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Preface

This book is intended to be a reference text on hydrostatic.extru-
sion, a multigisciplinary technology involving the forming process of
materials, tribology, high pressure engineering and so forth.

Until now only one book bearing the title of hydrostatic extrusion,
by Prof. Alexander and Dr. Lengyel, has been published since 1971,
Although there are chapters on hydrostatic extrusion in such books as
THE MECHANICAL BEHAVIOUR OF MATERIALS UNDER PRESSURE edited by Dr. Pugh,
METAL FORMING by Prof. Avitzur and HIGH PRESSURE TECHNOLOGY by Drs. Spain
and Paauwe, it is regrettable that no up~to-date reference books on hydro-
static extrusion are available.

As is well known, hydrostatic extrusion is a nearly-ideal lubricated
extrusion. Its advantages have been demonstrated by laboratory research
in the past two decades, yet many manufacturers, however, still hesitaée
to adopt the technology in their plants. Their hesitation is certainly
due to the lack of exact information on the process and its equipment
and also to their unfamiliarity with the actual method of operation.

In order to provide a useful introduction to the subject for engi-
neers who work in industries which plan to employ this technique and
also to give exact and reliable information on the durability and perform-
ance of production facilities, as well as the capabilities of the process
and the properties of extruded products, we decided to publish this book.

‘Starting with theories and computational methods, the processes

_of cold, warm and hot hydrostatic extrusfon are described by experts
in their respective fields, Then follows a chapter devoted to industrial
hydrostatic extrusion plant equipment and the book concludes with an
up-to-date account of hydrostatic extrusion of new materials, such as
composites, special alloys, fine wires, or polymers.

Nobuo Inoue
Masao Nishihara



xi

LIST OF CONTRIBUTORS

J. Fiorentino, Program Manager, Metalworking Section. Engineering and

Manufacturing Technology Department, Battelle Columbus Laboratories.
505 King Avenue, Columbus. Ohio, U. S. A. 43201

Inoue, Professor, Department of Mechanical Engineering, Faculty of Engi--
neering, Science University of Tokyo, 1 - 3 Kagurazaka, Shinjuku-ku,
Tokyo, JAPAN 162 .

Kobayashi, Assistant Manager, Toyoura Works, Hitachi Cable, Ltd., 1500 -

Kawajiri-cho, Hitachi, JAPAN  319-14

Matsushita, Senior Researcher, Central Research Laboratory, Kobe Steel,
Ltd., 1 - 3 — 18 Wakinohama-cho, Chuo—ku, Kobe, JAPAN 651

8. Mellor, Professor, Department of Mechanical Engineering, University
of Bradford, Bradford, West Yorkshire, BD? 10P, U. K.

Mitsugi, Senior Researcher, Metals Research Laboratory, Hitachi Cable,
Ltd., 3 - 1 - 1 Sukegawa-cho, Hitachi, JAPAN 317

Nishihara, Adviser, Kobe Steel, Ltd., 1 - 3 — 1B Wakinohama-cho, Chuo-
ku, JAPAN 651

Osakada, Professor, School of Mechanical Engineering, Faculty of Engi-
ncer&ng._l'ﬂirosh'lm University, Shitami, Saijo, Higashi-hiroshima,
JAP 24 .

Seido, Senior Researcher, Metals. Research Laboratory, Hitachi Cable,
Ltd., 3550 Kidamari-cho, Tsuchiura, JAPAN 300

R. D. Wilson, Professor, Department of Mechanical and Nuclear Engi-
neering, Northwestern University, The Technological Institute,
Evanston, I1linois, U. S. A. 60201

Yamaguchi, General Manager, Mechanical Engineering Research Laboratory,
ls(gbe Steel, Ltd., 1 - 3 - 18 Wakinohama—cho, Chuo-ku, Kobe, JAPAN
1 !

