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Abstract: In this paper, the drawing process of multilayer sheet metal through a wedge-shaped
die has been analyzed using stream function and upper bound method. Typically, a sandwich
sheet contains three layers of metal, where the outer layers are of the same thickness and material
and different from those of the inner layer. In this study, a new deformation model has been
introduced in which inlet and outlet shear boundaries are considered flexible and the effect of
work hardening of sheet layer materials has been considered. According to the suggested stream
function, velocity field, strain rates and powers have been calculated. The optimized geometry of
the deformation zone and the required drawing force have been determined depending on the
process conditions. Analytical results including the drawing force and thickness of the sheets in
the outlet of the die have been compared with the finite element (FE) results. The FE results have
good congruence with the analytical ones. Finally, the effects of friction factor and reduction in
thickness have been investigated on the drawing force and the optimum die angle.
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1. Introduction

Multilayer materials are widely developed in various industries because homogeneous monolayer
materials cannot have all of the requirements. Combination of different layers to reach various properties
is highly demanded in many industries such as automotive, aviation and electrical industries, power plants,
oil, gas, petrochemical, containers and pressure vessels. The sandwich sheets are composed of two or
more metals bonded to each other, and their manufacturing using metal forming processes is an important
issue. Drawing processes including forming processes are used to fuse and reduce the thickness of
multilayer sheet metals. Stretching, cold welding and metallurgical bonds between the layers occur in the
drawing process due to the compressive stresses produced by passing the sheets from the die. As a result,
this process is one of the most widely used processes to manufacture multi-layer sheet metals.

In this process, such as other metal forming processes, predicting of the forming force and the
attempt to minimize it are very important. Estimating the force required to forming the sheets is the key
factor to design and select the die and tools. In addition to that, reducing the forming force has multiple
benefits such as reducing the energy consumption and increasing the life of the die.

Some researchers have used the upper bound method and FE model to analyze multilayer sheet metal
drawing process. Multimetal sheet process was tested and analyzed for the first time by Arnold Van [1] in
1958 using the cold rolling process. Atkins and Weinstein [2] investigated the deformation of sandwich
sheets under different processes including simple tension, tension, extrusion from inside the die, plane
strain compression, and rolling. They considered these processes as a plane strain problem, and
investigated the value of tensile or compressive stresses based on force balance equations. Both sliding
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Forming of multilayer sheet metal by drawing process... 37

friction and constant shear stress were considered separately to model the friction between the work pieces
and the die.

