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------- General introduction ----------------

General introduction

For a long time I have been interested in Japan. This because of the present
importance of Japan regarding technical science and because of his interesting way of
working and living. So I had been looking for opportunities to do a traineeship. Upon
my graduation Prof. Kals supported this idea, he thus recommended me to do a
traineeship in Japan.

At the third ICfP (International Conference on Technology of Plasticity) Prof.
Kals met, Dr K.Matsuno, deputy director general of Mechanical Engineering Laborat
ory. Together with Dr. T.Sano director of the Plasticity and Forming division, a
traineeship at MEL was arranged. This was for the period starting October 15th and
ending January 15th. My work would be ''preparing the experimental verification of
the FEM-simulation of thick steel deep drawing under combined pressure", par
ticularly interesting for me because my graduation study topic will be in the same
field.

On October 15th I started my job at Dr. Sano's division at MEL The first few
days I spent looking around and getting to know the equipment available. It was quite
a privilege that Dr. Bolt, as being Dutch too, could introduce me to most of the
employees at MEL I learnt that MEL is a very well equipped laboratory. Available
were tools for every imaginable kind of test.

I met Mr. Sato, who would be co-researcher during my stay. He explained to
me about the FEM program which is at the moment being developed and about the
Aida multi axial press. Since there was no English manual written for the FEM
program, we decided that I would use the program by changing the available input
only.

During the days that Mr. Sato was at MEL, we did some tests at the multi
axial Aida press. The results are used to verify RIFLE, a FEM program being
developed at MEL Since there were some results available already, we used them to
try to improve the deep drawing process too. The press we used is quite a unique one
and therefore not much was known about the capabilities yet.

Looking back, at the end of my stay at MEL, I can truly say that it has been a
very exiting, as well as, a very instructive period in my engineering education. I should
like to thank everybody I have been cooperating with especially Dr. H.Sato, Dr.
K.Matsuno and Dr. T.Sano for their hospitality and worthwhile advices throughout
this demanding project. My special thanks too, to Mr. E.Sato who demonstrated great
talent and devotion in this project.

Arjan Coremans
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------- Introduction about the equipment used ---------

1 INTRODUCTION ABOUT THE EQUIPMENT USED

1.1 RIPLE

Riple is an abbreviation of rigid mastic deformation analysis cod~. The first
person who developed this program was Dr.T.Sano, however the later program is
being developed by Mr.T.Shimizu. He first started it in the year 1985. At the moment
the program is running but not completely finished yet. However present results are
quite satisfactory. Especially concerning the simulation of the deep drawing process
which uses the sidetool pressure.

The aim of the program is twofold; firstly providing MEL with a FEM
program especially suitable for simulating deep drawing, which is developed by MEL
itself so MEL is not dependent of a supplier. Secondly inserting the micro structure of
metals which is at present not fully completed. However if it will succeed it would be
a considerable step forward in the field of FEM simulations.

The present program is written in the computer language FORTRAN.77. This
is the most common language used for FEM programs because of its good com
putational capabilities. However the graphic possibilities are not too strong. Therefore
it has been intended to convert the program into lie', which has stronger graphic
capabilities. The current graphic output is by means of a program written by Mr. Sato.
This program provides two different types of screen output. One picture which shows
the stress and one which shows the strain of a deep drawn cup. Because of its strong
graphic capabilities the program has been written in BASIC.

The present program is available for two different types of models; two
dimensional and three dimensional. The 2-dimensional one with friction. The 3
dimensional is still without friction, however a friction simulating is being developed.
The 3-dimensional version uses a 8 nodes brick element and the material property
definition is plastic strain and strain-rate hardening using the equation;

Eq. (1.1)

However the program is still in the development stage the present results are
quite promising for the future.
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------- Introduction about the equipment used ----------

1.2 Outline of the computer system used.

CRAY

X-MP/216

FACOM
M-780/20
UTS

I
I
I It-------- -- -------.....
I.. .1. ,

:GatewaY,
, • I
lstatlonl
L-----T -----' RIP See n t e r

I
I

------r-~---------r--~---r--~---,----I I I I I I: I I : I : :MEL Network between
I abo rat 0 r i e sI

I--T---'-"-,- --,-- -- - - -.., ------ ---- - --r----
• t I I I •
I • t I! ;

~ e tlw 0 lr k I IS u n 3 8 61 IPC 9 8 0 11

in MEL off line!
------ E the r net

!PC286LI

Fig 1.1 Lay out of the computer system used.

1.2.1 Characteristics of the system.

In order to support research activities, the AIST Tsukuba research centre has a
super computer system available. This centre consists mainly of a CRAY X-MP/216.
The super computer system consists of a central system, a remote system and a high
speed network system to connect them both. The central system of the supercomputer
system is situated at the RIPS centre (Research Information Processing System
centre). The main unit is the CRAY, further more there is a FACOM M780/20 etc..
The network system is Ethernet.
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------- Introduction about the equipment used ---------

1.2.2 The CRAY X-MP/216.

The CRAY X-MP/216 is a supercomputer developed by CRAY Research Inc.
in America. It has a main memory which consists of; two CPU's with a 16 M word
(128 Mbite) main memory, a semiconductor storage device (SSD) of 128 M word
(1024 Mbite) and a magnetic disk device of 40 Gbite.

The basic operating system is UNIX SYSTEM V, adopting UNICOS, which
includes a part of the 4.2BSD's function, supporting a lot of application software.

1.2.3 The FACOM M780/20.

The FACOM M780/20 is a large general purpose computer adopting VLSI,
which uses a decision element which capacity is one tip-10,000 gate and a has a delay
time of 180 p second.

1.2.4 Ethernet.

Ethernet, which is used all over the world, is a standard for LAN (Local Area
Network). The network's capacity is 10 Mbps (Mega Bites Per Second) transfer rate.

------MEL, Tsukuba February 1991 ---------- 6



------- Introduction about the equipment used ---------

1.3 The specimen.

The specimen currently used for the project are six different types of blanks.
The blanks are made of 55 41 steel having the next material properties;

Chemical compounds in atomic %

C Mn P 5

0.0 0.0 0.050 0.050

Tensile test specifications

Yo [N mm-2] Rut [N mm-2] Emax

~ 245 ~ 402-510 21 %

Bending test specifications

Bending angle Inner radius

1800 1.5 * thickness

Three thicknesses were available namely; 32-, 42- and 5.7- mm, every blank
thickness is available annealed and non-annealed. The blanks are eight angular and
have a width of 162 mm (see the picture below).

162

Fig 1.2. Blank size.

------MEL, Tsukuba February 1991--------- 7



------ Introduction about the equipment used ---------

1.4 The deepdrawing configuration.

I,

,,

~

Fig 1.3 The Aida press schematic.

The punch and sidetools used are shown below.

Fig 1.4a The 0/90 configuration. Fig l.4b The 45 configuration
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------- Introduction about the equipment used --------

During the tests we used a kind of blankholder, shown below.

I

~
I

~
'- "J ' , 'J-I I

i

!
i

I

Fig 1.5 The blankholder.