. Yamaguchi, Chief Researcher, Central Research Laboratory., Kobe Steel,

Ltd., 1 - 3 - 18 Wakinohama-cho, Chuo-ku, Kobe, JAPAN 651



PREFACE
LIST OF CONTRIBUTORS

CHAPTER 1  INTRODUCTION
N. Inoue

CHAPTER 2 THEORY OF HYDROSTATIC EXTRUSION
Section 1  FUNDAMENTALS OF HYDROSTATIC EXTRUSION
K. Osakada and P. B. Mellor
1. Introduction
2. Flow Stress and Extrusion Pressure

3. Geometrical Factors Affecting Extrusion Pressure

4. Ductile Fracture
5. Property of Product
Section 2 MECHANICS OF HYDROSTATIC EXTRUSION
R K. Osakada and P. B. Mellor
1. Analytical Methods for Extrusion
2. Stress and Strain
3. Upper Bound Method
4. Rigid-Plastic Finite Element Method
5. Elastic-Plastic Finite Element Method
Section 3 LUBRICATION IN HYDROSTATIC EXTRUSION
W. R. D. Wilson
-1, Imtroduction
2. Inlet Zone-liquid Lubricents
3. Inlet Zone-Solid Lubricants
- 4. Steady Lubrication
5. Unsteady Lubrication
6. Lubricant Selection
Section & DYNAMICS OF HYDROSTATIC EXTRUSION
) T. Matsushita
" 1. Introduction
2. Dynamics of Billet Motion

11
16

a7

21
21
21

22

26
29

41

Sg&E

65

72

72
74



viii

3. Dynamics of Press Ram Motion

4, Conclusions

CHAPTER 3  COLD AND WARM HYDROSTATIC EXTRUSION PROCESS
S. Mitsugi and M. Seido
Section 1  INTRODUCTION
Section 2 MAIN FEATURES OF HYDROSTATIC EXTRUSION
Section 3 METHODS OF COLD AND WARM EXTRUSION
1. Extrusion Process
2. Industrial Method for Hydrostatic Extrusion
3, Applications
Section 4 EXTRUSION PRESSURE
1. Aluminium and Aluminium Alloys
2. Copper and Copper Alloys
3. Steels
4. Special Metals and Alloy
5. Clad Composite Metals
Section 5 PROCESS PARAMETERS
1. Lubrication .
2. Die Design
3. Billet Nose Geometry
$#. Extrusion Temperature
Sectiom 6  PROPERTIES OF PRODUCT
1. Surface Quality
2, Dimension
3. Microstructure

4. Mechanical Properties

CHAPTER 4 HOT HYBROSTATIC EXTRUSION PROCESS
M. Nishihara
Section 1  INTRODUCTION
Section 2 METHOD OF HOT HYDROSTATIC EXTRUSION
1. Process of Hot Hydrostatic Extrusion
2. Pressure Medium

Section 3  THERMAL PROBLEMS IN HOT HYDROSTATIC EXTRUSION

1. Temperature Rise of Product
2. Die and Mandrel for High Temperature Use

Section 4 PRESSURE REQUIREMENT FOR HOT HYDROSTATIC EXTRUSION

95

97

97
98

‘100

100
100
104
105
106
109
111
113
113
113
113
118
123
125
130
130
131
133

" 135

139

139

141

141
142
145
145
147
150



ix

Section 5 QUALITY OF EXTRUDED PRODUCTS
Section 6 PRODUCTION PROCESS USING HOT HYDROSTATIC EXTRUSION

CHAPTER 5  PLANT EQUIPMENT FOR HYDROSTATIC EXTRUSION
Section 1  EXTRUSION PRESS AND AUXILIARY EQUIPMENT

7.

M. Yamaguchi
Introduction ’
Basic Type of Hydrostacié Extrusion Press
Movement of Hydrostatic Extrusion Press

Structure of Hydrostatic Extrusion Press

. Main Parts and Tools for Hydrostatic Extrusion Press

Auxiliary Equipment

Conclusions

Section 2 TOOLING FOR HYDROSTATIC EXTRUSION

1.
2.
3.
4,
5.

