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ABSTRACT:

Single Point Incremental Forming
(SPIF) has become popular for metal sheet
forming technology in industry in many
advanced countries. In the recent decade,
there were lots of related studies that have
concentrated on this new technology by
Finite Element Method as well as by
empirical practice. There have had very
rare studies by pure analytical theory and
almost all these researches were based on
the formula of ISEKI. However, we

consider that this formula does not reflect
yet the mechanics of destruction of the
sheet work piece as well as the behavior of
the sheet in reality.

The main aim of this paper is to
examine ISEKI’s formula and to suggest a
new analytical computation of three
elements of stresses at any random point
on the sheet work piece. The suggested
formula is carefully verified by the results
of Finite Element Method simulation.
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1. AN OVERVIEW OF ISEKI’S FORMULA
SPIF (Single Point Incremental Forming)
and TPIF (Two Point Incremental Forming) are
two methods of ISF technology (Incremental
Sheet Forming), a new metal foil forming
technology =~ without  mould  that  was
recommended by Leszak [1] in 1967. From 1997
to now on, this method has been developed and
has definitively great results in industry such as
the head of bullet train that was manufactured by

Amino Corp. in Japan [6]. Researchers have

attempted to form a general analytic formula of

strength  in  material.  Especially, Iseki
recommended a popular formula that almost all
researchers have used as a basic theoretical
analysis for their empirical researches. According
to [3], [4] the basic normal stresses of Iseki’s

formula are displayed in (1):
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Herein:

oy is the Yield stress of sheet workpiece, it is
constant and depends on the characteristic of
sheet material,

rtool is radius of spherical tip of no cutting

edges tool.
t is the thickness of the sheet workpiece.

In examination of Iseki’s formula in (1) we

could find out some important problems:

The stresses at a random point in the sheet
workpiece are always constant so they are
independent to the position of the tool on the
sheet workpiece that could not explain the reason
of the worksheet. In the other hand, these stresses
are equal the 3 principal stresses.

When calculating the partial differential of
thickness t of 3 elements stresses of Iseki’s

formula in (1) we have result:
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That means that all 3 elements of stresses are
inverse to the thickness t of the sheet workpiece.
So when the thickness of workpiece increases, all

stresses as well as forming force and consuming

power will decrease. This is the paradoxical
result of the Iseki’s formula to the empirical
reality.

By the above reason, this paper attempts to
recommend a new more accuracy calculating of
stresses by pure analytics formula that is base on
Ludwik ‘s formula [5] and then check the results
to the one of a FEM software such as Abaqus and

comparison with the empirical result.

2. A RECOMMENDED ANALYTICS
FORMULA OF THE GENERATED
STRESSES IN SPIF

Model of calculating stresses at a random point
in contact area of tool and sheet workpiece are
described in figure 1 with the initial assumption:

Spherical tip of forming tool is absolute rigid
and it keeps its geometric shape under interactive
forces. A tiny layer of lubrication exist between
tool tip and sheet workpiece surface for keeping

a small constant coefficient of friction f

b ] D/eh

Figure 1. Model of calculating normal stresses in
SPIF
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In figure 2, considering an initial random point
M in the medium layer of the sheet. When the
sheet is deformed, M will displaces to M’ that is
also on this medium layer of the sheet. This layer
is now deformed to a spherical surface that is
parallel to the one of the tool.

The coordinate system OXYZ is places at the
center O of the tool. On figure 2, M and M’ are
on the same line OM’ that makes with the OZ
axis an angle COM=¢. Remember that OY axis
is perpendicular to the surface of the figure. ti is
initial thickness of the sheet and t@ is the one at
M’. The displacements of M to 3 axis are show in

low part of figure 2:

T-plane

Figure 2. Absolute deformation of sheet workpiece in
3 perpendicular directions

p-plane: the plane that is perpendicular to OZ

axis and parallel to OXY plane and passes

through point M’. It describes the circumference

orbit of the cutting tool,

T-plane: the OXZ plane that pass through M
and M’. It is also the tangent direction of the
profile of the tool. On 7T-plane, initial point M
displaced to M’and chord MH deformed to curve
M’C,

r: radial direction or normal direction n. In this
direction, initial thickness ti follows Cos-law

that means that t@=ti cos¢. When we call t=ti is

the initial thickness of the sheet hence t@=t cos©,

D is diameter of tool D=2.rtool.

