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ABSTRACT: This paper attempts to represent a case of calculating of the energy power
that is consumed by CNC milling machine when manufacturing via forming membrane metal
sheet by SPIF (Single Point Incremental Forming), the recent manufacturing process of metal
sheet forming by drafting a no cutting-edge spheric tip tool on a clamped metal sheet. The
calculation is based on the disclocation, the crystal plasticity and the slip of lattices inside the
structure of the deformed metal. In the while time there is a series of empirical species of 24
groups batch of workpieces that were also machined by CNC milling machine Bridge Port
VMC500, CAD/CAM Lab., FME of HCMUT for checking this calculation on consumed power.

1. INTRODUCTION

Single Point Incremental Forming (SPIF), the recent manufacturing process of metal sheet
forming by drafting a no cutting-edge spherical tip tool on a clamped metal sheet. The process
can be performed on the 3 axes CNC milling machine or industrial robot [4], [5]. However,
one of the important matters, we need to define consumed power when manufacturing metal
sheet base on the maximum tangent stress in crystal micro structure of sheet material. It
ensures the manufacturing equipments can satisfy, concurrently, help to choose suitable
manufacturing mode. So that, this paper focuses on researching to build a formula that can
calculate consumed power when manufacturing metal sheet. It helps to choose the equipments
and suitable manufacturing mode with variety of materials and thickness of metal sheet.

2. CALCULATING THE POWER OF SPINDLE

Forming metal sheet by SPIF process can be divided into 3 stages; each stage has its
particular specifications and clearly demands it’s calculating of power:

2.1. Power of initial deformation by axial feeding z of tool that has translation in the
plane xoy

From the figure 1, the contact surface of the spherical tool tip and the clamped membrane
is the inside bowl that has D as its diameter of the curvature and t as the initial depth of the
tool. Refer to [1], [2], [3] we can apply the stress formula for tangent stress in the face of the
crystal of the machined metal sheet:

and (1
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Herein: x is small displacement along the surface of the drawn metal

d is the distance between 2 atoms along the surface of the drawn metal
h is the distance between 2 layers of atoms Fig 1[1]
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Figure 1. Distances between atoms in lattice of crystals when plastic deforming

7 : Tangent stress

E: Young’s modulus

G: Shear modulus

v : Poisson’s coefficient

h: vertical distance between 2 layers of atoms of the surfaces of crystal.

x: displacement of an atom along the direction of slip

According to [1] we will have the equality d=h in ideal structure metal so:

rT=—-— sin[z—m) @)
4r(1+v) d

We consider that the displacement x of an atom in the structure of the workpiece could
calculated from the total deformation by a numbers of atoms n that have participated the
deformation. Refer to the fig. 2:

t : vertical contact depth of tool tip.
d : distance between 2 atoms in the deforming direction
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Figure 2. Tool is applied initially on membrane workpiece in SPIF

t
Number of atoms that participated to the deformed slip: n = ; 3)

With the selected coordinate such as in the fig 1 we have plane equation of the profile of
sphere tip of the tool:

2 2
D D
2 2 2
X +y == | D>y=4——-x
Y [2} Y 4

We call that r is radius of differential donut contact of the bowl surface area.
Approximately we consider it as a plane donut because the contact area is so small, so:

ds = 2zrdr and r€[0,r, |
With 7, =+Dt—t’ “4)
D j D*

t is the deformation depth at radiusr: ¢, =y, — (? —t

X, is the deformation displacement of each atom at radius r in the deformed area:

2
D72_ 2—2+t d D——rz —Q—Ft
r 5 4 2

t, 4
: &)
n n t
Replace (5) into (2) we have the tangent stress at the radius r:
E . 2mx E . 2m| |[D* , D
T, = sin L= sin — =7 ——+t (6)
47(1+0v) d 4z(1+0v) dt 4

Realized that the deformation when manufacturing is elasto-plastic, so the normal stress o,
at radius r still conforms the Schmid’s law (1924) [1]:

7, =0, cosgcos A
@ Angle between direction of force and the one of crystal
A: Angle between direction of force and face of crystal
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Tangent stress could reach the maximum value when these angles are 0 so we can judge
that in case of great deformation in manufacturing