Y. Yamaguchi
Introduction
Materials for Tools
High Pressure Container
Stem
Die and Mandrel

Section 3  HYDROSTATIC EXTRUSION PLANTS IN INDUSTRY

1.

A. Kobayashi

Introduction

. General Description of 4,000 Tonf Hydrostatic Extrusion Press

Auxiliary Equipment
Solid-Rod Extrusion with 4,000 Tonf Press
Pipg Extrusion with 4,000 Tonf Extrusion Press

Conclusion

CHAPTER 6 HYDROSTATIC EXTRUSION OF VARIOUS MATERIALS
Section 1  CLAD COMPOSITE METALS

1.
2.
3.
4,
5.
6.

M. Seido and S, Mitsugi
Introduction
Method of Billet Making and Extrusion
Extrusion Pressure
Conditions for Sound Extrusion
Thickness Distribution of Clad Layers
Clad Composite Products

158
161

164
164

164
165
170
173
179
190
193
194

194
194
203
217
220
225

225
225
232
235
241
248

249
249

249
249
251
254
263
275



Section 2 SELECTED HYDROSTATIC EXTRUSION METHODS AND EXTRUDED
MATERIALS
R. J. Fiorentino
1, Introduction
2. Thick-Film Hydrostatic Extrusion Process
3, Hydrostatic Extrusion of Brittle Materials
4. Extrusion with a Step—Bore Centainer
Section 3 FINE WIRES
K. Osakada
1. Introduction
2. Equipment
3. Extrusion Pressure in Col& Hydrostatic Extrusion
4, Warm Hydrostatic Extrusion
5. Concluding Remarks
Section 4 POLYMERS
N. Inoue
1. Introduction
2, Plastic Deformation of Polymers
3. Effects of Hydrostatic Pressure
4, Mechdnics of Hydrostatic Extrusion
5. Lubrication
6. Process Variables
7. Properties of Product

8. Conclusions
AUTHOR INDEX

SUBJECT INDEX

284

284
284
305

316

323

323
323
325
330
331
333

333
336
337
340
345
346
351
359

363

369



CHAPTER 1
INTRODUCTION

N. INOUE
SCIENCE UNIVERSITY OF TOKYO

The idea of emplo};ing hydrostatic pressure .for metalworking was con-
ceived as early as in the nineteenth century and s British patent was
granted to Robertson in 1893 {1). Experimental proofs of the pressure-in-
Juced ductility in metals and other materials, however, were not obtained
until Bridgman made an extensive study of subject along with metalworking
under pressure and published the result in the form of a monograph [2] in
1949, He invented a high-pressure seal, now called the 'Bridgman Seél',
which was so effective that he found himself in a uniquely advantageous
position to do high-pressure work. He spent the rest of his life studying
the fascinating world of high pressure and left a mountain of research
papers on the subject, which were later compiled in the form of a seven-
volume monograph entitled COLLECTED EXPERIMENTAL PAPERS OF P. W. BRIDGMAN
and published by Harvard University Press in 1964 [3]. An extremely versa-
tile high-pressure unit bearing his name has long been manufactured by the
Harwood Engineering Company of Newhall, with the assistance of Abbot,
former Research Assistant of Bridgman, and has benefited countless re-~ -
searchers in the high—pressure field. A similar type of press was also pro-
duced by the Pressure Technology Corboration of America, headed by
Bobrowsky. - - ’

In. Great Britain, on the other hand, systematic work on the hydro-
static extrusion of metals and alloys was started by Pugh at the National
Engineering Laboratory in Glasgow. He and his collgborators developed t:he'
technique of hydrastatic extrusion to such an extent that it 1is how _ee~
tablished as a -useful industrial process. In the Soviet Union high-
pressure study was started by Veteshchagm at the High Pressure Laboratory'
of the Academy of Sciences ~and reports on hydrostatic extrus:.on began
to appear in 1957 [4]. For a historical review of high—pressure ;mrk the
reader is referred to an excellent paper by Vodar and K1effer‘of the High
Pressure Laboratory, C.N.R.S., Bellevue, France, included in the _book.» THE .
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MECHANICAL BEHAVIOUR OF MATERIALS UNDER PRESSURE, edited by Pugh {5]. Great
progréss in high-pressure engineering was made in the 1960's, as can be
seen by the fact that the first conference exclusively on this subject was
held at Imperial College in London and the first seminar on hydrostatic
metalworking processes at Battelle Columbus Laboratories, both in 1967.
During that decade the United Kingdom Atomic Energy Authority made an im-
portant contribution to the development of the technique of hydrostatic
extrusion. ' '