3. Computation strains and stresses at a
random point M of the workpiece in contact
area:

- On p-direction:

On figure 2, M is located by angle COM=¢ on
the circumference of circle (H, r=HM). Under the
application force of the tool, this circle is

extended to (H’, r'=H’M’). Consider to 2 right

triangle MHO and M’H’O, initial radius
is:

D t t+D-2h
MH=r=0Htgp= (E +§ —h) tg¢=72 tgQ

The circumference of (H, r=MH) is also the

initial length to p-direction:

t+D—-2h

ly=27mr=27x( )ig@

After deformed, initial circle (H, r=MH)
becomes (H’, r’'=M’H’):

D
M'H'=r'=0M'singp= D+lcos¢sin

4

+f, .
L sing=
2
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The circumference of (H’, r’'=M’H’) is also D+tcosg .
I'=2xr'=2x .sin @

the deformed length to p-direction:

Strain of p-direction is calculated as:

) D +tcosp .
I 4 ) ne (D +t.cos ¢)cos @ t.cos’ @+ D.cos @
epzlnl—zln T D_2h =In( D oh ) =In( D2k )
0 2”#”‘”’ +t— t+D-
Notice that r'=M’H’ > r=MH so I'=2nr’ > o, = K€Pn

10=27r and 1’/10>1, so
K: Yielding coefficient

D+t-2h . .
g,=In m >0 n: Exponent value of plastic curve, the result is
D+t-2h

According to Ludwik’s formula o, =KIn"( 3
D.cosp+t.cos” ¢ 3)

Calculating the differential of (3):

90, - gk SO @ (D (1 - cos (/)2)+2hcos ) In "1 tq+D—2h ) >0
ar (t+ D —2h)(t.cos > @ + D.cos @) t.cos > @ + D.cos ¢
Because: D>2h, cos¢>0, t©>0 and Strain to T-direction:
D+t-2h
£, = In( _ )> 0 r D+t.costp¢ b
D.cos ¢ +t.cos > @ e =lnt =1 2 = In( (t.cosp+ D)y
L D=2, e D=2hige
0, 2
So 9 0 (4 Because '>10 50 £6>0
oP is proportional to the thickness t. Ludwik’s formula is applied for t-direction:
- On t-direction:
o, =Ke'"

t t
The deformation increases from tip of tool to

margin of the contact circle and M displaces to o =Kln"( (tcosp+ D)¢ )
t
M’. Initial length: (t+D=2h)gp 4)
— Calculating the differential of ot:
I, :MH:rzOHtg¢:(§+%—h)tg¢:7D ”2 2100

ag, _ K D(cogp—1)—2hcosp e (tcogp+D)(p)<0
This length will be prolonged to curve M’C or w(t+D—2h)tg2(/(tcogp+D) (t+D-2hytgp

after deforming on 7T-direction: - On r-direction:

Remained deformation on radial r-direction or
D+tcosg

g o Dty
'=M'C=0M'g= (E +?)(p - ) normal n-direction to the thickness of the sheet at
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point M’. Sheet is extended to p-direction and t-
direction is pressed in r-direction. According to
[4] the relation of the initial thickness of sheet ti

at M’ and the deformed thickness t¢@ followed

Cos law =1, =t cosg

Strain to r-direction:

I nti cos @

e =ln—=1 = In(cos @)

i

Ludwik’s formula applied for r-direction:

o, =Ke'
o, =KIn"(cosp) )
00
r — O
ot

So stress of this direction is not depended on

the thickness t

In conclusion, referring to the result of (3), (4)
and (5) we can see that in among 3 normal
stresses at a random point:

- op is proportional to the thickness t of the

sheet workpiece,

- ot is inverse to the thickness t of the sheet

- or is independent to the thickness t of the
sheet workpiece,

D+t—-2h

o,=KIn"
g (D.cos(p+t.0052 Q

o = Kln"( (tcosp+ D)o
(t+D-2h)tge

o, =KIn"(cos ¢) ©)

So the result of normal stresses is written in (6),
these stresses have a complicated relation to the
thickness t of the sheet, it could not be always
inverse to the thickness of the sheet as in the result

of Iseki’s formula in (1).