Osakada and Niimi [3] analyzed axially symmetric extrusion in a conical die. They used the upper
bound method to analyze this process. They suggested applying the generalized term to radial flow field
and assuming it as the same for both input and output boundary deformation zones. In a special case, their
proposed boundary was the spherical boundary presented by Avitzur [4]. In 1984, David Durban [5]
investigated the drawing and extrusion in sheets, wires, and multimetal tubes in conical dies. His
assumptions included the full rigid-plastic processes and the plane strain sheets. Durban used the method
proposed by Nadai-Hill for the radial flow field plane strain and the shield method for the three-
dimensional radial flow. Tokuno [6] tested and analyzed the mono and multilayer rods extrusion with the
upper bound method. Experimental results showed that the material stream lines within the deformation
zone were not only straight but also curvature. Taheri and Majlesi [7], studied the drawing process of the
bimetal and three-metal sheets through the wedge-shaped die. They studied various and different die
angles and measured the tensile stress. They indicated that manufacturing by this method is possible,
although the interlayer strength is very low for a thickness reduction of less than 8%. Taheri [8] also
studied and analyzed the upper bound of multilayer sheet metals drawing and compared its results with
experimental results. In this study the inner and outer boundaries were considered as two straight and
parallel lines that were perpendicular to the drawing axis. Chitkara and Aleem [9, 10] theoretically studied
the mechanics of the extrusion of axisymmetric bimetallic tubes from solid circular billets using fixed
mandrel with the application of generalized upper bound and slab method analyses. They investigated the
effect of different parameters such as extrusion ratio, frictional conditions, and the shape of the dies and
that of the mandrels on the extrusion pressures. Hwang and Hwang [11] studied the plastic deformation
behavior within a conical die during composite rod extrusion by experimental and upper bound methods.
They showed that the results of the presented analysis and the experimental test are close to each other.
Rubio et al [12] analyzed the drawing sheet under conditions of plane strain upper bound method in a
wedge-shaped die. Their idea in this paper was to divide the deformation area into a number of triangular
rigid blocks with linear input and output boundaries. In this research, they investigated the effect of the
number of blocks on calculating the tension in the sheets. Kazanowski et al. [13] discussed the influence
of initial bimaterial billet geometry on the dimensions of the final product. The flat face die was used for
all experiments and the proposed bimaterial billet design modifications were evaluated experimentally and
by finite element modeling. Nowotynska and Smykla [14] studied the influence of the geometric
parameters of the die on the plastic flow of layer composites during extrusion process by the experimental
method. Khosravifard and Ebrahimi [15] analyzed the extrusion of Al/Cu bimetal rod through conical dies
by FEM and studied the effect of the extrusion parameters on the creation of interfacial bonds. Maleki et
al [16], analyzed the upper bound stretch of the thin bimetal sheet and compared it with the experimental
tests. In their study, the deformation zone was divided into rigid zones. The relative velocity between
every pair of the rigid zones was calculated on discontinuities surfaces to estimate shear power losses.
Haghighat and Amjadian [17] and Haghighat and Shayesteh [18] investigated the bimetal sheets extrusion
process by the upper bound method and FE simulation. Panteghini [19] analyzed the process of drawing
sheet using the upper bound method and slab method. The die shape was designed in order to reduce the
thickness and width of the sheet at the same time. He solved the upper bound considering the deformation
zone as tetragonal rigid blocks and linear boundaries.

Literature review indicates that the deformation zone boundaries in the forming process are not fixed
and they vary depending on the process conditions. In this paper, an analytical deformation model has
been developed by assuming that inlet and outlet shear boundaries are flexible. In addition, the effect of
work hardening of sheet layer materials has been considered in the presented model. Sheet layers are
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separated before the process and they bind with each other after leaving the die. Considering the inlet and
outlet as flexible boundaries and applying the work hardening to the analytical analysis leads to good
congruence between the results obtained from the analytical and FE model.

2. Mathematical Model

Throughout the analyses, the following assumptions are employed:

1-The deformation in the sheet is plane strain.

2- The die is rigid.

3- The material is homogeneous and incompressible, and it follows of von Misses flow low.

Figure 1 illustrates the schematic of the drawing process of multi-layer sheet metal through a wedge-

shaped die. The sheet has three layers. Although the thickness and material type of the outer layers are the
same, they are different from the inner layer.

X S,
Ve "N\, (D

X X %
Fig. 1. Symmetrical multilayer sheet metal drawirig process,3geometric parameters and deformation zones.

As Fig. 1 presents, the sheet with t,;, V; (thickness and velocity of the outer layer) and t.;, Vo; (thickness
and velocity of the inner layer) enter the wedge-shaped die with a semi angle a.. Before the process the
inner and outer layers are separated, and they stick together when they leave the die. t.t- and Vy
represent the thickness of the outer layer, the inner layer and the velocity of the multilayer sheet when it
leaves the die. The plastic deformation zone is divided into two zones, which are shown in Fig. 1 by zone I
and zone II. Zones I and II are the relevant outer and inner layers, respectively.