in Japan the early recognition of the importance of the study on the
effects of hydrostatic pressure on the mechanical properties of materials
by Nishihara, then at Doshisha University in Kyoto, led to a series of re-
searf:h at room temperature [6,7] and also at elevated temperatures [8,9,
10]. The strength and ductility of carbon steel, magnesium, titanium, and
zinc were determined at pressures up to 5 kilobaré and temperatures up to
600°C. Later on he moved to Kobe Steel and was instrumental in organizing
a powerful group of engineers for the production application of hydrostatic
extrusion [11]. In industry, the Western Electric Company in the United
States, ASEA in Sweden, Kobe Steel in Japan, and some other companies
started to use the new technology on a commercial basis. The first inter-
national meeting devoted solely to this subject was held at University of
Sterling in Scotland in June 1973 undér the joint sponsorship of NEL and

AIRAPT. -
In the early period of development the main effort in the application

.of hydrostatic extrusion seems to have been expended on work with the

difficult-to-form materials, It goes without saying that the deformation
of materials is caused"by tangential stresses while fracture is caused by
normal ones. By applying hydrostatic pressure fracture will be suppressed
without 'impgrting a substantial change in the yield and flow character- -
istics of the materials. It is not without reason therefore that the
brittle materials were the prime target for the application of the tech-
niques of hydrostatic extrusion. In actuality, however, ductile metals wpfe
the first to be hydrostatically extruded comércially. Thus various sizes
of copper tubing were produced using the Am \vl\n‘anufactured Quintus hydro-
statie extrusion plant by _Li,[;é‘BV, Hollaend. 'ﬁé extremely high reduction
ratios obtainable in a single"-.p‘as; were an advantage but the process still
had the 'limitation of being & batch one. The decade of the 1970's saw an
increase in the commercial use of the I-)at_cl.\jtype production unit on one
hand and of research and deyelqp‘menﬁ of a continuous process on the other.



Quite a variety of ideas on the continuous process were conceived and some
of them were subjected to experimentation. Beginning with 'Continuous Ex-~
trusion with Viscous Drag’' by Fuchs [12], novel methods of 'Continuous Ex—
trusion Forming' often called 'Conforming’' by Green [13], 'Linear Continu-
ous Extrusion' or 'Linex' by Black and Voorhes [14], 'Helical Extrusion’
by Green [15], 'Extrolling' by Avitzur [16], and ‘Hydrostatic Extrusion
with Continuous Feed' by Kobe Steel [17] were proposed. Among them 'Con-
forming' seems to have been most developed at this time [181.

The theory of hydrostatic extrusion has also made great progress. A
free-body approach, often called a slab method, was most frequently em-

ployed in the satudy of metalworking processes since the days of von
Karman, and hydrostatic extrusion was not an exception. In hydrostatic ex-

