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ABSTRACT

A technique has been developed for the assessment of

the magnitude and direction of the principal finite strains

from measuremE~nts made on a 'deformed pair of lines. The

analytical procedure leads to the establ ishment of a

symmetric second order tensor which is not one of the

classical large deformetion tensor defined in m¢ny Continuum

Mechanics tex ts f bu t is mu ch s impl e r in form and read i ly
~

applicable to the determinatio~~ netural strains in sheet

metal forming operations. ,.-~~
-~~

Another aspect of this work has beencm-_~tt~_________
---------------

provide a new method. (Ge7tri~

development and the InvestIgatIon

~lod e 11 in g) for
I: .)......... ~'.,-'"

of poss r'ble

blank

strain

dist,ributions in forming sheet metal components. It is a

computer tecRnic.;ue simUlating the traditional manual

calculations performed by experienced tool designers.

The present work describes the formulation of the

fundamental theory of the method and the basic geometr ic

assumptions which are employed. Two partiCUlar examples

have been considered; one is forming a sheet on a smoothly

analytically defined surface and the other is forming the

corner section of an automotive stamping.
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The detailed analytical procedure is implemented in

FORTRAN cod e. ~he analysis has been performed without

eccess to advanced computer grephics. However; the resul ts

suggest that the basic approoch is feasible and that future

modelling using interactive computer graphics may well be

attainable.

'\
\

,
\

iv



ACKNOWLEDGEMENTS

I wish to ~cknowledge the assistance, guidance and

cx:>ntinual encourogement of my supervisor, Professor R.

Sowerby.

The valuable stimulction of the present research, the

extensive discussion and support provided by Professor J.L.

Duncan throughout the course Of this work is sincerely
•

ac kt;1olt'l edged.

~lany thanks are also extended to Dr. M.P. Sklad,
,

Professor G.A. Oravas, and my fellow students whose

discussions and comments helped me with this work.

I e"xtend my ?ppreciation for the financial support-

granted by the Natural Sciences and Engineering Research

Council of Canada and by the Ford Motor Company, Dearborn.

Finally, I wish to thank Nancy Sine of the

Engineering Word Processing Centre, for her expert typing of

the manuscript.

v



TABLE OF CONTENTS

LIST OF FIGURES

<

LIST OF SYt,1BOLS

3.2 FINITE ENGINEERING STRAIN

EXPERHIENTAL STRAIN DETERl'1INATION

PAGE

ix

x

1

6

6

7

7
9

11
14

i
..-16

18

18

19

22

22
26
30

General Concepts
Elon~ation Coefficients
Transformation of Finite
Strain Parameters

The Slab Metbod
The Bounding Methods
(3) Upper Bound Method
(b) Lower Bound Method
Slip Line Field Theory
The Finite Element Method

3.2.1
3.2.2
3.2.3

2. 2. 1
2.2.2

2. 2.3
2.2.4

3.1.1 Grid Measurements and
Forming Limit Diagrams

INTRODUCTION

NUMERICAL TECHNIQUES FOR SOLVING
FOm1ING PROCESSES

3.1 INTRODUCTION

2.1

2.3 DISCUSSION

2.2

INTRODUCTION

APPLICAT10NS OF NUMERICAL METHODS
TO FORMING PROCESSES

CHAPTER 3

CHAPTER 1

CHAPTER 2

vi



CHAPTER 3

TABLE OF CONTENTS (continued)

