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Preface

Throughout the last decade, increasing competition and environmental
regulations has forced the transportation manufacturing industry towards
producing low-mass vehicles to achieve fuel savings, reduced emissions and
safe structures. In order to accomplish this goal in a cost-effective manner,
manufacturers have to both develop or use new and lightweight materials,
alloys or composites; and develop and improve new manufacturing tech-
niques that can convert these materials into lightweight functional struc-
tures robustly, cost-effectively and with consistent quality. The hydroforming
process, which has been long used to fabricate either intricate and small
fittings for sanitary applications, or large but rather simple parts for aero-
space applications, was a relatively new technology for the automotive
industry in the early 1990s. It was taken as an new tool that could enable
part consolidation, high strength-to-weight ratios, tight tolerances, better
rigidity, less post-process operations, easy assembly, cost effective parts and
tooling. With many other advantages and opportunities of design flexibility,
there has been a continuously increasing interest in the hydroforming
process particularly within the automotive and aircraft industries. As
expected, the demand on the development of a knowledge base on this
technology is also increasing so that mass production of new and more parts
can become a reality.

As far as this author could survey and to his best knowledge, more than
one thousand technical papers have been written and published on various
aspects of this technology. Researchers, scientists, engineers from all over
the world, both from academia and industry, researched the deformation
mechanics, material behavior, tribology, tool design, equipment and system
design, process control, etc. of this technique. Analytical and numerical
models were developed and tested for a variety of parts of interest.

Yet, there is no textbook or handbook that serves as a single source of
knowledge in this field of advanced manufacturing. One or two existing
attempts were developed to the desired full extent but they do not suffice
for students, engineers and researchers who are new to the topic.

XV



XVi Preface

This handbook on hydroforming was prepared with the aim of it becom-
ing a main reference source of knowledge for decades to come. It is a
product of a truly international and interdisciplinary collaborative work of
many contributors. It presents all aspects of this technology comprehen-
sively in a concise and direct manner. It comprises 16 chapters, and every
chapter takes its topic from the very basics towards the latest and highest
level of know-how. Chapters are organized in a similar manner to take the
readers from fundamentals to the analysis of advanced and complex issues
as well as to the latest trends in this field of research and development.

We hope that readers of all kinds of background, need and interest will
find it useful and take it as a first step towards learning, researching, advanc-
ing and applying this technology into whatever their respective application
would be.

I would like to acknowledge and thank all of my collaborating friends
and authors for their contributions by sharing their knowledge and insight
with us. Special thanks go to the publishing team members who relentlessly,
patiently and with a great professionalism steered us towards completing
all chapters in a timely manner.

Muammer Kog
Richmond, Virginia, USA



1.1
1.2
1.3
1.4

1.5
1.6
1.7

Part I

2.1
22
23
24
2i5
2.6
2.9
2.8

Contents

Contributor contact details
Preface

Introduction and state of the art of hydroforming
M. Kog and O. N. Cora, Virginia Commonwealth
University, USA

Introduction

Hydroforming systems, equipment, tooling and controls
Materials, formability, forming limits and advantages
Tribology in hydroforming - friction, wear,

lubricants, coatings and testing methods

Computer simulations for tube hydroforming
Developments in hydroforming and concluding remarks
References

Principles of hydroforming

Hydroforming systems, equipment, controls
and tooling

D. GEARING and D. MEVIssEN, Interlaken Technology
Corporation, USA

Introduction

Presses

Pressure intensification systems

Controls

Tooling

Future trends

Sources of further information and advice
References

XI
xv

10
15

17
21
24
28

31

33

33
33
39
43
45
50
51
51



Vi Contents

3 Deformation mechanism and fundamentals

of hydroforming 52

C. Harte, Cologne University of Applied Sciences, Germany
3.1 Introduction 52
3.2 Stress and strain relationships in tube hydroforming 54
3.3 Determination of forming limits 62
34 Forming loads and process control 66
3.5 Preceding forming operations 69
3.6 References 75
4 Materials and their characterization for hydroforming 77