2.1. Stream functions
The flow pattern of the plastic deformation in each zone is assumed to be represented by a single stream
function denoted by ¢, and ¢, respectively, as follows:

¢ =Qi[n+ '-?'1'[.}’ — v )y =)l

¥ .
¢ = Qs [}—4‘ Coyv{y — 2l €8]
t—t
v =y =t + fx
t LLit
2 — Lzf
¥a = ya2 (%) = top + L — L:fx (2)
_ ¥y
h= ¥i—¥:

where Q; and Q- represent the volume flow rate at each cross-section of zones I and II. v, and v- are
boundary functions along the die surface and the interface between the sheets, respectively. ¥- function is
assumed to be linear, and its slope may differ from that of ¥,. The stream function mentioned in Eq. (1) is
composed of two parts. The first part shows a steady stream along the perpendicular cross section in the
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die, while the second part represents a non-uniform flow perpendicular to the cross section with a flow
rate of zero. C, and C. values are assumed to be quadratic functions of x:

C; =ax” +by )
C, = a,x° + b, 4)
where a;, by, a. and b- are constant and determined by boundary conditions.

2.2. Velocity fields
The velocity field that is used for plane strain analysis of the flow in a wedge-shaped die is in the
Cartesian coordinate system. In this process, the horizontal and vertical components of the velocity are
extracted directly from the streams ¢, and ¢, and z component of the velocity is zero because the process
is plane strain. For the upper bound analysis, when the deformation zone is divided into smaller zones, the
velocity fields in each zone should be specified. The velocity field must satisfy the boundary conditions
and the incompressibility condition.

The full velocity field for the flow of the material in the deformation zone is obtained by invoking
volume constancy. The volume constancy in Cartesian coordinate system is defined as:

Ejj = &y +EI].-1.r ti=10 )

The velocity fields in each zone are calculated from Egs. (6)-(9). The horizontal and vertical velocities
in the outer layer V, and v, can be derived directly from the stream function ¢.

2.2.1. Zone ()

The velocity field in this zone is calculated from Eqg. (6):

94, 1 yity:
K_B_Y_QJ. YL_Y:+2CL{.,V_ > }]
&3 e : .
V= ——= =~ + G~y —¥2) — G~ y2)vi = Gy — y)y3] ®

g = (¥ —¥2)(—¥2) — (¥ — ¥2)(¥1 — ¥2)

(¥1—¥2)

where () denotes the derivative of () with respect to x.
By substituting ¥y = ¥, in Eq. (6):

[E] _ yi/lys —y:) + Cyily, —y2)
Vi ¥=7, 'J-.-'r':YJ._Y:] +CL{Y1_Y:]

and by substituting ¥ = y- in Eq. (6), similarly:

=¥ (7

V,
FANNEE ®

Equations. (7) and (8) show that the equation obtained from Eq. (1), satisfies the boundary conditions
along the die surface and between two metal surfaces.

2.2.2. Zone (IT)
The velocity field in this zone is calculated from Eq. (9):

J9:_ oL E
Vv, = oy _Q:[Y:-I—EC:{}?— )
9
__ 9% _ 2, o ) '] ;
e T G Ty
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Like zone (1), the velocity boundary conditions are also met for this area.

2.3. Incompressibility condition

The strain rates in a Cartesian coordinate system are defined as:

) v,
b= o
. ﬂvy
W T &y
. Vv,
Ezz =E
1 av, E“-FF

v 2%y T ax

and the normal strain rates component is defined as:

av, 8¢

T G dy dx

. vy e
¥ dy ax ay
. av;

B2z = az

+EIY!F + i = Oex

(10)

(1D

Equation (11) shows that the sum of the normal strain rate is zero, so all the arbitrary stream function

satisfies the incompressibility condition.