P~GE

continued

. 3.3 FINITE DEFCRNATION OF OTHER PLAHAR 31
ELEMENTS

3.3.1 Deformation of a RectanguJar 32
Grid

3 . 3• 2 . De for mD t ion 0 f a Par a 11e log r a l.I 34

CHlI.PTER 4

3.4 DISCUSSION

GEOtlETRIC MODELLING

4.1 INTRODUCTION

4.2 GEOMETRIC OBJECTIVES !N SHEET
FORMING

36

38

38

41

4.3 THEORETICAL BASIS OF THE COMPU1ER 45
PROGRAM

4.3.1 Distance Between Two Points 53
4.3.2 Basic Properties of a 53

Triangle
4.3.3 Proportional Mapping 55

CHAPTER 5 APPLICATIONS OF THE MAPPING PROCESS

5.1 INTROOUCTION

5.2 GEOMETRIC MODELLING OF AN
ANALYTICAL SURFACE

5.2.1 Mesh Generation
5.2.2 Boundary Conditions ana

Proportional Transformation
5.2.3 Results of the Mapping

Process

5.3 DISCUSSION

vii

60

60

61

61
63

67

69



CHAPTER 5

CHAPTER 6

APPENDIX A

APPENDIX B

APPENDIX C

APPENDIX D

APPENDIX E

REFERENCES

TABLE OF CONTENTS (continued)

continued

5.4 MODELLING OF PART OF A STAMPING

5.4.1 Mesh Generation
5.4.2 Results of Mapping

5.5 DISCUSSION

CONCLUSIONS AND SUGGESTIONS FOR
FURTHER vJORK

A.I THE SLAB METHOD
A.2 THE UPPER BOUND SOLUTION
A.3 THE LOWER BOUND SOLUTION
A.4 THE SLIP LINE FIELD-TECHNIQUE

B.l TRANSFORMATIONS OF FINITE STRAIN
PARAMETERS

B.2 MOHR'S CIRCLE OF FINITE STRAINS

C.l FINITE STRAIN PARAMETERS OF A
RECTANGULAR ELEMENT

C.2 FINITE STRAIN PARAMETERS OF A
PARALLELCGRM1

LIST OF SUBPROGRAMS

PROGRAM GLOSSARY

v iii

PAGE

70

71
74

78

so

86
89
92
92

98

101

104

105

108

110

113



..

LIST OF SYMBOLS

SYf>1BOL

v

L o

OA, OB, OC

OA', OB I, OC'

x, y, Z

x, Y, Z

0.

SUBSCRIPTS

I

x, y, z

X t , y' , z'

A, B, C

I, J, K, L

i,j,k,l

DESCRIPTION

Finite strain parameter

Total strain

Component of displacement of
a node in the x-direction

Component of displacement of
a node in the y-direction

Or i ginalside- 1eng th 0 f a' s qua r e

Initial side lengths of an element

Final side lengths of a deformed
el~ent

Local coordinate of an element

Referential coordinates

Angle of rotation of the
co-rotational axes w.r.t. the
deformed element

Orientation of the principal axes

I = 1, 2, 3 principal axes

Co-rotational axes

Local coordinate axes

Nodal points of an element

Vertices of an element in 3D
space

Vertices of an element in the
plane surface

ix

UNIT

in.

in.

in.

in.

-in.

deg.

deg.



-~ - -- -

i
\

\

FIGURE

3.1

3.2

3.3

3.4

3.5

3.6

3.7

LIST OF FIGURES

CAPTION

A schematic diagram showing the
position of the Forming Limit Curve
and the Fracture Str.ain Curve [28]

Diagrams illustrating the basic concepts
(a) Original undeformed body Vo(b) Deformed body V

Deformation of a principal element
wi thin- the-reg-ion under consIderation
(a) A cubic element in the unstrained

state
(b) A cubic element in its deformed

state

Deformataon of a square grid
(a) Original unstrained element in

a small region b
(b) Final deformed g?id

·(c) Components of the relative
displacement witp respect to the
axes x-y

Two dimensional deformation of a
square grid
(a) Initial square element
(b) Element is d~ormed into a

parallelogram

Deformation of a rectangular element
(a) Initial unstrained element within

a small region b
(b) Deformed configu?ation of the

e1em e ntin (a )
(c) Deformed element together with

th€ reconstructed axes

Deformation of a ~arallelogram

(a) Initial undefortned element
(b) Deformed state of the element
(c) Local coordinate axes of the

element is reconstructed after
deformation

x

PAGE

23

25

27

29

33

35



FIGURE

4.1

4.2 .