The rings have a thickness which is a bit more than the thickness of the blank.
This is done because during drawing the thickness of the flange increases and if there
would not be some extra clearance the flange would stuck between die and blank
holder. That would possibly cause fracturing of the cup.

More further we used 3 different types of surface contact between blank and
die namely;

-no lubrication
-lubrication by means of MoS2
-lubrication by means of grease

Available were six different types of punches.

Fig 1.6 The punch.

No Wp [mm] rtl [mm]

1 67 5

2 64 9

3 59 7

4 64 6

5 67 7
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------ Introduction about the equipment used --------

Available were 5 different types of dies.

:- Wi-------J- ·_-1 I

Id

Fig 1.7 The die.

No Wd [mm] rd [mm]

1 80 3

2 80 5

3 80 6

4 80 7

5 80 10
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------ Introduction about the equipment used ---------

1.5 The Aida multi axial press.

The multiaxial press has the following specifications;

Number of gauges

Direction of the gauges

Maximum load
positive Z-direction
negative Z-direction
X-direction
Y-direction

Maximum stroke
positive Z-direction
negative z-direction
X-direction
Y-direction

Maximum velocity
positive Z-direction
negative Z-direction
X-direction
Y-direction

Turnable gauge
maximum rotation

type of power supply

oil supply control

machine control equipment

6

1 positive Z-direction
1 negative z-direction
2 X-direction
2 Y-direction

50 [tf]
50 [tf]
20 [tf]
20 [tf]

325 [mm]
150 [mm]
50 [mm]
50 [mm]

[mm S·l]
[mm S·l]
[mm S·l]
[mm S·l]

positive Z-direction
1800

hydraulic

electronic servo motor

electronic data control
system
hydraulic control system
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------- The first experiments ----------------

2 THE FIRST EXPERIMENTS

2.1 The configuration used.

-die
-punch
-type ofload supply

2.2 Results.

no 1
no 1
punch only

1
I th ickness .It corner radius of die ratio side tool-

(mm) lubrication (m m) and punch velocity
K o. anneal no' t!.

i ng annea I no- Iu' (Vs/Vp) result
ing bric. grease M 0 S 2 3 5 6 7 ) 0

1 ) )" 3. 2 0 0 0 0 fracture

) ) 2 3 . 2 0 0 0 0 good

) ) 3 3 . 2 0 0 0 0 good

2 1 ) 4. 2 0 0 0 0 incoa.

I 2 ) 2 4. 2 0 0 0 0 i nco•.

2 ) 3 4. 2 0 I 0 0 0 inca•.I

3 ) 1 I 6. 0 0 I 0 0 0 i nco•.I I
, 312 6. 0 0 I I 0 0 0 i nco•.
I

3 1 3
I 6. 0 0

I I 0 0 0 i nco•.i i

I ) 0 ) I 3. 2 0 I 0 0 0 good I
! 102 3. 2 0 : 0 I 0 0 good I
I I
1

J 0 3 3. 2 0 I 0 0 0 I
I

I good
I i
I

201
I 4. 2 0 I 0 I II I i 0 0 inco•.

I 202 I 4. 2 I 0 I I 0 0 0 i i nco.. I.i I I

j 203 4. 2 I 0 I I 0 0 0 inco•.I I

I 30 ) I 6. 0 I I
0 I 0 0 0 I incoa.

I I i i
I 302

I
6. 0

I I I
I

I
i I i 0 I 1

0 0 0 incoa. I

i 303
I 6'. 0 I I ro. ! I

\
I. i I I v

I ! 0 0 0 i ncol. I

• x.yZ. -x refers to blank thickness

-Y refers to annealing

-z refers to lubricant

1 3.2
2 4.2
3 5.7
1 annealed
2 non annealed
1 no lubricant
2 grease
3 MoS2

Table 21 Results obtained during the first series of tests.
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------- The first experiments ----------------

2.3 First discussion

The most interesting thickness is the 3.2-mm thickness this because the
maximum punch load does not suffice to draw a completed or almost completed 4.2
or 5.7- mm thickness cup. Hence I will concentrate on the 3.2-mm blanks.

It is common sense that the LOR (Limiting Draw Ratio) increases with an in
crease of the blank thickness and by annealing the material. As explained before we
couldn't investigate the effect of the blank thickness on the LOR. The major striking
point however is the fracturing of the annealed not lubricated blank. This is because
the non-annealed blank didn't fracture under the same circumstances. After discussing
the results we decided to do some more tests using the latter configuration. This to
find out if the fracturing was just a coincidence or because of some other reason. We
mainly thought of a different material.

We did the same experiments again, having the next results.

Number thickness annealing lubrication results

1 3.2 N N good

2 3.2 N N good

3 3.2 N N good

4 3.2 Y N fracture

5 3.2 Y N fracture

6 3.2 y N fracture

These results show clearly that the fracturing is not caused by coincidence.
Hence we did some investigation about the material using a Vickers hardness test.
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------- The first experiments -----------------

2.4 The Vickers hardness test.

, I
~ 0 • Thickness anneal i n& 1st !'leasure. 2nd !'leasu re. I !'lea n Value H v

I
, :
I

I
1 o 1 3. 2 X 784 784 784 9 O. 5 I

i
I 1 0 2 3. 2 I !i X 789 786 7 8 7. 5 8 9. 7
,

103 I I l, I
3. 2 X 784 7 8 7 7 8 5. 5 i 9 O. 2

I 1 1 1 3. 2 0 ! I I
i 7 1 3 7 1 9 7 1 6 i 1 o 9 I,

1 1 2 3. 2 I 0 7 1 1 I I, 7 1 5 7 1 3 109
I
i 1 1 3 3. 2 0 708 7 1 2 7 1 0 I I 1 0 !
I

I

2 0 1 4. 2 X 679 6 7 6 I I

I 6 7 7. 5 1 2 1 I

I I

202 4. 2 I X 676 674 675 I 1 2 2 i
I I

I 203 4. 2 I
,

!
X 674 678 676 122 I

I
I 2 1 1 4. 2 0 722 7 2 8 725 106 I
i

I
2 1 2 4. 2 0 729 7 3 5 732 104 I

!
I

i
2 1 3 4. 2 0 729 73:3 731 104 I

i 3 0 I 6.I 0 X 678 674 676 122

i 302 6. 0 X 674 6 8 0 678 1 2 1

303 6. 0 X 675 672 6 7 3. 5 1 2 2

3 1 1 6. 0 0 744 7 4 3 7 4 3. 5 101 I
I 3 1 2 I 6. 0 0 745 7 4 5 7 4 5 100 l
I
i 3 1 3 6. 0 0 744 7 6 8 746 100

I
I

Table 22 Results of the Vzckers hardness test.

Generally speaking the Hv will decrease somewhat after an annealing treat
ment. Looking at the results we see this occurs for the 4.2- and 5.7-mm blank thick
nesses. However the 3.2-mm blank thickness exhibits considerable increase after an
nealing. This leads to the conclusion that the non-annealed 32-mm thickness blanks
were made of different material

2.5 Second discussion

Considering this all we decided to do some tensile tests. We had some reasons
to do that. First we could get some parameters which we needed for the plastic
behaviour definition of the RIFLE-simulation. On the other hand we could investigate
about some parameters which we could ll.'~e to improve the process control of the
actual deep drawing.
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Tensile tests l----------------
3 TENSILE TESTS

3.1 Introduction, the tensile test.

The engineering tensile test is widely used to provide basic information on the
strength of materials and as an acceptance test for the specification of materials. In
this test procedure, a specimen is subjected to a continually increasing unaxialload,
while simultaneous observations are made of the elongation of the specimen.