2.4. Boundary function of the deformation zones

The sheet has a uniform velocity before it flows in the die and also after it leaves the die. The boundary
conditions for the flow function, resulting from the boundary conditions for velocity and flow function

continuity, are as follows:

o =0, )
"

Pai = n:a:{f;:l

¢u=qﬂi;ﬁ;

Bor = Q:%E]

On S; boundary

On S; boundary

On S;3 boundary

On S, boundary

(12)

(13)

(14

(15

By applying the continuity of the flow lines (¢, = ¢;) to the inlet of the die, ¥s; can be calculated using

the following equation:
-B, +BF—4AC,

' Ky <X

2, 4 5
FSL = =7 1 &
—B, — /BT —4AC,

' Xy = X

2, 4 5

(16)
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1 1
B, = —C -,
Yyi—ve 1 +y2) ty

L
+_
Vi—¥: By

A =CGyyy.—

For the inlet boundary of the inner sheet, from ¢. = ¢; in the inlet of the die, the boundary function S is
Uty =1y,

Yz =¥at— (17)

The material velocity is steady after the material leaves the die. As a result, boundary functions yss
and y=4 for the inlet and outlet layers respectively can be calculated using the following equation:

_B! - 1.‘,'IB!: - ‘1‘;':5.3 CL

¥sz = Ts
2by
1 1
Bg = _CL{YL+Y:J__ (18)
Yi—¥: tyr
¥z oy
Ay = Cyya — +—

Vi—¥: i

Uty — Uy,
Vs =Vt —— (19)
G
2.5. Boundary conditions
From the geometrical boundary condition v, (x,} =t and v.{x,) = t5, canstants a, and b, in Egs. (3)
and (4) can be calculated using the following equation:
1

= I -1
ay ?{4—3{1_{“ )

by =1 —ax,”

_ 1 1 . 1 ] (20)
Vil®s) yi(xe) bty +ty
1 1 1
L=

_FJ.':’{L] Vilx) byt tor

I

From geometrical boundary condition y.{(x;) =0 and y,(x.} = 0, canstants a; and b, in Egs. (3) and
(4) can be calculated using the following equation:

dz = - I:I:i - I:f]
Xy — Xn
b, =1; — 3:"‘3:
1 1 1 (21)
L. = -
- Y:{x:]{l":{x:] 1::i]
1 1 1

Lot = Val®) ¥a(%:) B t_'_'f]

2.6. Strain rate components
By calculating the velocity field in different deformation zones, the strain rate in each zone can be
calculated by the velocity field of the related zone and Eq. (6).
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2.6.1. Zone ()
The strain rate in zone (I} is determined by Eq. (22):

Vg — }1

=@ [ﬁ — Ci0n +y2 —2y) — G107 + )]
_— [% — Cjy+ y2— 2y) — Cy (] + )] (22)

1 _ . . .
Euy =5 Qul+2C =0~ Cy' (v— v )y —v2) + 2C, (v — v2)yy +2C,(y — y1)vs — 2C1 v, val

2.6.2. Zone (IT)
The strain rate in zone (II} is determined by Eq. (23):

r

. Va
Eex = Q2 [} + EC“ F— _} CZ}";]

r

éyy = ~QaL5+265(r~3) ~ C2y]] (23)

1 ryt
éry =3 Qal2C2 = 27 5 = Cy(y = ¥2) + 2C5yy]]

2.7. Powers

The total power required for the forming process can be divided into three types:

1- Internal power of deformation

2- Shear power losses

3- Friction power losses

Therefore, according to Fig. 1, the total power is the sum of the internal power of deformation, shear
power losses and friction power losses.

2.7.1. Internal power of deformation
The internal power of deformation in the upper bound model is:

W: = —LGEEqu‘ (24)

The internal powers of the inlet and outlet zones are zero. Since the strain rate components in these zones
are zero and the material moves rigidly in these zones, no deformation occurs.is the volume element in dv
the deformation zone and according to the plane strain process (t = 1) is calculated as:

= tdudy = dudy dv (25)
Effective strain rate in the plastic zone is determined by:

E
Eag = Jg{s;x + e+ 265) (26)

In Eq. (24), 7 is the flow stress of the material and determined by:
G = A(z)"MPa (27)

Where A and n are the strength factor and the work hardening exponent respectively and can be obtained
from the tensile test for different materials. £ is the effective strain along the stream line and determined

by:
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_ 3 degg dt f (28)
E_LdEEq_L i as T,

W +‘.-r

In Eqg. (28), S is the Iength of the line particle displacement from the inlet boundary to the outlet
boundary. The material flow lines can be drawn using the velocity field (Egs. (14) and (15)) if this
material flow assumes the behavior of the fluid moving by the velocity field.