C. Harre, Cologne University of Applied Sciences, Germany
4.1 Introduction 77
4.2 Steel materials 78
4.3 Aluminium and magnesium alloys 81
4.4 Formability testing 84
4.5 Future trends 87
4.6 References 90
5 Formability analysis for tubular

hydroformed parts 93

D. E. GrekN, University of Windsor, Canada
5:1 Introduction 93
5.2 Tube formability 94
5.3 Measuring tube formability 99
54 Tube-forming limits 108
5.5 Formability analysis for numerical simulations 114
5.6 Formability analysis in the plant 115
5.7 Conclusions and future trends 116
5.8 References 117
6 Design and modelling of parts, process and

tooling in tube hydroforming 121

M. StraNO, Universita degli Studi di Cassino, Italy
6.1 Introduction to tube hydroforming design 121
6.2 Technological classifications of tube

hydroforming processes 123
6.3 Hydroformability of tubular parts 127
6.4 Guidelines for process design 131
6.5 Finite element analysis strategies for process design 136
6.6 Designing a new hydroforming process: a simple example 139

6.7 References 142



7

7.1
7.2

7.3
7.4

7.5

7.6
7.7

Part Il:

8.1
8.2
83
8.4
8.5
8.6
8.7

9.1
9.2
9.3
9.4
9.5

10

10.1
10.2
10.3
10.4

Contents

Tribological aspects in hydroforming

G. NgaiLg, North Carolina State University, USA
Introduction

Parameters that influence friction, lubrication,
and wear

Lubrication mechanisms

Development and evaluation of
hydroforming lubricants

Impact of numerical modelling in
hydroforming tribology

Concluding remarks

References

Hydroforming techniques and
their applications

Pre-forming: tube rotary draw bending and
pre-flattening/crushing in hydroforming

G. KHODAYARI, Vari-Form, Canada

Introduction

Concept of rotary draw bending process

Material behavior in rotary draw bending process
Pre-flattening/crushing

Part design and tube formability

Conclusion

References

Hydroforming: hydropiercing, end-cutting,
and welding

L. M. Smitn, Oakland University, USA
Introduction

Hydropiercing

End-cutting and saw-cutting

Welding

References

Hydroforming sheet metal forming components

K. SIEGERT and S. WAGNER, University of Stuttgart, Germany

Introduction

Hydroforming processes

Dies and presses for hydromechanical deep drawing
References

Vii

144

144

148
154

163

172
177
177

179

181

181
182
183
193
197
200
200

202

202
202
209
212
215

216

216
216
234
237



viii

11

11.1
11.2
11.3
11.4
11.5
11.6
11.7
11.8

12

12.1
12.2
12.3
12.4
12.5
12.6

13

13.1
13.2
13.3
13.4
13.5
13.6
13.7
13.8
13.9
13.10
13.11

14

14.1
14.2
14.3
14.4
14.5

Contents

Bending and hydroforming of aluminum
and magnesium alloy tubes

A. A. Luo and A. K. Sacupev, General Motors
Research & Development Center, USA
Introduction

Aluminum and magnesium alloy tubes
Aluminum tube bending and hydroforming
Magnesium tube bending

Forming at elevated temperatures
Automotive applications and future trends
Acknowledgments

References

Low-pressure tube hydroforming

G. Morrny, Excella Technologies Inc., Canada
Introduction

Low-pressure hydroforming

Part characteristics

Cross-section pre-forming

Conclusions

Reference

Comparative analysis of hydroforming techniques
G. Morrny, Excella Technologies Inc., Canada
Introduction

So many options; how to choose?