3.2 The testing procedure

In a conventional engineering tensile test, an engineering stress-strain curve is
constructed from the load elongation measurements made on the test specimen. The
latter however does not give a true indication of the deformation characteristics of a
metal, because it is based entirely on the original dimensions of the specimen, and
these dimensions change continuously during the test. The engineering stress, based
on the original cross sectional area, likewise decreases beyond the point of maximum
load. H the true stress, based on the actual cross sectional area of the specimen, is
used the stress strain curve increases continuously to fracture. H the strain measure
ment is also based on instantaneous measurement, the curve that is obtained is
known as true stress/true strain curve

The true stress and true strain are derived as follows;

Le = Ln-
L o

Eq (3.1)

volume invariance: Vo = V - - L=-
L o -

(Ao * L o>
A = L Eq (3.2)

Eq (3.3)

The two equations assume both constancy of volume and a homogeneous
distribution of strain along the gage length of the tensile specimen. Thus Eq (3.1) and
(3.3) should be used only until the onset of necking.
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------- Tensile tests ------------------

3.3 Equipment used to perform the tensile tests.

An Autograph IS-20T tensile test machine

Specifications;

minimum speed
maximum speed

maximum load

maximum displacement (in my case)

To measure the load, I used a ten tf load cell.

0.05 [mm min-I]
500 [mm min-I]

20 rtf]

520 [mm]

To measure the elongation, I used a extensometer with a maximum capacity of
25 m.m.

3.3.1 The tensile specimen used

The tensile test specimen available

Thickness [mm] Angle with the rolling Annealed
direction

3.2 00 YES

3.2 45° YES

3.2 90° YES

4.2 OG YES

4.2 45° YES

4.2 90° YES

5.7 0° YES

5.7 45° YES

5.7 90° YES

Of each type 5 specimens were at our disposal.

Table 3.1 Tensile specimen available.
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------- Tensile tests -------------------

For the tensile specimen size see fig 3.1.

T.. Eo
'- ./

:tT
Q:l

I 11

11 L I.p'p

Le

JIl/lt mm.. .a~• ljZfjlU)A ~ JnllQ)*~ :Ii'<~ -:>:IJ>h$O)t&

W L P R Le B

25 50 60 20 162 40

Fig 3.1 Tensile specimen size.

After all we decided to do 3 types of tensile tests:

Type speed in number of specimen computed para
[mm min-I] in each direction meters

1 1 1 YlP r, ~ n and m *

2 5 2 YlP~nandm

3 500 2 YlP~nandm

* Yo = Yield stress
K = a combination of the strength coefficient and the strain rate

sensitivity coefficient
n = strain hardening exponent
m = strain rate hardening exponent
r = plastic strain ratio

Table 3.2 tensile test configurations.

3.3.2 Testing the machine stiffness (ref 1)

I tested the machine stiffness to find out if it was possible to perform high
speed strain rate tests using the above mentioned equipment.

The most common misconception relating to strain rate effects is that the
machine is much stiffer than the specimen. Such an assumption leads to the concept
of deformation of the specimen by an essentially rigid machine. However for most
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------- Tensile tests -------------------

tests the opposite is true: the conventional tensile specimen is much stiffer than most
testing machines. This due to the elastic deformations in machine frame, load cell,
grips, specimen ends, etc. This all leads to the fact that before yielding, the gage
length deformation is a small fraction of the cross head displacement.

After the onset of gross plastic yielding of the specimen, conditions change.
During this phase of elastic deformation, the load varies slowly as the material strain
hardens. Thus the elastic deflections in the machine change slowly, and most of the
relative crosshead displacement produces plastic deformation in the specimen.
Qualitatively, in a test at approximately constant crosshead speed, the initial elastic
strain rate in the specimen will be small, but the specimen strain rate will increase
when plastic flow occurs.

For most metallic materials at low homologous temperatures, the initial strain
rate will be elastic. In that case the machine stiffness can be written as:

K = [ S
Ao * s

L ]-1
Ao ; E

Eq (3.4)

s = 0.00833 [rom S-I] (nominal head speed)

~ = 60 [rom} (initial gage length)
Ao = 79.48 [rom] (initial cross sectional area)
Ao*s = dF/dt

= 2819 [N S-I] (loading rate)
E = 220*1<f [N rom-2] (modulus of elasticity)

solving Eq (3.4) produces:

K = 33828

Conclusion: this stiffness is high enough to assume the machine behaviour being rigid
during the part of the tensile test when plastic flow of a specimen occurs.

3.4 The measured material properties.

The main material parameters are the following:

The plastic stress strain used by RIPLE is;

Eq (3.5)
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------- Tensile tests -------------------

Whereas;

o = True stress
Yo = Yield stress
K" = a combination of the strength coefficient and the strain rate

sensitivity coefficient
e = true strain .
e = true strain rate
n =- strain hardening exponent
m = strain rate hardening exponent

When using this definition we would need the parameters Y~ K, n and m.

Another important parameter involved with deepdrawing is the r value. More
accurate the ~r value and the rm value

The definitions are;

-normal anisotropy: ~r = 1/2 * { ro + r90 - 2 * r45 }

-planar anisotropy: rm = 1/4 * { ro + r90 + 2 * r45 }

Eq (3.6)

Eq (3.7)

For further explanation please see part 3.4.3 : the r value or plastic strain ratio.

So if we should want to improve the process-control by means of these para
meters we would like to know about the r value in each direction.

3.4.1 The n and K value

How to calculate

The flow curve of many metals in the region of uniform plastic deformation
can be expressed by the simple power curve relation:

or in case of non annealed material:

Eq (3.8)
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------- Tensile tests ------------------

Eq (3.9)

~.

where n is the strain-hardening exponent, and K is the strength coefficient. A log-log
plot of true stress and true strain up to maximum load will result in a straight line if
Eq (3.8), and a curve close to a straight line, if Eq (3.9) is satisfied by the data.

The linear slope of this line is n, and K is the true stress at e = 1.0. See fig
(32b) .

,-;;"1
"

1

..
,: .. : ('r': • ~ _

Fig 3.2a. A force elongation plot.

",oJ _0'

3.2b A log-log plot

~..

In the plot above, it can be seen that the conformity to a straight line is very
good. In a series of reproducibility tests conducted on 50 adjacent longitudinal
specimens of 2o-gage, fully aluminium-killed deep drawing steel sheet, it was found by
ref 2 that the n values determined by the above experimental technique only varied
between 0.230 and 0.238.
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------- Tensile tests -------------------

Effect on formability

The n value is determined by the dependence of the flow (yield) stress on the
level of strain. In materials with a high n value, the flow stress increases rapidly with
strain. This tends to distribute further strain to regions of lower strain and flow stress.
Hence a high n value is an indication of good formability in drawing operations which
include stretching. Concerning the K value, it should not be too high to limit the
maximum drawing force required.