According to the Euler express, the particles are fixed for the observer in coordinates (X,y) and they
don’t move with the material. For each point of the deformation zone, the material velocity in two-
dimensions, is followed by Eqg. (29).

Q = [U G y). Uyl )] (29)

An equation is needed to track the route of each particle and find its position. This equation is based on the
velocity and the time which is determined by Eq. (23):

Q= [x"(t).y' (&) (30)
Therefore, according to Egs. (29) and (30) it is as follows:

% =0,(xy)

v (31)
d_vt =0, y)

It is assumed that at t=0, the particle is in point (x,.¥;) on boundary v to use the numerical solution
and the Euler method in order to find the movement distance of each particle in the deformation zone,
(Fig. 2). The velocity field in that point is Q = [Uy(x,.¥,). Uy(x,, 7,J] . After a while (at), the particle
moves to point (x,.y.). As a result:

(. y2) = (x + A0, (e y )y + 800G (xp v, ) (32)
This method is repeated until the line particle arrives to boundary v . Therefore:
I:)‘I‘.I:I+J.' YI:I+].:] = {xﬂ + "l:"tlj.‘{{xu ' FI:I :]'FI:I + ‘I:I'tlj}‘{xu ! FI:I ]] (33)

Finally, the particle displacement line (S) will be determined by connecting of all the points.
Therefore, other flow lines can be determined by repeating this method for another points on boundaries
in Eq. (27), the internal power of zones zis determined by Eq. (28) and replacing &. Therefore, y..and ¥,
I and Il is calculated.

PR e xq
J‘ J‘ o Edy dx + J‘
b ¥ x

¥1
f f ggzdy dx; x, < X

“‘r“_ — g “F=

F1 F1
J‘ J‘ -:rEEdvcbc-I—J‘ f o, edy dx

Fu3 ¥z

¥t
+J‘ J‘ oeedy dx; x, =X
X5 “¥a

FrRz ¥z X3 ¥z
J‘ J‘ -:r,:'ELdydx+J‘ J‘ o, edy dx
X1 “¥ss Hp D
4 ¥z
+J‘ J‘ o Edydx; %, <x,
X3 “F=2

X3 p¥2 Xy ¥z
J‘ J‘ o.edy dx + J‘ f o edy dx
X1 ¥ Xz 0

3 ¥z
+J‘ J‘ o Edydx: x3 =X,
xg 40

¥1
J‘ o, Edy dx
¥a

(34)

1r"i'ri: =4
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And the total internal power is:
W = Wi, + Wi, (35)
2.7.2. Shear power losses
The equation for the power losses along the shear surface of the velocity discontinuity is:

Ws = — [ olavids (36)
There are four different velocity discontinuity surfaces in multilayer sheet metal drawing process that are

defined by Egs. (37)-(39).
For the velocity discontinuity surface 5, :

dy el
—+ WV, -Vl —: ®m <%

F
=i % o (37)
FdS {v +v]_|:]d5: Xy & Xy
For surface S :
V, dli“r+ W, -V ]Ebc
¥ o x T Void oo Hp Ty
av.={ "9 e (38)
:‘rdS — (Ve + Vy ]dS: Hy =Xy
For surfaces 5; and 5,:
dx
3’.:1 - (v, +Uf]d5: Xy <X LK <X,
AV =4 =3 g dx (39)
Fd5+w ‘-Ff]ds: X K LK K
The equal strain of the velocity discontinuity surfaces is determined by Eq. (40):
e == (40)

V3

Where y. is the engineering shear strain on the velocity discontinuity surface and is given in Egs.
(41)-(44):

|ﬂ‘-ﬂ_| YA
Ya [
I v vy ) )
_ |AV, | _ | AV (42)
Ul - v + %)
_lavyl XA (43)
Y =g, T
z I[vlf_v{xvgg:]] +‘i_i" {xvg!:]
AN AV, | (44)
Yas = ||.T4| =