This result will be checked with Abaqus

simulation

4. CHECKING FEM AND ABAQUS
SIMULATION

In FEM simulation, we apply forming process
model of SPIF in Abaqus software for stainless
steel 304L sheet with different thickness 0,1mm
and 04mm. The mechanical properties of
empirical model sheets by documents and by

testing are given in the following tabula and

diagram:
workpiece,
Model 1: thickness is 1mm
Parameters Symbol Value Notice

1 Material of sheet workpiece - Stainless steel

304
2 Young’s modulus E (Pa) 203.E+9
3 Poisson’s coefficient u 0.33

Performed by Laboratory
4 Plastic diagram (attached) of Faculty of Material
Engineering, HCMUT

5 Thickness t (mm) 0,1
6 Vertical Feed rate Az (mm) 1
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7 Orbit Feed rate Fyy (mm/min) 1000
8 Revolution per minute of spindle n (RPM) 500
9 Diameter of tool D (mm) 5
10 Mesh dimension a (mm) 1
Model 2: thickness is 0,4mm
Parameters Symbol Value Notice
1 Material of sheet workpiece - Stainless steel 304
2 Young’s modulus E (Pa) 203.E+9
3 Poisson’s coefficient u 0.33
4 Performed by Laboratory of
Plastic diagram (attached) Faculty of Materials
Engineering, HCMUT
5 Thickness t (mm) 0,4
6 Vertical Feed rate Az (mm) 1
7 Orbit Feed rate F,, (mm/min) 1000
8 Revolution per minute of spindle n (RPM) 500
9 Diameter of tool D (mm) 5
10 Mesh dimension a (mm) 1

4.1.Result of simulation of 0,1mm thickness
model
Shapes of 2 models of in Abaqus are circular

conic lateral and tool material is HSS with haft
spherical tip of Smm diameter.

The processes of simulation and the result of

thickness model are

simulation of 0,1lmm

displayed in figure 3 and figure 4:

Figure 3. Stresses of simulated sheet 0,1mm thickness
and red diameter band on the model is the position of
measure stresses

XtPioL1

[ wses (avg: 75353 Trum st o

Figure 4. Diagram of stresses of 0,1mm thickness
through the diameter band
4.2.Result of simulation of 0,4mm thickness
model:

The processes of simulation and the result of

thickness model are

simulation of 0,4mm

displayed in figure 7 and figure 8:

Trany 26



TAP CHi PHAT TRIEN KH&CN, TAP 17, SO K2- 2014

Figure 5. Stresses diagram of simulated sheet of
0,4mm thickness, the red diameter band on the model
is the position of measure stresses.
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Figure 6. Diagram of stresses of 0,4mm thickness
through the diameter band of the material

The comparison of 2 diagrams of tresses of

simulation in Abaqus is displayed in figure 9:
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Figure 7. The comparison of stresses of 2 models with
different thickness

So the normal stresses in simulation of the
0,4mm thickness model are almost all bigger than
the one of 0,Imm thickness but there are some
position the result is inversed. That means the
normal stresses are proportional and sometimes
inverse to the thickness of the workpiece as the

result of recommended formula (3), (4) and (5).

5. CONCLUSIONS

In conclusion, the simulation in Abaqus
proves that recommended formula in (6) is
approval and more convincing then the Iseki’s
formula in (1). Figure 9 shows that the Iseki’s
formula is not true and could not explicable for the
result of the simulation by Abaqus software.
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TOM TAT:

Ngay nay, tao hinh tdm bédng céng
nghé bién dang cuc bé lién tuc (Single
Point Incremental Forming - SPIF) da tré&
nén quen thudc trong ky nghé tai cac nwéc
tién tién. Trong vong 10 ndm gén day, co
nhiéu nghién cteu tap trung vao céng nghé
méi ndy bang phuong phdp Phén t& hivu
han (PPPTHH) ciing nhw bang phuong
phédp thuc nghiém nhwng cd rét it céng
trinh nghién ctru thuén gidi tich vé vén dé
nay va phén Ién déu dwa trén céng thirc

cta ISEKI. Tuy nhién, chung t6i nhan thay
rang céng thirc nay chuwa thé hién diung
duoc co ché (rng xtr va pha hay cia vat
liéu so v&i thuc té.

Do dé muc dich chinh cta bai viét nay
la phan tich lai cdng thirc ISEKI tr d6 aé
nghi mét céng thirc tinh trng suét phdp
bang gidi tich méi duoe cho rdng phu hop
hon. Céng thirc dé nghi nay cing duoc
kiém ching béng két qué mé phéng cua
phdn mém PPPTHH.

Twr khéa: SPIF, Bién dang, Ung suét, Tinh toan, Phan tich PPPTHH
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