3.4.2 The m value.

Tests at constant crosshead speeds.

Tensile tests usually can be carried out at a constant crosshead speed on a
conventional testing machine. Because special accessory equipment is not re
quired,such tests are relatively simple to perform. Also, constant crosshead speed tests
typically provide as good comparison among materials and as adequate a measure of
strain rate sensitivity as constant strain rate tests.

Specific definition of the strain rate used;

t = de [S-l] (strain rate)
dt

e = Ln ~ = Ln (La+s*t) = Ln (1 + _s_)
La La La*t

de 1
dt = --.....;;;;...-

(1 + _s_)
La*t

* ~ = _..---;1~_
La (La + t)

s

In the case of the testing conditions as described before;

Solving the latter equations produces;

lu = 60
s = 0.0833
t = 0-90

[mm]
[mm S·l]
[s]

(initial gage length)
(nominal crosshead speed)
(time elapsed, loading
begins at time t =0)

Eo = 0.00139 [S·l] (initial strain rate)
Ev = 0.00123 [S·l] (final strain rate)
thus the fault made by assuming E = E (t) is reasonably small.
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------- Tensile tests ------------------

How to calculate. (ref 3)

As mentioned before the equation for time independent plastic flow is;

a = K*efJ Eq (3.10)

The equation for the strain rate sensitivity of the flow stress;

a = K'*t'" Eq (3.11)

Equation (3.10) describes strain hardening in absence of strain rate sensitivity,
whereas equation (3.11) describes strain rate hardening in the absence of strain
hardening. These equations can be combined to incorporate both effects;

Eq (3.12)

After this the coefficient K" will be used without the accents.

If the true stress and true strain are plotted on a log-log scale it will result in a
straight line. See fig 3.3.

I ."
j. _.....
!

i
,/

nl = 0.210
Ct =755
n2 = 0.192
<; = 682.5

/D'

/0-'
",.

{/·1-_

Fig 3.3 A log-log plot of the true strain versus true stress with incorporation of strain rate
effects.
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------ Tensile tests -----------------

Assuming the strain rate to be known, the strain rate sensitivity can easily be
calculated. In the case mentioned before:

Sl = 0.0833 [mm S·l] - 5 [mm min-1]

S2 = 8.33 [mm S·l] - 500 [mm min-1]

E1 = 1/720 = 0.00139 . [S·l].
1/7.2 0.139 [S·l]e2 = =

o = K"*ehem
~ Log 0 =Log K" + n Log e + m Log e

e1 = 1 [-], 0 = 692.5
e2 = 1 [-], 0 = 775

Log 692.5 =

Log 775 =

Log K" + m Log 0.00139

Log K" + m ~g 0.139

Solving the latter equations produces;

-Log (692.5/775) = m * Log (0.00139/0.139)

-m =
-K" =

0.024 [-]
812.6 [N mm·2]

Eq (3.13)

In general, when performing two tests, the equation to solve in order to get m is;

C
Log ......!

C2m = ---:-=-
~

Log --!.
~2
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------- Tensile tests -------------------

Effect of the strain rate on Dow properties. (Ref 4)

Strain rate or rate at which a specimen is deformed is an important con
sideration in the production, fabrication and testing of materials. During a conven
tional tensile test a standardized upper limit is prescribed however during practical
deformation processes, economics prescribes that the deformation be as rapid as
possible. Under these different conditions the mechanical response of a given
material may vary. .

The most consistently obseIVed effect of strain rate is an increase of the yield
strength of the material. There is also a trend for the strain hardening to decrease (a
decrease of the slope of the CUIVe) with increasing strain rate. The effect on the
ductility of metals is relatively slight.

A positive strain rate sensitivity indicates that the flow stress increases as the
rate of deformation increases. This has two consequences. Higher stresses are
required to form parts at higher rates. Also at a given forming rate, the material
resists further deformation in regions that are being strained more rapidly than
adjacent regions by increasing the flow stress in these regions. This helps to distribute
the strain more uniformly.

The need for higher stresses in a forming operation is usually not a mayor
consideration, but the ability to distribute strains can be crucial. This becomes
particulary important in the post uniform elongation region, where necking and high
strain concentrations occur. An approximately linear relationship has been reported
between the m value and the post uniform elongation for a variety of steels and
nonferrous alloys (ref 5). As m increases from -0.01 to +0.06, the post uniform
elongation increases from 2 to 40%.

High n and m values lead to good formability in stretching operations, but
have little effect on drawability. In a drawing operation, metal in the flange must be
drawn in without causing fracture in the wall. In this instance, high n and m values
strengthen the wall, which is beneficial, but also strengthen the flange and make it
harder to draw in, which is detrimental.

3.4.3 The r value or plastic strain ratio.

How to calculate.

This value relates to drawability and is known as the anisotropy factor. This is
defined as the ratio of the true width strain to the true thickness strain in the uniform
elongation region of a tensile test:

The r value frequently changes with direction in the sheet. In a cylindrical
drawing operation, this variation leads to a cup with a wall that varies in height,
which is known as earring. It is therefore common to measure the average r value, or
average normal anisotropy, rm, and planar anisotropy ~r.
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------- Tensile tests -------------------

Eq (3.14)

The property rm is defined as ( ro + r90 + 2 * r45 ) / 4, where the subscripts
refer to the angle between the tensile specimen axis and the rolling direction. Ar is
defined as ( ro + r90 - 2 * r45 ) / 2. It is a measure of the variation of r with the
direction in the plane of a sheet.

To calculate the r values I used two different ways.
The first one is by means of an iso-anisotropic diagram. Computed as:

Calculation of the iso anisotropic lines in a AW-AT diagram.

Ln...!!...
e WOI=2=-~~
eT Ln ...I..

To

Aw = Wo - W

AT = To - T

Ln
Wo - Aw

I =
Wo

Ln
To - AT

To

T. - AT WO - Aw
I * Ln o = Ln

To Wo

I * Ln
To - AT

=Ln
Wo - Aw

To We

(r • Ln To - AT 0 w: - Aw
e To = ---"-0 -

Wo

Eq (3.14)

Eq (3.15)

Eq (3.16)
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-------- Tensile tests ---------------------

To - AT)
(r • Ll1 ---=--=--

W = Wo '" (1 - e TO)
Eq (3.17)

Equation (3.17) in case of some specific specimen, which have the next characteris
tics;

WO = 25.22 [mm]
TO = 3.15 [mm]
AT = 1.0 [mm]

Eq (3.17)

This implies a diagram of the form:

Fig 3.4. The iso-anisotropic lines in a ~w- ~t diagram.

H the thickness and the width of a specimen are measured during a tensile test the
data should form a straight line in the AW- AT diagram which produces the required
r value. Since the aim of this method is in fact computing the r value by means of a
directrix, this method is quite sensitive for off set errors. Off set errors occur quite
easy because of the surface roughness. Correction can be made by shifting a mea
sured straight line towards the origin. See figures below.
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Figure 3.5 Thickness variation of a cross-section area of a
specimen.
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Figure 3.6 Typical offset envr in a dw dt diagram.
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------- Tensile tests -------------------

The second method is to calculate the r value, at discrete strain values,
according to Eq 3.14. Most commonly used strain values are 10% and 20%. It is
obvious that this method more sensitive to errors than the latter one.