J'[v:f Ve )P 4V, ()

o for all frictional surfaces locations (parametric state) is calculated by replacing Egs. (41) and (44) in
Eqg. (40), and the shear power losses on surfaces 5,-5, is calculated by Eq. (36).
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The velocity discontinuity surface 5, is determined by:

dys,

]
J‘ a, Vydy=y., de |dx: oxy <X
1 K +(Ve -V ]y:y,_;
"'""rSL == d I (45)
v 3 g v.) ¥51
J‘ Ug ¥+ F=Fxi d}: d_'x: x_t = xs
*s (Ve +Vy ]y:y,”

And the velocity discontinuity surface 5, is determined by:

%y dysa
J‘ o; Vy)y=ye, de |dx: x <x,

1 |7 (Ve = Vaidyay,,
W, = —= oL (46)
V3| px dysz
J‘ I:rl: WF]}F:FH: d}: d_'x : x! o x_t
* — (Ve + Vy ]y:y,;:
The velocity discontinuity surface 5; is determined by:
I dyss
Ws,; = EL“ s | (Vpdy=y.. Tdx (Ve + Ve)ypoy,, | dx 47
And for surface &,
L= dyss
Ws, = EL. Oc | (Vydy=ya 5 — Vet Vidy=y, |':b" (48)
And the total shear power losses is:

2.7.3. The friction power losses
The general equation for the friction power losses for a surface with a constant friction
factor mis:

m
W =—'_J‘ D’LﬂVldS
R ELS (50)
For surface Ss:

—
18V ] = 1Vl yoy, ul 1+y,"

(51)
dss - COs o
- “degy dt s Eeq(x¥1)
; =[ dEEf[ 3t E“SE‘:J ' 4 (52)
o ’ : ¢ u"fé{x-n] + Vi (xyy)
Where cos & is determined from the following equation:
X

coso = ———

VES ([t — tyg)” (53)
For 5;:
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) ) | ' 2
|AVe | = (V) — (Vo y=ye, ,Jl L+,
54
i (54)
dSE =
COSY
Fade,, dt Fa £gq(%¥2
E:f dsﬂqzj Eq—:iSE_:j ea72) dSe
1 . dt dSg U o (55)
: : - \,' Ve (x,y2) + Vi (x, v2)
Where cosy is determined from the following equation:
COsy = AL
(56)

\‘I"[:xr; —x1)% + (tz; — tap)?

a for all frictional surfaces locations (parametric state) is calculated by replacing Egs. (52) and (55) in
Eqg. (26), and the friction power losses on surfaces Sz and S; can be calculated by replacing in Eq. (50):

m, [* .z
W = = [ oIty 14 v 67)
W e f“ (V) = (Vg ve |1+ ¥27d 58
V,=—— T Vs — = nodx
26 '-.-'ISCGS}f e e¥zl\Velr S Iy -'!"-'--.“I J'_ ( )

Where m; and m.are the mean friction factors between the outer layer and the die and between two
materials, respectively. The total Shear power loss is determined by:

Wy =W + Wy, (59)
2.8. Drawing force

The externally supplied power of deformation is:

I =W+ W+ W (60)
And the required drawing force for the process is:

Fa =1 (61)

Ve

3. Results and Discussion
A MATLAB program has been utilized for the previously derived equations and has been
used to study the plastic deformation for different die shapes and friction conditions. The input
information, including the initial and final thickness of the sheet, the friction factor, the material type and
the die geometry, is imported to MATLAB. The velocity field, strain rate, powers and drawing force are
calculated after the calculation of the stream functions.

Table 1 shows the mechanical properties of the sheets.