7, =0, , hence

2
=—E sinz—ﬂ- D——r2 —2+t (7
4r(1+v) t 4 2

Refer to the fig.1, we can see the axial force that stand for vertical pressure is calculated

as:
Tmax Tmax E . 2 D
N = chosa.ds= .[—sn il ——r2——+t .cosa.ds ®)
0 o 4r(l+v) t 4 2
o is angle that forms of o, and vertical direction.
D2
2, ’— —r’
Since cosa = 4T and ds is given by (4), we can calculate the axial force at the
depth t:

1/D——r .sin —[ — - 2 J (D——rzj ©)]
2D(1+U) 2 4

N has form of N = A4 J‘\/;.sin(B\/; + C)dw
0

with
2
W—i—rz
4
. -E
2D(1+v) (10)
2"
t
C= %(21‘—D)

Hence, we have easily the result by solving the integral (9):
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Since:

u=\/;:>du=ﬂ

24w

dv =sin(Byw+C) = v =

3 cos(B\/; +C) 2\/;.cos(B\/; +0O)
B o B

2w

max

= N = 4 [\w.sin(Bsw + C)dw

N = A[— 2\/;'005(5\/; +0) + %HTXCOS(B\/; + C)a’w}

i = cos(BAw + C) = du’ = ——D—sin(Baw + C)dw

24w

v =dw=v =w

N = A[— 2w.cos(Bw+C) | %[W.coswﬁ +C)+ %rmfxﬁ.sin(za\/@ 4 C)dwﬂ

B

N = _wA.coS(B\/;+C) A j\/;.sin(B\/;+C)dw
0

B 2
No_ wA.cos(B\/;+ C) +ﬂ
B 2
v {_ 2wA.cos(§\/$ + C)}
0

(1)
Replace (4), (10) into (11) we will have the result:

D2 2 D2 _rmax
Et(—— —r)cos| T |7 2+ B2t — D)
4 t \ 4 ¢
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Et(Dz—rz)co{ZHJDz—rz +”(2t—D)]
4 t\ 4 t
N=
27D(1+v)
L 0
Ez(DZ—DHzZ)co{z”,/DZ—DHzZ +”(2t—D)J e CO{M\/E +”(2t—D)]
4 t\ 4 t 4 t Va4 ¢
V= 272(1+0) - 272D(1+0)
- b
N Et(z_t) B EtDcos2r |
T 2aD(1+0) | | 8(1+v) |
N_'Ez(D—zz)2 [ Ew
| 8D(1+v) | | 8D(1+0) |
EF|D—1]
N=

27D(1+v)

N is total normal axial force that applies on the membrane of workpiece, if S is vertical
feeding velocity of the spindle, we could calculate the initial applied power P;:
Est’|D—{|

27zD(1+v)
Calculating for experiment case with these following parameters:
E= 70 Gpa=70.10° N/m*> (Workpiece material: Alunium A1050-H14)
s=5m/minute=0.083 m/s downward axial feeding of tool
t=3mm initial depth of tool
D=10mm Diameter of sphere tip tool.

P=Ns=P= (12)

v=0.33 Poisson‘s Coefficient
Est’|D—t 9532107%(10 -
, L [D-4 _70.10°5.3%10°(10-3) 439k
272D(1+ v) 27.10.(1+0,33).60

This value is fit to the power gauge that indicated in the CNC milling machine Port Bridge
500 at the workshop (7.5 Kw for spindle).

According to Fig. 3 we can calculate the normal tensor stress on the transitory surface S
that is represented by line AB in the frontal cut view (fig 4): with the coordinate system at O,
the center of tool tip, t; is the initial thickness of the workpiece membrane we realize that A is
one intersection point of the profile of tool tip (C;) and the horizontal line (D) that stands for
the front top of the workpiece and B is the intersection point of the back plane surface (C,) and
the back curve (C,).
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Figure 3. Calculating the normal tensor stress on the transitory surface

Equations
DZ
(CH=x"+y*= 1
(€)= x* 4 pP = (24 1)’
D D
D). = —(=——-¢t)=1t- —
(D)) :y (2 ) 3
D D
D,)):y=—-—(=-t)—-t =1t—t — —
(Dy):y (2 )= 1 T
2 2
4=(CH)n (D))= x>+ N I
2 4
- /Dt —t*
= 4 = , D
2
2 2
B =(C,)n (D,) = x2+[t—ti—£] :[%+11]
~ Dt 420, - ¢?
= B = D
t—t, - —
D D\’
AB = \/(— Dt o+ 21, — 12 — (=~/D1 —tz))z+(t—ti—2——(t—2—)j
AB = \/(\/Dt -t? —\/Dt + 2tti—t2)z+ti2
AB =\ﬁf—2n[—2\ﬂDt—tﬁ(Dt+2ni—tﬂ
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Area S of tensor section have a form of a cone and is calculated via formula 6 page 246 of
[3]:
S =7nRL

