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Abstract

The deepdrawability of a round cylindrical cup has been studied to find the relationship between the limit drawing ratio LDR
and some process parameters. On the basis
of upper and lower bound methods of plasticity, the models necessary to calculate the
actual and critical deepdrawing forces have
been developed. From the results calculated,
the relation between the LDR and process
parameters can· be derived. The findings
agree well with experimental results and general knowledge in practice.
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Figure 1: Deepdrawing of a cup

strength of the cup in the punch-nose region,
the critical force Fc, upon which a fracture
The relationship between deepdrawabil- will occur in the weakest zone of the cup and
ity and material propertities, such as strain the operation that follows will fail.
hardening exponent n and anisotropy factor
R, is one of the key factors in sheet metal Based on the upper and lower bound methods, theoretical models for FDmar and Fe
forming.
have been developed, which are in good
In the present work this relation has been agreement compared with the experimenApplication of the criterion,
studied via the the modelling of the deep- tal ones.
FDmax
=
Fc,
gives us the LDR in reladrawing of a round cylindrical cup. As a
measure of deepdrawability, the limit draw- tion with material properties (n, R), fricing ratio LDR is widely used. The LDR or tion (p), blankholder force and tool geom/30marl is the drawing ratio where the max- etry (pp,PD,rp). (see Fig. 1)
imum deep drawing force FDmar equals the
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Introduction

4. The effective strain is defined as:
€=

R +1 ( 2
2
2)
2R + 1 fl + f2 + Rf3

(4)

5. The effective stress is defined as:
iT=

2
O'I -

2R
2
R + 10'10'2 + 0'2

(5)

6. Strain hardening behavior
Figure 2: Deformation model
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0'f

= C(e + fO)'"

(6)

Basic Formulations

The approach presented in this paper is
based on following assumptions:

7. Yielding criterion
(j

= O'J

(i)

1. The deformation can be described by fi-

nite principal strains:
fl

abc
= In-, f2 = In-, f3 = In- (1)
ao
bo
Co

where ao, bo, Co and a, b, c are the dimensions of a rectangular element before 3
and after deformation.(see Fig. 2)

8. Friction law

The Deepdrawing Force

FD

In the deepdrawing process, four factors
2. The normal stress of the sheet surface is contribute to the energy dissipation, which
negligible compared to other principal are:
stresses 0"1 and 0'2. Therefore the plane FDJI - Deformation of the flange
FDp
- Bending of the sheet at die radius
stress condition is assumed 0'3 = 0
FFrfl - Friction between the tool and flange
FFrp - Friction at the die radius
3. The anisotropic behavior is sufficiently Introducing the dimensionless quantities, we
described by
have
F*=

where
and

Q

F
=P*=
P
27r'rpsoC
27rrpsoCiJ.

(9)

is angle to the roll direction, where P is power, F is force and ti is punch
velocity. Applying the virtual work theorem,
1.
it yields:

R = 4(Ro + Roo + 2R.ts)

(3)

FD = FDfl

2

+ FDp + FE-rfl + FFrp

(10)

Figure 4: Forces on the flange

Figure 3: The flange deformation
3.1

The Flange Deformation

Assuming the normal of the flange remains unchanged during the process

The effective strain and stress can now be
calculated with equations (3, 4, 5, 13, 15)
3.2

s

= s(ru/ruo) =F s(r)

The Stresses in the Flange

(11)

Using the slab method (see Fig. 4), the difand using invariance of volume (see Fig. 3), ferential equation can be derived as:
it yields:
dr
d(1r + (0"r - (1 <i» - = 0
( 16)
r
(12) Adopting the modified Tresca yielding criterion, it yields:
therefore, strains can be derived as:
(1r -

(14)

= KJ(1J(r)

(17)

(13) with K f = 1.06 - 0.015R.
The yielding stress over the flange can be interpolated as:
(1f(r)

= O"Ju -

ru - r

(O"Ji - (1fu)-ru - ri

At the edge of the flange (r = ru) it holds where (1Ju = 0"J(r=r u ),
that O"r = (1% = O. Using equation 2 we get: !(rp + rDi)

-f,p

e% (r=r,,)

= -(R+ 1)

-So

ruO 1
= (-)7f.IT
ru

Ji

=

(1

J(r=r,h

ri

=

And solution of the differential equation
(14) gJves:

which gives
s

(1

(18)

(1r(r)

=Kf(1fu[(l+~-=L:)ln~
r ..