Table 1 The mechanical Density Modulus of | Poisson's | Yield stress | The effective stress strain
properties of the sheets [7]. | (kgm™) elasticity ratio (MPa) relation
Material type (GPa) (MPa)
Aluminium 0.271 69 0.33 345 21003
Copper 0.896 117 0.34 70 416g02

Figure 2 shows the dimension and type of multilayer sheet metal layers in FE model. Figure 3 illustrates
the steps of the deformation of multilayer sheet metal simulated by ABAQUS software. The outer layer
becomes separate from the inner layer and inclines to the die after the simulation, in the inlet of the die
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(Fig. 3b). The Simulation is repeated when the frictionless barrier is on that way (Fig. 3c). Comparing the
results obtained from these two conditions (Table 2) shows that the drawing forces are very close.
Therefore, the second condition (with barrier) is used since the outer layer of the sheet in the inlet of the
zone should be horizontal and the analytical solution is simpler.

A
Cu
A
Al
20 e ] - 14
A 4
A4

Fig. 2 Configuration of multilayer sheet metal before the process (dimensions are in mm).

-'.-.
o
_
o

a. The schematic of the sheet, in ABAQUS software before the process.

S, Mises
(Avg: 75%)
43.204e408
- +2.937¢+08
+2.671e+08
+2.404¢+08
+2.137e+08
+1.670¢+08

)
7

EiES

1
N =lelniwliwiale = B » 3
£ P 01 1 E I I 100 [ 1=

. Bowed outer layer of the sheet in the input deformation to the die after the process.

]

o

¥

5, Mises

(B9g: 75%)
+3.2345+08
+3.020e+08

- +2,7462+08
+2.471+08
+2.197e408
+1.923e408
+1. 6432408
+1.372e+08
+1.1008+08

—r +B8.252e+07

—r +5.509:+07

— +2.766e+07
L +2,232¢+0%

]

OEE

c. The effect of the frictionless barrier on the prevention of the movement of the
outer layer sheet to the die in the input deformation.
Fig. 3 The schematic of the sheet.
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In Table 2, the drawing force in two conditions, with and without barrier, for m=0.15 are compared. As
shown in this table, the drawing forces in two conditions are the same. Therefore, the second condition
(without barrier) is used for comparison with the analytical results.

Table 2. Compares the drawing force in both the presence and absence of the frictionless barrier.

L Drawing force (Newton .
Reduction in thickness % Without barrigr ( sz barrier Difference %
10 693.6 685.5 1.1
20 12854 1276.2 0.07
30 1788.5 1772.6 0.08
40 2420.7 2410.5 0.04

Table 3, presents the optimum semi die angle, o, x,, x., %5, x; and t,;. The present drawing force and t,;
are compared with the results obtained from the FE model. This comparison has been done for m;=0.2,
m2=0.9, vi=1 (mm/s), ty; =3, t;i =7 (mm) and different reductions. As shown in this table, the inlet and
outlet shear boundaries of the deformation zone are being inclined to the inlet zone of the die by
increasing the reduction of the thickness. According to table 3, both the thickness of the outlet sheets and

the calculated forces are close to FE result.

Table 3 Comparison of the presented solution and FEM by considering different reductions.

Reduction The calculated parameters presented solution FEM Difference %
F(N) 734.5 693.6 5.6
a (deg) 12 - -
X1 (mm) 1.23 - -
10 Xz (Mmm) 2.86 - -
X3 (mm) 12.07 - -
X4 (MmM) 8.54 - -
tr (Mm) 2.72 2.69 1.10
F(N) 1341.2 1285.4 4.2
a (deg) 15 - -
X1 (mm) 2.76 - -
20 Xz (Mmm) 5.92 - -
X3 (mm) 14.38 - -
Xa (Mmm) 10.90 - -
tyr (Mm) 241 2.39 0.83
F(N) 1850.6 1788.5 35
a (deg) 21 - -
X1 (mm) 2.97 - -
30 X2 (mm) 6.37 - -
X3 (mm) 16.84 - -
Xa (Mmm) 11.52 - -
tir (mm) 2.18 2.16 0.92

In Fig. 4 the boundaries of the deformation zones in the presented analysis and FE model are
compared for the specified friction factor and 15% reduction in thickness. It is observed that the
deformation zones boundaries of the presented solution is adapted with FE model. This is because the
work hardening and the flexible boundaries have been considered.
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Fig. 4 Comparison of the deformation zones boundaries in the presented solution and FEM.