The effect of the r value on the drawability. (ref 6)

The r value is a measure of the ability of a material to resist thinning. In
drawing,. material in the flange is stretched in one direction (radially) and compressed
in the perpendicular direction (circumferentially). A high r value indicates a material
with good drawing properties.
rm determines the average depth ( Le. the wall height.) of the deepest draw possible.

Ar determines the extent of earring. A combination of a high rm value and a low Ar
value provides optimum drawability.

3.5 The Ilesults.

As mentioned before the performed tensile tests are;

Type speed in number of spe- computed para
[mm min-I] cimen in each meters

direction

1 1 1 r, YIP K and m

2 5 2 YIP K and n

3 500 2 YIP K and n

Table 3.2 tensile test configuratiom.
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The matching results are shown in the next pictures.
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Figure 3.7. The n-value versus roUing direction.

Concerning the average n values it is to be seen that the n value in the ff and
900 direction are roughly the same. The 45° direction however shows an increase in
the n value. This effect doesn't arise in the 45° direction of the 5.7mm thickness
specimen.

Another consistently observed effect is an increase of the n value with an
increase of the strain rate.
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Figure 3.8. The K value versus the roUing direction.

The K value doesn't incorporate any strain rate effects. Hence, according to
the theory there is a substantial increase of the K value with an increasing strain rate.
The increasement mainly consists of the part ~m mentioned in Eq (3.11).

The K value tends to be a bit higher in the 4SO direction than in the cf and 9cf
direction which are approximately the same. The only exception is the 45° direction of
the 5.7mm thickness.

Concerning the material thickness the K value, which is theoretical indepen
dent of geometry changes, increases with increasing thickness without exceptions.
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Figure 3.9. The m value versus the roUing direction.

To perform a series of tensile tests suitable to calculate a reliable m value one
should perform at least two series of tests obtained at strain rates which differ about
a factor 1<>3 . This requires a tensile testing machine especially suitable for high speed
tensile testing and a large number of tensile specimen. Because of the fact that we
were dealing with just normal deep drawing steel and matching specimen, it was not
the aim of the tests to get highly accurate values. We were more looking for a certain
area in which the m value would fit and hence could be used for the RIPLE simula
tion.

The m values show a trend to decrease somewhat in the 4SO direction. The <fJ
and 900 direction are roughly the same.

The average strain rate sensitivity of our material is about 0.010, this value we
used for the RIPLE simulation.
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Figlue 3.10. The r value versus the rolling direction.

The r value decreases slightly in the 4SO direction and has a considerable
increasement in the 9ff direction. This according to the theory.

The negative Ar value of the 5.7mm thickness is due to the strange value r
value in the 4SO direction of the matching thickness. As mentioned before this type of
specimen is almost certainly different from the other ones, probably due to another
heat treatment preparation etc.
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------- Tensile tests -------------------

3.6 Conclusions.

Conclusion 1: Since most of the material properties show a strong dependency with
the direction one should be careful in changing the configuration of the actual
deepdrawing process. This because the strain type arising during the deepdrawing
process changes a lot concerning the direction.

Conclusion 2: The rm value is reasonable and the dr value is good. Hence theory
would predict rather high cups with negligible earring. Later on we will see this
matches close to reality.

Conclusion 3: The 5.7mm thickness specimens in the 45° direction are almost
certainly different material or differently treated.
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4 EXPERIMENTS USING PUNCH ONLY

4.1 Introduction.

As mentioned before the power of the Aida press didn't suffice to draw a
complete cup of 4.2nun or 5.7nun thickness when using the punch only. In order to
investigate about single punch deepdrawing we decided to use another press. At MEL
another press, powerful enough to draw completed cups, was available. The specifica
tions are given below.

4.2 The specifications the Kawasaki press.

Upper-inner press.

Backward speed
Maximum stroke
Daylight (Distance between higher

and lower ram)
Size of ram

Upper outer press.

Maximum power
Maximum pressure
Pull back force
Gauge velocity (Low speed only)
Backward speed
Maximum stroke
Daylight (Distance between higher

and lower ram)
Size of ram

Maximum power
Maximum pressure
Pull back force
Gauge velocity -High speed

-Low speed

150 [tf] (1 gauge)
212 [Kgf cm-2]

28 [tf]
310 [nun s·lr
24 [nun s-lf"
130 [nun S·l]
400 [nun]

800 [nun]
200 [nun](circular)

150 [tf] (4 gauges)
212 [Kgf cm-2]

40 [tf]
24 [nun S·l]
88 [nun S-l]
400 [nun]

800 [nun]
1000*1000 [nun]
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------- Experiments using punch only -----------

lower press.

Maximum power
Maximum pressure
Pull back force
Gauge velocity (Low speed only)
Backward speed
Maximum stroke
Daylight . (Distance between higher

.. and lower ram)
Size of ram

150 rtf] (1 gauge)
212 [Kg! cm02

]

28 rtf]
24 [mm sol]
130 [mm sol]
400 [mm]

800 [mm]
400 [mm] (circular)

Hydraulic pump.·..

Main pump (Ot 63 - 80 E,OT 63 - 80 F)
107 [1 min-l]*212 [kgf cm-2] *1450 rpm each
pump.

Sub pump (OT 33 - 16 F)
11 [1 min-l ]*212 [kgf cm-2]*970 rpm

Pilot pump (HVP - FC 1- I.39L)
36 [1 min-l]*30 [kgf cm-2]*970 rpm

Electro motor.

Motor to drive main pump.
65 KW*200V*4 P

Motor to drive sub and pilot pump
7.5 KW*200V*6 P

*
••
••*

When using at high speed the maximum power is 20 tf
When using at low speed the maximum power is 150 tf
These values refer to capacity since the pumps aren't powered by themselves.

4.3 The first experiments.

Since the tools of the Aida press were designed to be used at a power level
compatible with the Aida press, we decided not to use the maximum available power
but limit it till 100 tf. Hence we skipped the experiments with the 5.7mm blanks.

Because time and blanks were limited we decided to skip one of the lubricants.
Most evidently was to skip one of the lubricants MoS2 and grease since they caused
almost the same results. After all we decided to skip the grease lubrication.
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During the first experiments we tried to find out the influence of changing the
configuration as shown below. This because the tensile tests predicted a considerable
change in material properties while changing the rolling direction. This was expected
to result in a different final cup shape.

We did the next experiments with similar results.

Results obtained by deepdrawlng at Kawasaki press

No. Anneal ing Lubricant R.D. Corner Height Average U"

Height standard

I 2 3 .. deviation

I N N 4 5' 30.14 28.70 29.99 32.66 30.37 . 1.43

2 N Y O' 30.66 32.16 33.89 32.32 32.25 1.13--

3 N Y .. 5' 32.38 32.01 33.88 35.08 33.34 1.23

4 N N O' 28.46 28.19 29.02 29.02 28.91 0.68

--Lowest position lIIeasured

Figure 4.1. Experiments using the Kawasaki press.

t
."" Hl,,,,..t?~-c ~¥~jflU

~bo~ r~,. ';.,.. ehc edi,-,vo

J4

32

d1"'
No lubricant.
M0S2 lubrication.