(15)

-(I{cr - 1) ru- r ]
Tu- r •

3

(19)

3.3

The Flange Force FDJI

With equation
*
FDJI
=

ri
8
-c
-O'1'(1'=1'i)
rp
80

(20)

The contribution of the deformation of the
flange can be calculated as:

Figure 5: Forces at die radius
3.5

The Friction Between Flange and
Tool FF1'fl

Equilibrium of forces on the flange gives:
3.4

The Bending Effect FDp
FF1'JI

= Jill~Pgh {( ~~)2
_(rD~:pp )2}

(25)

The bending and re- bending of the sheet
at the die radius is considered to be a stationary process. The contribution to the to- with Phlh, the bankholder pressure according
tal deformation power can be calculated as: to Siebel [1]:

FD*

= -rp- -S' -0'ClIiI t;\brj

p

80

Pb1h

(22)

-

0.00225{ (;30 - 1)2

+

0.01j1/P }C(:: te!O
So
e

where b.,fb is the average increase of the effective strain due to the bending, and is defined 3.6 The Friction at Die Radius F;rp
as:
Sniekers [2] [3] has shown that the
;\_
1
R+l
'-lIC.b ~
(23) called rope formula
1 + 2PD/S v'2R + 1

-

-

}'!l.!. R+l
\p C J2R+l

2p~+s(1

+ t;p)

50-

(27)

Using equation 22 and 23 we find:

*
FDp

(26)

is invalid in application to the friction at die
(24) radius, because of the bending stiffness of
the sheet. As an approximation. the following is applied:

The factor /(p is the correction factor. A
F*Frp -- 1•611r-p F-a
comparison with experimental results gives
Kp ~ 0.8
with F; = FDfl + F;rJl + tFjjp

4

(28)
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Figure 6: Components of the deep drawing
force of Aluminum: FDfl , FDp , FFrfZ, FFrp
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The Deepdrawing Force FD, FDmax

Figure 7: The deepdrawing force of three
materials: 1) Aluminum, 2) C-Steel, 3)
With the formula derived the force-path
Stainless Steel
diagram is calculated for three different materials (see Fig. 6 and Fig. 7) under following the conditions: Jl,p = 2J1,J/ = O.l,rp/so =
100~PD/so = 4,/10 = 1.8
C-Steel:
n = 0.25: eo = O~ R = 1.65
n = 0.05, fO = 0, R = 0.65
Alu-Hard:
1.00.,...............- - - - - - - - - - - - Stain-Steel: n = 0.5,
fO = 0,
R =1
E'
From the force-path diagram calculated, the
maximum force can be extracted. Fig. 8
gives the maximum deep drawing force as a
0.60
function of the strain hardening exponent n.
The experimental measurements, which are
also shown in the figure, are normalised to
0.20
Po = 2,PD/SO = -1. \Vith correction:

-

FDex'P

FDma.rexp

1

-

27rrps oC Po - 1

+

0.02(PD - 4)
So

(29)

- -_ _ n

Figure 8: The maximum deep drawing
force vs strain hardening exponent n, with
Some conclusions can be drawn from the PD/SO = 4, fO = 0, R = 1, Po = 2 for different
measurements and calculations:
materials
1. The agreement between theory and experiments is quite satisfying.
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gives higher values of the critical force,
and thus higher LDR. However, the conditions under which this optimal failure
type occurs are uncertain.

A

3. Type C: Failure in the bottom zone, as
indicated by Oehler as preamble fracture. This type of failure should be
avoided by improving the process parameters.

J

I

The critical force related to the failure type
B can easily be deduced. In the wall of the
cup we know: U r = f¢ = 0, therefore:

C
Figure 9: Three different failure types

J2R+l

Uz
(31)
Ul 2. An optimal die radius PDopt R: 4 - 6s o.
R+l
3. The anisotropy factor R has minor inR+l I So
f. n(32)
fluence on the deep drawing force.
s
J2R+l
4. The pre-strain has no influence on the
The dimesionless maximum force in the wall
deep drawing force, since in most cases
of cup can be derived as:
the pre-strain is very small (co < 0.01).