Figure 5 shows the comparison of the results of the analytical analysis and those of FE for m;=0.1
and m,=0.8 and the effect of the reduction in the area on the optimum semi die angle. As shown in this
figure, the required drawing force and the optimum semi die angle are increased by increasing the
reduction in the area. Moreover, it is observed that if the semi die angle is larger than the optimum semi
die angle, the drawing force will increase. It seems that increase in the reduction of the thickness leads to
turbulence in the shear boundaries, and therefore the shear power losses in the inlet and the outlet shear
boundaries will increase. Therefore, the drawing force is raised by increasing the shear power losses. In
Fig. 7, the results obtained from the present study and FE model are compared. As shown in this figure,
the results show good congruence between the analytical solution and FE simulation.

2700

————  Present Solution m;=0.10
m,>=0.80

2200 — 30% 0O FEM

Drawing Force (N)

200 ‘ . ; ;
5 10 15 20 25
Semi Die Angle (Degree)
Fig. 5 Comparison of the results of the presented solution and FE for m;=0.1 and m,=0.8 and
the effect of the reduction in the area on the optimum semi die angle.
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Figure 6 shows drawing force versus semi die angle for different friction factors. This figure also
indicates that the optimum semi die angle is improved by increasing the friction factor.

Figure 7 also shows the effect of the work hardening exponent on the required drawing force. It is
observed that the required drawing force decreases by increasing the work hardening exponent.
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Fig. 6 The effect of changing m1 on the optimum semi die angle and the comparison of the
results of the presented solution and FE for Re=20%.
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Fig. 7 The effect of changing the work hardening exponent on the required drawing force.

4. Conclusions

In this paper, the drawing process of multilayer sheet metal through a wedge-shaped die has been
analyzed using the stream function and the upper bound method. The following results are obtained:

1- Considering the flexible boundary and the work hardening leads to good congruence between the
results of the presented model and FE.

2- It is observed that the required drawing force and the optimum semi die angle will increase by
increasing the reduction in thickness and raising the friction factor.

3- The results show that the inlet and the outlet shear boundaries of the deformation zone are being
inclined to the inlet zone of the die by improving the reduction in thickness.

4- The required drawing force decreases by increasing the work hardening exponent.

5. Nomenclature
Strength factor

A
Gradient function of horizontal velocity distribution C
The externally supplied power of deformation I
Friction factor between the die and the outer layer m,
Friction factor between the inner and outer layers m,
Volume flow rate at any cross-section Q
The thickness of sheets at the inlet and outlet of the die £ s
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Work hardening exponent n
Velocity discontinuity surfaces S1—S4
Friction surfaces S5 — Sg
Velocity of the sheet at the inlet and outlet of the die Vi ¥
Velocity in the horizontal and vertical direction Ve Wy
Difference of tangential velocity at velocity discontinuity surfaces Av, — Ay,
Difference of friction velocity Avg — Avg

Friction power losses along the wall, internal power of deformation and shear We W
power losses along the surface of velocity discontinuity, respectively fropes

Boundary function along the surface of the die v
Boundary function along interface between sheets Vo
Boundary function along deformation zones boundaries Vo1 — ¥aa

Greek letters

Semi die angle o
Angle along the middle surface of both metals ¥
Engineering shear strain ¥e
Strain rate of the material g
Flow stress of the inner layer o,
Flow stress of the outer layer o,
Effective strain along the stream line g
Stream function i
Derivative of () with respect to x ()
Subscripts

After drawing (or at the exit of the die) f
Before drawing (or at the entrance of the die) i
Outer layer 1
Inner layer 2
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