Figure 4.2. The average cup height measured in the comer versus the rolling direction,
with matching table.
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------- Experiments using punch only ------------

These results show clearly that changing the configuration influences the cup
shape, this resulting in a different cup height.

After obtaining these results we decided to use the 45° configuration in
succeeding tests. Evidently to get the best shape possible.

Concerning the annealed blanks, we did some investigation about the macro
structure of the material. This by means of a light-microscope. Theory predicts that
after a well-produced heat treatment a former rolling structure would be vanished
completely. According to this theory we couldn't discover any former rolling structure,
thus we assumed the heat treatment had been effective enough. In order to save
blanks and time we decided not to do experiments to demonstrate this assumption.

4.4 The second experiments.

The second series of tests performed at the Kawasaki press, aimed to find out some
more accurate indication about the strain distribution of a deep drawn cup. In order
to obtain these results we applied a grid at both blank surfaces. We did the actual
deepdrawing experiments but due to a lack of time we didn't have the opportunity to
investigate the strain distribution.

Another interesting parameter which could possibly effect the deep drawing
process is the strain rate, directly related to the ram speed. However investigation
would be very interesting, partly because RIFLE could deal with strain rate cal
culations too, we skipped this type of experiment. 1bis is because time was limited
and measuring the speed would be quite difficult too.
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5 EXPERIMENTS USING PUNCH AND SIDETOOLS.

5.1 Introduction

One of the aims of the project I joined was to investigate the capabilities of
the Aida press. As mentioned before 'as being a prototype not much was known about
it yet.

To keep the"investigations clear and because of the limited time we decided to
concentrate on a small number of parameters. Since the Aida press had some quite
unique capabilities, we would mainly change the parameters related to those capabili
ties and not the more common ones for instance the temperature, radii, clearance etc.
After all we decided to do the next experiments. See table 5.1.

Experl .. entl U I Inc A Ide pre ••

Experhent conripretlon cMOIlne par..etero
DO,

0 only punch -lnnelllne
-Iabrlclnt

I A punch Ind Iidetooll - •
101 ratio - •

2A panch Ind Iidetooh - •
pre-preOlu red by - •
.idetoola

3A punch Ind lidetooh - •
bleh ratio - •

I B punch and oldetooh - •
101 ratio - •

2B punch Ind Iidetool. - •
pre-preOlared by - •
.Idetooll

38 punch .nd oldetool. - •
hleh ratio - •

Table 5.1. The Aida press experiments.
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5.2 Cup shape classification.

After we had done the experiments we decided to make some classification of
specific shapes possible occurring during deepdrawing. By means of that it would be
easier to compare the different processes too. We used the next list;

List of possible shape appearances

completed A

bottom-comer instability B'

severe bottom-comer instability B"

bottom comer fracture B'"

completed bottom comer fracture B""

edge-comer instability C

severe edge-comer instability C'

edge-comer fracture C"

completed edge-eomer fracture C'"

wall instability D'

severe wall instability D"

buckling E

wrinkling F

spherical bottom G

no flange at sides H'

no flange at comers H"

ironing I

Cup shape classification Table 5.2
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5.3 The first series of tests.

During the first series of tests we used 32 mm blanks.
This produced the following results. See table below.

3 2 ... thlekn •••

Cu. CoftftpratlOli ADO' Hod Lubrlcni. berue hull.
"".her heisht

I 0 A/B N N 54.595 A.B .. •• E

2 0 A/B N Y 54.603 A. B".E

3 0 A/B Y N 32.32 B..... E

4 0 A/B Y Y 41.11 B..... E

5 1 A N N 58.A2 A.B·.E.H'

6 1 A N Y 59.07 A. B' .E.H·

7 1 A Y N 58.70 A.B .. ·.F

8 1 A Y Y 59.52 A.B·.E.G.H'

e 2A N N 5A.54 A. B'. F

10 2A N Y 5A.67 A. B'. F

1\ 2A Y N 54.39 A. B..... F

I 2 2A Y Y 59.26 A. B'. E.G

1 3 3A N N 5A.75 A.8 ... C· .. ·.O·.F.H·

\ 4 3A N Y 5A.65 A.B·.O".F.H'

1 5 3A Y N 59.AA A.C· .. ·.O·.F.G.H·

1 6 3A Y Y 60.47 A.C .. ·.F.G.H·

I 7 1 B N N 5A.2e A.E.H"

I A I B N Y 58.33 A.E.H"

1 e \ B Y N SA. IS A.B".E.H"

2 0 \ 8 Y Y 58.84 A.G.H"

2 1 28 N N 51.37 A.E.H"

22 2B N Y 51.10 A. E.H"

23 21l Y N 5A.5\ A.B·.E.H"

24 21l y Y 51.05 A.E.G.H"

2 5 all N N - A.F.H".I

Table 5.3. The first series of tests.

5.4 Discussion 1.

To tty to select the most promising configurations rn first sort the unaccep
table configurations.

Configurations are unacceptable if one of the next shapes occur:
-bottom comer fracture
-completed bottom comer fracture
-edge-comer fracture
-completed edge-comer fracture
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Thus configurations 0 AlB can only be practised when using non-annealed
lubricated blanks.

Configuration 1 A is not applicable when using annealed non-lubricated blanks
and so does configuration 2 A

Configuration 3 A is worst of this series when using sidetools, it is only
applicable when using non-annealed lubricated blanks.

According to this criterion none of the B configurations produces unacceptable
shapes, however when using configuration 3 B there is that much compression at the
comers that the shape is too much distorted and hence unacceptable.

Secondly I'll try to sort the shapes which are not acceptable yet, but could possibly
become acceptable if the process endures some improvements. This criterion is valid
when the next shapes occur;

-bottom-comer instability
-severe bottom-comer instability
-edge-comer instability
-severe edge-comer instability
-wall instability
-severe wall instability
-wrinkling

All remained A configurations produced shapes fitting this criterion.
Of the B configuration 1 B is not applicable when using annealed non

lubricated blanks and so does configuration 2 B.

Thirdly I'll try to sort the shapes which are acceptable, this doesn't mean they have a
shape which is completely satisfactory, however only slight changes in the actual deep
drawing process will be enough to come them fully up to expectations.

The remaining shapes are the 1 B and 2 B configuration with exception of the
annealed non-lubricated blanks. Comparing these two configurations with one each
other configuration 1 B is slightly better.

Generally speaking using the B configuration leads to more promising results
than the A configuration does and the best configuration might be situated above the
45 line in the forming limit diagram. (For explanation see later on.)
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5.5 The second series of tests.

During the second series of tests we used 4.2 mm blanks.
This produced the next results.

4. amm thickn •••

Cop CoerJpn\ion A.... lllld Lubricetlon ".raKe lenl t.

nnat>er heilht

)( 0 A/II N N II ....

)( 0 A/II N Y II ....

)( 0 A/II Y N II ....