4.3

4. 4

4.5

I ~

LIST OF FIGURES (continued)

CAPTION

Diqgrams showing two common types of
sheet metal forming processes
(a) Drawing process
(b) Stretching ~~ocess

(a) A typicai Forming Limit Diagr-am
showing the Forming Limit Curve,
the Fracture Map and a Wrinkling
Limit

(b) Envelope of the greatest strain
ratios of any linear straining
path (33J

(a)-(g) A complete logistics of the
Geometric Modelling Program

A straight line in space which is
!epresented by the diagonal of 'the
element shown

A triangular element illustrating its
basic properties in three dimensional
"'space

..
PAGE

42

44

46

·54

54

4.6 (a)

(b)

~. j

Quadrilateral element on
curved surface
Locating the fourth node
plane ~5Urface

,
the

in the

56

4.7

4.8

5. 1

5.2

Diagram illustrating the assumed
proportional deformation

~

Transformation of the fourth node 1
from th~ local axes to the global
axes

portion of an ellipsoidal surface
which is modelled by a 4x4 mesh

Diagram showing the boundary nodes
and the order of mapping ~f each
element which is ~mployed in the
analysis

xi

58

62

1)4



FIGURE

5.3

5.4

5.5

5.6

5.7

5.8

5.9

Al

A2

A3

......... -';f

LIST OF FIGURES (continued)

CAPTION

"Mapping seque~e for locating the
fourth node at a quadrilateral
element
(a) Column-wise mapping
(b) Row-wise mapping
(c} Diagonal traverses

The same portion of the ellipsoidal
surface wh~ch is how modelled by a
finer 8x8 m'esh

(a) The resulting transformation of
the ellipsoidal surface shown
in-Figure 5.1

(b) The resulting transformation of
the same ellipsoid using a finer
mesh shown in Figure 5.4

Photographs:
(a) of a seat stamping and
(b) the area removed from the corner

fo r, mode 11 ing

Mesh obtained from the region shown
in Figure 5.6(b) ~

Transformation of the mesh in F\gure
5.7 into the flat plane showing the
area of instability

An improved transformation into the
plane /

(a) Sheet drawing through a frictionless
wedge-shaped die

(b) Free body diagram of a slab

(a) An upper bound solution for
sheet drawing

(b) Velocity diagram to -(a)

(a). A lower bound soluti'on -for sheet
drawing through a frictionless
wedge-shaped die

(b) Stress circles to (a)

xii

PAGE

65

66

68

72

73

75

77

87

91

93 '



n

FIGURE

A4

81

82

Cl

C2

LIST OF FIGURES (continued)

CAPTION

(a) A simple slip-line field solution
for sheet drawing

(b) Hodograph to (a)

Transformation of the finite strain
parameters
(0) Relative deformation of an e12ment
(b) Components of the displacement o~

point B with respect to the two
orthogonal coordinate axes

,
Mohr1s circle of finite strains

Diagrams showing the deformation of
a rectangular element

Diagrams illustroting the fictitious
line length OC I ond 0{

\

•

xiii

PAGE

94

99

102

107

107



CHAPTER 1

INTRODUCTION

Blank development is the process of finding the SIze

and shape for cutting the initial sheet or bl2nk In order to

make a gIven stampIng. For simple shapes such as

cylindrical cups and rectangular boxes, a numb2r of

geom2tric and semi-empirical relations can be found in sheet

metal texts

suitable blanks

)

These permi t manuaj' calculation of

Many stamped parts have 2rbitrary rather

than simple analytical shapes, hence other techniques must

be employed. Geometric modelling is one of such techniques,

which will be developed in this present work.

During the past decade investigators have studIed

numerical methods of modelling the entire sheet metal

forming process in order to obtain a suitable blank shape.

Some of these methods ~~ll be reviewed and applications to

metal working process will also be presented in the next

Chapter. Amongst those, the most popular approach is the

finIte element method in which the inputs are:

the mechanical properties of the sheet;

the geometry of the tooling;

friction between the sheet and the tooling;

an assumed" initial blank conflgurationi

other process data such "as clamping pressure and

1






































































































































































































