P,*

5. The maximum deep drawing force is a
linear function of /30'

FD = FDmax ({30=2) (/30 - 1)

= ( R + 1 )n+1 (:: e 1~t 1 (0

J2R + 1

CB

e

t

(

33)

Kals [5] derived a model for the failure type
(30) A. This model is corrected for the influence
of the anisotropy factor R. as follows:

6. As the size of products increases, the
influence of the flange friction increases.
In car body production, lubrication and
friction in particular are major factors. Fig. 10 gives the results of calculations and
measurements. in which the experimental
4 The Critical Force
values are corrected for R = 1 with
Doege [4] has pointed out three possible
failure types:

P,*
Cerp

=

FCerp (2V2R + 1 )n+l
2rrrps oC (R+ 1)V3

(35)

1. Type A: Fracture in the corner zone,

which is considered to be the normal Some conclusions concernmg the critical
force can be drawn:
one.
2. Type B: Fracture in the straight wall of
the cup outside the corner zone. This

1. The agreement between the experiment

and theory is satisfying.

6

1.00

,-.

i:

-:r--:---------------....,
1.0

F"

~-- modelS
~"'--J;~:g model A

I

0.8

11.40

0.6

0.20

0.4

--_A

0..2

-

---

0.0

Figure 10: The critical force Fe
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2. The optimal die radius with respect to
the strength of the punch-nose zone and
the risk of wrinkling is: Popt :::::: 4 - 680. Figure 11: The deep drawing force vs process
3. In practice~ it is recommended that for- parameters with n = 0.25, pp = PD = 480
mula 34 is used to conclude the deepdrawability.
4. The anisotropy factor R has a major influence on the critical force.
5. In most cases ( fo < 0.01) the pre-strain
has little influence on the critical force.

6. The friction between punch and cup
wall can have a positive influence on
the load in the critical zone. In practice, this can be used to reach very high
LDR values [6]. In the current work~
this influence is not investigated.
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Limit Drawing Ratio LDR

The LDR can be derived with FVmax = Fe
-----·11_
[7J. Fig. 11 gives a schematic way to find the
relation between {3Omax and the process parameters. Fig. (12, 13, 14, 15) show FDmax Figure 12: FVmax vs LDR with nand R as
against LDR with nand R as parameters for parameters
different product sizes under the condition of
Jtp = 2JtJl = 0.1 and pp = PD = 48 0
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Figure 13: FVmax vs LDR with nand R as
parameters

Fig. (16, 17) show LDR as a function of
Figure 14: FVmo.x vs LDR with nand R as
the product size with friction coefficient J1.p
parameters
and J1. 11 as parameters. The calculated values are compared with emperical findings of
the TNO Laboratory. The TNO Lab. data
do not distinguish the difference of different
materials. Fig. 18 shows the influence of the
anisotropy factor R on the deepdrawability
with n = 0.25.
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Conclusions

,
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From the results of the calculations compared with empirical data and general
knowledge in practice, the following conclusions can be drawn:

0.10
Q.!O

0.50

1. There is good agreement between our
model and the experimental results.
2. Due to the scatteredness of input data,
the LDR can not be predicted very precisely.
Figure 15: FVmo.:r: vs LDR with nand R as
3. General conclusions on deepdrawabil- parameters
ity of materials can be extracted from
the graphs designed. These conclusions
agree well with practical experience.
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Figure 18: The influence of R on LDR
Figure 16: LDR vs product size with collected experimental data from the TNO Lab,
under the condition f-Lp = 0.1, n = 0.25, R =
1.8
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Figure 17: LDR vs product size with collected experimental data from the TNO Lab,
under the condition f-Lp = 0.2, n = 0.25, R =
1.8

4. Besides parameters like pp and PD,
the friction factor f-L is of vital importance for the deepdrawabiHty of largesize products. This is one of the most
interesting subjects for future research.
5. Although the process speed was not the
subject of the present research, some remarks can still be made:
For materials which are strainrate sensitive, FD will increase while Fc remains constant, so a negative influence
on the LDR will occur. For a large
product, friction is of more influence on
LD R. Generally, decreasing f-L ,viII increase LD R. An investigation of the influence of the press speed on LDR is
worth while.
6. Also less attention is given to the influence of the blankholder force on LD R.
This influence can be deduced from the
theoretical modelling. It is worthwhile
to investigate the possible benefits of a
flexible blankholder force.
·7. The information from the literature
concerning the blankholder force is not
unequivocal. One of the suggested for-

9

mula is used in our calcualtions. Generally, re-calculation with the real value
of the blankholder force is necessary, especially for large products.
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