)( 0 A/II Y Y A, II'. H'

I. 2 I A N N 53.12 A,F,G.H'

2. 2 I A N Y 61.93 A.G. H'

3. 2 I A Y N 53.3D A,E

4 • 2 IA Y Y 63.98 A.E,G.H'

L 2 2A N. N 62.11 A.G,H·

6. 2 2A ·N· Y 61.33 A.G. H'

7 • 2 2A y N 53.12 A.E.G

8. 2 2A Y Y 64.41 A,G,H'

9. 2 3A N N 41.60 F.G

10.2 3A N Y 50.23 E.G

Ualn. the B-confJ,uratlon lronln, occur.d
l ••• dl.t.l~

Table 5.4. The second series of tests.

5.6 Discussion 2.

Unfortunately we couldn't fully complete these series of tests. This due to the
fact that we broke our sidetools during the third 3 A configuration test. Hence we
couldn't finish the last two 3 A configuration tests.

When we tried to practice the B configuration tests ironing occurred. This
because we didn't change punch and/or die as well as the absolute clearance.
However by using thicker sheet the relative clearance decreased.

Though usually ironing occurs during deepdrawing, in our case it is quite un
favourable, due to the fact that the press isn't equipped with a pull off system. Hence
we couldn't practice the B configuration tests.
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To judge the configurations I'll use the same criteria as for the 3.2mm thickness.

Shapes according to the first criterion;

Three of the 0 configurations fit this criterion. The only 0 configuration not
fitting this criterion is when using annealed lubricated blanks, the most favourable
combination. .

Shapes according to the second criterion;

The most unfavourable combination which can be used is no annealing and no
lubrication. Both the 1 A and 3 A configurations can't deal with this type of com
bination.

The remaining deepdrawing configuration without using sidetools is not
applicable any more.

Shapes according to the third criterion;

All 2 A configurations fit this criterion. The 1 A and 3 A configurations fit
with exception of the combinations mentioned at the second point. However not
mentioned to belong to this criterion using the 3 A configuration the cups are not
completed, although not being applied, the other 3 A configurations are not expected
to succeed too.

5.7 General discussion.

Comparing the two sheet thicknesses is a tricky job. This is mainly because we
didn't practice all of the 4.2mm tests. Furthermore, as mentioned before, the relative
clearance decreased as well. Some careful conclusions;

Increasing the sheet thickness leads to more promising results. This according
to theory which predicts an increasement of the lDR with an increasing plate
thickness.

It seems that the influence of lubrication increases with increasing blank
thickness.

Possibly the 3.2mm thickness deepdrawing can be improved by decreasing the
clearance.

Comparing the two thicknesses we see that a spherical bottom occurs more
frequently when applying 4.2mm blanks. An easy solution for this problem would be
to flatten the bottom by continuing to push until bottom of die is reached.
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5.8 Thickness strain measurements.

5.8.1 How to perform.

Another method to judge the reliability of a deep drawing process or to judge
comparable processes, is by means of a thickness strain measurement.

We applied the method as follows. First we cut the blanks, as shown in fig 5.1,
by means of a grinding machine. The latter in order to keep the surface roughness as
smooth as possible.

Figure 5.1. A shell cut out of a cup, two views.

And after that we measured the thickness of the cut shell in the 45° direction.
The latter by means of a 2-D measure-microscope, with an accuracy of 0.002 rom.
The distance from origin was measured alongside the neutral line, see fig 5.2. As both
the processes, cutting and measuring, are quite accurate ones the weakest point is an
incision displacement error in the 45° direction. Fig 5.3 shows this type of error.
Another problem is the non-uniformity of the strain comparing the four comers, to
diminish the latter effect, the worst comer has been measured in the next tests.

~-- - -. ---

, :

Fig 5.2 Thickness measurements
alongside the neutral line.

Fig 5.3. An incision
displacement error.
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After measuring the thickness a calculation of the true thickness strain was
made. After obtaining the results a plot was made of the true strain versus the
distance from the cup middle, see fig 5.4.
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Figure 5.4. A plot of the true thickness strain versus the distance from the cup middle.

5.9 Discussion.

5.9.1 Judge criteria.

In order to compare the processes we distinguished two areas. Firstly the dip,
secondly the wall area.

To compare the dip area computations are made of the depth of the dip (i.e.
the maximum negative strain.). Further a computation was made of the intersection
comer (a) of the two tangents, see fig 5.4. As being dimensionless units both, com
paring theprocesses by this values won't cause any problems. Obviously the best
process has a low maximum negative strain combined with a high intersection comer
value.

It is difficult to compare the wall areas by means of computationable criteria.
But clearly one would like the strain to differ as less as possible in order to get
straight, smooth walls. Hence by comparing this area we will only consider the over
all view of the latter.
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5.9.2 Comparison.

Since cutting, measuring and computing are very time intensive processes, we
only did three tests. The cups tested are 2.1, 10.1 and 22.1, matching configurations
are OA, 2A, and 2B, all blanks are non-annealed and are lubricated during deepdraw
ing. The results are shown in the figures below.
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Figure 5.5a. A plot of the true strain versus the distance from the cup middle. Cup
number 2.1.
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Figure 5Sb. A plot of the true strain versus the distance from the cup middle. Cup
number 10.1.
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Figure 5Se. A plot of the true strain versus the distance from the cup middle. Cup
number 221.
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With respect to the dip the order is, concerning improvement; 2.1, 10.1 and
22.1. This applies both, the alpha and the maximum negative strain value. For
quantitative values see table below.

Quantitative comparison

Configuration OA/B 2A 2B

Cup number 2.1 10.1 22.1

ex value 11.25 18.4 21.25

% improvement when compar- / 63.3 88.9
ing to 0 configuration

E t value -1.17 -0.54 -0.49

% improvement when compar- / 53.8 58.1
ing to 0 configuration

Concerning the wall area it is more difficult to decide whether or not a curve
is more or less suitable, but probably the order will be 2.1, 22.1 and 10.1. This is
mainly because a second manufacturing process would possibly be easier. Concerning
this judgement it is obviously less important than the dip shape.

The most evidently conclusion is the same as mentioned under chapter 4; the
B configuration is more promising than the A configuration.
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5.10 Forming limit diagram.

Forming limit diagrams are generally applied in deepdrawing in order to get
indications about the limiting strain that sheet metals can sustain over a range of
major-to-minor strain ratio's. In a commonly used diagram the major strains at the
onset of necking in sheet metal are plotted vertically and the corresponding minor
strains are plotted horizontally. The onset of failure lines divides all possible strain
combinations into two zones: the "safe" zone, in which failure duririg forming isn't
expected, and the "failure" zone, in which failure during forming is expected.

The aim of the forming limit diagram we constructed is the same, but the way
to obtain is different and so are the units at the axis.