Roll forming

Stampings and assemblies

Tube forming

Commonly held misconceptions

Low-pressure hydroforming

High-pressure hydroforming

Other comparative process factors
Conclusions

References

Fluid cell pressing in the aerospace industry
M. BErGKvIsT, Avure Technologies AB, Sweden
Introduction

Evolution of the technology

How fluid cell pressing works

Recent developments

Essentials of ductile materials

238

238
239
248
255
257
260
263
263

267

267
268
271
277
285
286

287

287
288
289
289
290
298
299
302
308
313
314

315

315
315
317
319
323



14.6
14.7
14.8
14.9

15

151
15.2
15.3
15.4
15.5
15.6
15.7

16

16.1
16.2

16.3
16.4
16.5

16.6
16.7

16.8

Contents

Suitable part applications
Tools (form blocks)

Part manufacture
Conclusions

Hydroforming and its role in lightweighting
automobiles

G. MorpHy, Excella Technologies Inc., Canada
Introduction

What makes it so difficult to lose weight?

How to lose weight

How tube hydroforming can help you to lose it
Weight loss limitations and how to address them
Conclusions

References

Warm hydroforming of lightweight materials
M. Kog, Virginia Commonwealth University, USA
Introduction: motivation for lightweight vehicles
Lightweight materials: advantages and disadvantages
in manufacturing

Forming technologies for lightweight materials
Warm hydroforming: state-of-the-art review
Comparison of warm and cold hydroforming:

a numerical study

Process design and control in warm hydroforming
Characterization of materials for warm
hydroforming conditions

References

Index

325
326
330
333

335

335
336
337
338
348
351
351

352
352
352
353
354

363
367

373
380

384



1

Introduction and state of
the art of hydroforming

M. KOC and O. N. CORA,
Virginia Commonwealth University, USA

1.1 Introduction

This chapter is intended to provide an introduction into the technology of
hydroforming as a briefing for the upcoming chapters of this book. In it
are summarized the fundamentals of hydroforming technology, its develop-
mental background, hydoforming systems including equipment, tools and
controls, as well as its role in the production of lightweight structures and
vehicles. This chapter also provides introductory information on materials
used in hydroforming and their formability issues in addition to information
on hydroforming tribology, pre-forming issues such as effect of loading, path
and process control. Computer simulation techniques and innovations in
hydroforming are discussed towards the end of the chapter. Wherever pos-
sible, references to the existing published studies and to the corresponding
chapters in this handbook are given to direct the readers to the right place
for further reading and in-depth understanding.

1.1.1 Definition and examples of hydroforming

Hydroforming is a material-forming process that uses a pressurized fluid
(liquid or gas) in place of hard tooling (punch, die, mold, inserts, etc.) either
to plastically deform or to aid in deforming a given blank material (sheet
or tube) into a desired shape as depicted in Fig. 1.1. With this technique,
more complex shapes with increased strength and low cost can be manu-
factured as compared with stamping, forging or casting processes. The
cost advantage usually stems from the fact that fabrication steps in hydro-
forming are significantly reduced, usually to a single step. In stamping, for
example, multiple steps such as blanking, drawing, restriking, trimming,
welding, etc. are needed to finalize a part whereas a sheet blank can be
drawn into the final complex shape (as shown in Fig. 1.2 and 1.3 as exam-
ples) in a single step. Most of the time, additional post-processing steps such
as hole piercing or trimming may also be incorporated in this step.
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1.1 Steps in a typical hydroforming process shown on a small tubular
part (courtesy of Siempelkamp Pressen Systems).

b

1.2 Example hydroformed (sheet) parts: a 2007 GM Pontiac Solstice
GXP has several hydroformed (warm) parts, b fuel tank comprising of
two halves can be hydroformed in a single step.

a b

1.3 Example hydroformed (tubular) parts for various automotive
applications: a hydroformed steel camshaft (BMW 3.0L DOHC I-6
Ward'’s 2005) offers 28 to 50% mass saving, b 2-piece roll bar for a
convertible car (courtesy of Schuler Inc.).

In addition to various applications in the aerospace industry, such as
panels, fuselage parts and casings and in the appliance industry, such as fit-
tings, joints, knobs and handles, hydroforming has been increasingly used
in the automotive industry since 1990s. Various parts for the automotive,
appliance and plumbing industries are produced by hydroforming technol-
ogy; they can be summarized as follows (Fig. 1.4).



