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