The sidetool displacement is plotted at the horizontal axis, and at the vertical
axis the punch displacement. We intended to find a kind of a failure line in the for
ming limit diagram like the one mentioned above. In order to find this we con
tinuously made measurements of the pressure and displacement of both the punch
and sidetools. When looking at the pressure displacement diagram we hoped to be
able to find the points of instability (necking) and/or fracturing. By means of that it
would be easy to construct a diagram as mentioned before. Unfortunately we had
some difficulties operating the press and the measurements contained some noise.
Hence it was quite difficult to get the right interpretation of the obtained results. One
of the partly constructed forming limit diagrams is shown in fig 5.6. By means of
constructing a diagram like this we intended to find lines which indicated the way to
draw the highest possible cup or the way least likely to failure etc.
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Figure 5.00. A partly constructed forming limit diagram.
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6 DEVEWPMENT OF RIPLE. (Ref 7)

6.1 Introduction.

Nowadays, FEM is used in many fields. In the field of large deformation
problems, such as forging, mainly rigid-plastic FEM is used. This because it has a
shorter CPU time than the elastic-plastic FEM has. However even when using rigid
plastic FEM, the time elapsed to calculate a big analyses is very long. Hence using a
supercomputer is necessary.

To diminish the time it takes to calculate a big analysis research has been
done about the several methods used to calculate the simultaneous equations.
Simultaneously there will be a discussion about a method spreading the range of
convergence, this to make RIFLE converge more stable. Basically this method forces
the functional to form like a hyperbola.

During discussion a comparison will be made between the simulation of thick
plate deep drawing and experimental results.

6.2 Rigid plastic FEM.

6.2.1 How to make RIPLE rast(er).

One of the best ways to make RIFLE fast is by means of a fast calculation of
the simultaneous equations occurring during analysis. To realise this several methods
will be investigated. Namely;

-Gauss elimination,
-modified Cholesky decomposition and
-ICCG (Incomplete Cholesky Conjugate Gradient) method

In order to do actual simultaneous calculations, a computation of a simulation com
pressing a fixed cylinder will be made, shown in fig 6.1.

J 1 111 1

~

R

Figure 6.1. Simulation of the compression of a fixed cylinder.
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First the FACOM M780/20 UTS (UTS) has been used. Fig 6.2 shows that the
Gauss method and modified Cholesky decomposition almost have the same CPU
time, but applying ICCG takes much more time. This because the UTS is not
vectorized Hence, it is not desirable applying ICCG when using UTS.
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Fig 6.2 The CPU time Fig 6.3 The CPU time Fig 6.4 The CPU time
using the FACOM. using the CRAY: using a modified version.

Fig 6.3 shows the CPU time when using the CRAY X-MP/216 (CRAY). The
Gauss method and the modified Cholesky decomposition are as same as using the
UTS. But the ICCG method is a little bit longer than when using UTS.

For the last simulation, RIPLE has been made faster by means of changing the
each program into a shape more suitable for the CRAY, as shown in fig 6.4. The
CPU time turns out to be shorter in every applied method.

Summing up; if the model is small, Gauss and Modified Cholesky decom
position are faster than the ICCG method. This is because Gauss and Modified
Cholesky decomposition both are direct methods and ICCG is a repeat method.

But if the model is very bigger such as 3-D problems, the ICCG method has
advantages for practical use. Then the CPU time to use the ICCG method is same or
shorter than other methods.
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6.2.2 How to make RIPLE converge more stable.

The method applied to spread the range of convergence, is by means of
forcing the functional to become like a hyperbola.

In rigid plastic FEM the functional cP is;

provided that

(Applying the Lagrange multiplier method.)

RIPLE changed the value of E changed into;

e = ~ ; ~Te + ex

After that the range of convergence is spread by forcing a functional to become like a
hyperbola. Hence the FEM has become more convergent. At the same time the FEM
is converging the alpha value decreases, finally the result is got. Actually if norm !J. E
divided by norm eis smaller than ";0., at the repeat calculation a will be multiplied by
0.1 •

The model used to calculate the latter method is again the model shown in
figure 6.1. In order to investigate the effect of the a value on the convergence,
investigation bas been made for a free node velocity field which is changed from
figuration (a) into figuration (b).

V/ = Al • Ri + BI

V Zl = A 2 • Zi + B2

into;

( i = 1,2,•••••.•,n-l,n.
n is the number of the node.)
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D.l~---'------o_-~
0.01 0.1 10

Figure 6.5. The Q value versus the 13 value.

Using this method the mjnjmum value of Q is found by changing the value of
13. Fig 6.5 shows the relation giving the first velocity field and Q. The vertical axis re
presents the Q value, the horizontal axis the 13 value. As shown in fig 6.5 when 13 is
more than 1, Q increases proportional to the 13 value. When 13 is less than 1, Q

pursues a curve which doesn't exceed a constant value. Therefore as the value of the
first velocity field slips under the right value, the Q value, needed to converge
becomes large.

6.3 Comparison of simulations and experiments

6.3.1 Simulations.

The program to analyze uses modified Cholesky decomposition to calculate the
simultaneous simulations. To make a stiffness matrix the Lagrange multiplier method
has been applied.
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Figure 6.6 The model used to simulate the deepdrawing.

Fig. 6.6 shows the model to simulate the deep drawing process. The model has
171 elements and 390 nodes. The plastic definition is rigid plastic. There is no friction
between die and blank. When trying to simulate deep drawing by means of a punch
only the program didn't show convergencp.. On the contrary the simulation using
sidetools (x and y axis) converged.

6.3.2 Experiments.

For the experiments, the multi axial Aida press was used. The blank material
was SS41. The blankshape is an octagon, with a thickness of 5.7mm. The clearance
between die and blank holder is 1.7mm. The punch size is 67*67 mm, the comer
radius is 5mm. The radius of the edge comer is 5mm. The clearance between punch
and die is 6.5mm.

First, we tried to make a cup by means of the punch only, but this didn't
succeed. However when applying sidetools we got a complete cup.

6.3.3 Compare simulations with experimental results.

In order to estimate the profile of the cup, the profile has been measured at
four different stages. To compare those profiles a picture is made of partly ex
perimental and partly analytical results. Fig 6.7 shows the latter, the right side stands
for the experimental res,wts, the left side for the analytical results.

------MEL, Tsukuba February 1991 --------- 55



-------Devellopment of RIPLE --------------

Analytical Experimental

Cross section A-A

Analytical Experimental

Cross section B-B

Figure 6.7 Comparison between analytical and experimental results.

As for the cross section of A-A (00 or 90° direction), both results tend to in
crease thickness at the die comer and to decrease thickness around the punch comer.
However the analytical results have larger deformations than the experimental results.

When comparing the thickness deformation of cross section A-A with B-B (45°
direction), we see the latter has much smaller deformations.

Further differences are, experiments produce cups with straight walls but
analytical results predict curve shaped walls.

There is almost no flange left at the deep drawn cups , but analytical results
still show some flange. This because the side tools velocity of the simulation is slower
than in reality. And hence simulation doesn't predict such small flanges.
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6.4 Conclusions

RIPLE, which is a rigid plastic analysis code became fast by means of using
several methods to calculate the simultaneous equations and by changing the program
in a shape more suitable for the CRAY.

Inserting the Q into the rigid plastic FEM's functional improved both the
convergence-range and -stability. .

Comparing the 3-D simulation with experiment of thick plate deepdrawing, we
see that concerning the A-A cross-section, at the point of the punch comer, we could
simulate the phenomenon that the thickness of the blank decreases proportional to
the deformation. Hence by means of using this program it is possible to predict when
fracture will occur.
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