Since :

R=HB =|x,| =Dt +2tt, - 1*

L=AB= \/tf — 211, — 2/(Dt - *)(Dt + 211, — 1)

Hence

S = Dt +2tt, -t .\/tf — 211, — 2\(Dt - 2 )(Dt + 211, — 1*)

So the average normal tensor stress on the transition area is:

O =—

S
AEH(Dt—t%) (13)

87> D(1+v)\ Dt +2tt, —t* .\/tf —21t, = 2(Dt —1*)(Dt + 211, 1)

2.2. Power of friction between sphere tip tool and workpiece in initial downward
feeding at revolution n of the spindle

o

Since S is the RPM and o is the angular velocity of the spindle of CNC milling machine
we have the relation:

7S
0=— 14
30 (14)

Referring to Fig 2 and considering that the normal stress o, that is given in eq. (7) is
always concentric and perpendicular to tangent spherical plane. When f is the friction

coefficient of the 2 tangent spherical faces (workpiece and tool) we can calculate the friction
surface pressure at radius r:

r.=f.0,
Differential friction force at radiusr:  dF, =t ds = 2pf s ..rdr
Differential friction power at radius r:
27°S.f.o,.r’dr  7’S.f.o,ridr

dP. =v,dF, = ordF, =2naf .o, r’dr=
30 15

2
P =S f—LE _nZE| DT 2 D],
60+0) " 7 |\ 4 2

With the limitation of tangent radius 1, that is given in (4) we can calculate the total
friction power as:
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Tmax Tmax 2
P, = J.dP, =7z:$fL J. sinz—” 1/D——rz —2+t ridr
0 60(1+v) t 4 2

Setting :

N=——+t
2

x=r
Hence

P, =K j x*.sin L(\/M —-x’ + N)dx
0

Setting:

u=x>=du=2xdx

— 1’ _ 2 — 2
dvzsinL(\/M—)c2 +N):>v= COSL( M—x +N)= M—x .cosL(\/M—x2+N)

—2xL X
2INM - X*

Hence:

I

P, =KxAlM - x* .cosL(\/M —x* 4+ N)— 2K j NM —x? .cosL(\/M x4 N)a’x
0
Setting :

WZ\/M—XZ deZ—de

M —x?
: / 2 _ / _ 2
dtzcosL(\/M—x2 +N)z>t=smL( MZ;LX +N)= ML i .sinL(\/M—x2 +N)
- X
2INM —x?

Hence:

P, =KxAIM - x* .cosL(\/M—x2 +N)—

2K M -x* | 5 e >

— = smL\WM —x +N+js1nL\/M—x + Npx
0

L X
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Dt*

- Dt

So :
2K(M —x?) .
P, = Kx. M—xz.cosL( M - x* +N)+(L—x)s1nL(\/M—x2 +N)—
X
2TK I sinL(\/M—x2 +N>’x
0
I 2K(M —x?) .
KxAlM — x*.cos L(\/M x4 N)+ %sm L(\/M x4 N)—
X
P =
72K —cosL(\/M—xz +N)
L —xL
M —x?
So:
2K(M —x%) |
Kx\/M—xz.cosL(\/M—x2 +N)+MsmL(\/M—x2 +N)—
X
P =
a [
2KVM —x” osL(\/M -x +N)
0
i 2 M —x7) . ]
XA M —x* .cosg (\/M—x2 +N)+(7x)s1nL(\/M—x2 +N)—
—X
P oS/ E bt
> =75.f. —
601+0) 72\/M x2 cosz—m(\/ﬂ +N)
){zﬂaj bt
L bt d0
/ zﬁ[/pz D ] (*‘x) L{/ J
Xy ==X .COS™—| 4| — =X — =+t |[+—F— -x ——+t -
t 1\ 4 2
E
=5.f.
! f6(X1+U) LA
Z 5 00527[[ lf:—x;—DHJ
JT
A |
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2
WDt-¢. Dt+— cosz—” \/ZZ—DT—DH +
4 t 4 2
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2(7_x2) 2
P =7r5.f. £ sinz—” W—DH -
60(1+v)| 27 [~ 2t 4 2
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2 2
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4 t 4 2
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t
D
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2.3. Consummed power when drafting at the depth /4 from initial surface with
deformed angle a
Referring to the figure 4 we can realize that the contacted surface between tool tip and the

membrane is decreased to one fourth of the bow:
Call F is the feeding rate, the consumed power when drafting can be calculated as:

- 2 Et’|D—t
ED=20)  p_p_ 12)+F.f#(16)
480(1 + )V Dt — t* 27

P,
P="L+FfN=x5f. .
4 272D(1 + v)

Calculating for the same experiment case with these following parameters as in the
advanced example:

E= 70 Gpa=70.10° N/m*> (Workpiece material: Alunium A1050-H14)
s=5m/minute=0.083 m/s downward axial feeding of tool

t=3mm initial depth of tool

D=10mm Diameter of sphere tip tool.

v=0.33 Poisson‘s Coefficient

With included coefficient of friction f=0.05 in case of oil lubricating of the punch and the
feeding rate F=1mm/s =10 m/s. The value of power P in (16) is calculated in this case is
P=2826.497869 W~2.82 KW that is similar to the indicated power gauge of the panel of the

machine.
(o8
b/2 [> D/2-t

Contact Area

Figure 4. Contact area when feed rate machining

3. CONCLUSIONS

Two cases are calculated the consumed power base on the maximum tangent stress in
crystal micro structure of sheet material: the first stage when the punch presses on the sheet
and the second stage when the punch translates in the XOY plane. The specified value
consumed power in manufacturing sheet A1050-H14 with 10mm diameters high speed steel
spherical tip punch is applied by (12) & (16) formulas, that is suitable between the theory
formula with the indicated consumed power gauge of the panel when testing manufacturing 24
groups batch of Imm thickness A1050-H14 workpieces on Bridge Port VMC500 CNC milling
machine in CAD/CAM Lab., FME, Ho Chi Minh city University of Technology. Accordingly,
using the consumed power formulas above, we can calculate to choose the equipments and
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suitable manufacturing mode corresponding to the variety of materials and thickness of metal
sheet.

NGHIEN CU'U TINH TOAN CONG SUAT TIEU THU TRONG TAO HINH
KIM LOAI TAM BANG PHUONG PHAP SPIF

Nguyén Thanh Nam, Lé Khanh Pién®, L& Vin Sy
(1) PHQG-HCM
(2) Truong Pai hoc Bach khoa, PHQG-HCM
(3) Dai hoc Padova - Via Venezia, Italy

TOM TAT: Bai viét nay trinh bay mét truong hop tinh cong sudt tiéu thu cia truc chinh
mdy phay CNC khi tao hinh tam kim logi dang mang bcing phmmg phap SPIF (Single Point
Incremental Forming), la phwong phdp tao hinh tam moi nghién ciru trén thé ’ gidi trong nhing
nam gan day bang cdch diéu khién miét mot dau chay hinh cau khong ludi cadt lén tam kim logi
duoc kep trén d6 gd. Hai truong hop dwoc tinh toan cong sudt dya trén img sudt tiép cuc dai
trong cau truc vi mo tinh thé cua vat liéu tam: dé la giai doan dau tién khi chay nén thang
xuodng bé mat tam va giai dogn dang gia cong khi chay dao vong. Gia tri cu thé ciia cong suat
tiéu thu cho gia cong tam nhém A1050- H14 voi ddu chay thép gio c6 dwong kinh 10mm duoc
dp dung tir cong thirc két ludn trong bai viét cho thdy sw phit hop ciia cong thire ly thuyét véi
cong sudt tiéu thu chi thi trén mdy khi gia cong thir nghzem 24 nhom mau nhom A1050-H14
day Imm trén may phay CNC Bridge Port VMC500 cua phong thi nghiém CAD&CAM, khoa
Co khi, triong Pai hoc Bach khoa Tp HCM.

Tir khéa: SPIF, tao hinh tam kim logi, phay CNC, cong sudt tiéu thu trong tao hinh.
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