trusion, however, if certain conditions are fulfilled, a situation of hy-
drodynam’s: lubrication is realized between the billet and die, resulting
in extremely low friction., By making use of the Reynolds equations the way
to obtain this desirable state of lubrication has. been clarified. The ap-
plication of slip line field theory, extremum principles, especially the
upper bound approach, and other energy methods, have been quite successful.
Useful solutions were obtained and made it possible to predict the pressure
required to effect the extrusion with a prescribed amount of reduction in
area, to determine the optimum shape of the die, or to select process pa-~
rameters, such as temperature or the rate of extrusiom. Vi'sioplasﬁicity
has been used to analyze displacement, velocity, strain, strain rate,
. stress, and teuperétute in the billet. More recently, the methods of
finite elements, finite differences, or boundary elements have been applied
to the mathematical analysis of stress and strain distributions in the
. billet, These mathematical tocls, however, require' ‘the accurate constitu~-
tive equations of the billet materisl to be known as a basis of the calcu-
lation, It is a formidable job to spell out the constitutive relations for
large strains with temperature, pressure, and strain rate as the process
parameters. Furthermore, if the mechanical behavior of the billet material
1is dependent on time, as is the case with polymers or the metals at elevat-
ed temperatures, the work involved is almost insurmunuble.-uych work
still remains to be done,

After two decades of research and development the techniques of hydro-
static extrusion have made progress to such a level that they are now es-
tablished as an industrial process, The process has been successfully ap- .
plied to copper tubings, copper-clad ’aluminum wire, fine wires of noble
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metals, tubings of aluminum alloys, Nb-Ti superconductors, honeycomb-shaped
gamma-ray collimeters of scintillation camergs for medical use, aluminum-
copper transition pieces of refrigerators and coolers, and so forth, With
the application of high pressure alone metallic materials do not necessarily
gain in ductility [19]. Umier the combined action of pressure and tempera~
ture, however, any metals and alloys can be expected to behave in a ductile

manner {20). Hydrostatic extrusion at elevated temperatures has begun as
early as in the mid 70's for aluminum and copper alloys (21] and steels
{22] at Kobe Steel, where a new plant for hot hydrostatic extrusion is now
in operation. Its application to a wider class of materials is yet to come.

When the recent development of the techniques of hydrostatic extrusion
is reviewed, their application to polymeric materials cannot be overlooked.
During the last decade a number of primerily crystalline polymers, es-
pecially high-density polyethylene, have been extruded with large re-
ductions in area to the effect that their moduli as well as strengths may
be raised to the level of steels. It is still at a research and development
stage, but the outlook for obtaining novel materisls of unprecedented modu-
lus-to-densitj ¢;r strength-to~dengity ratios is bright. A new field for
the commercial application of hydrostatic extrusion is being 6pened. Much
work should be done, however, before thege highly oriented polymers are
produced commercially. ‘

New studies on hydrostatic extrusion are going on at numerous research
institutions throughout the world. Papers on the subject are published in
the proceedings of the AIRAPT International High Pressure Conference, which
is held approximately every other year, and many other technical journals,
Although there are chapters on hydrostatic extrusion in books by Pugh [23],
Avitzar [2&],4 or Spain ‘and Paauve [25], monographs relevant to this subject
have not been i)ubliehed in the last thirteen. years since Alexander and
Lengyel wrote the first and last bock bearing the title of hydrostatic
extrusion [26]. In the present volume, which is the second book ever
puﬁlished bearing = the title of- hydraéfatié extrusion, theories and
practices in this import‘an.t fiéld of plastic‘f.ormin‘g' are presented in six
chapters. - The ‘present chapter having provided’ a brief review of the de~
velopment of hydrostatic extrusion, Chapter 2 contains mathematical theo—
ries pi‘esented by ‘active researchers who have been and afe still publishing
intereatiné and important papers in this field. Available mathematical
tools to analyze the process are reviewed and their applicastion to lubri-
cation and dynamics is described by college professors ‘and factory manag-



ers. Chapters 3 and 4 are devoted to an explanation of the procéss by
highly experienced researchers, managers, and technical consultants from
Kobe Steel and Hitachi Cable who have joined forces to give a detailed de-
scription of cold, warm and hot hydrostatic extrusion processes. These
chapters will be especially useful to factory managers who are contem-
plating introducing the techniques of hydrostatic extrusion into their pro-
duction plants. Chapter 5 describes the plant equipment of hydrostatic ex-
trusion and is based on the experience obtained by manufacturing the press
and tooling at Kobe Steel and also by running the plant at Hitachi Cable.
Chapter 6, the final chapter, describes the properties of the products a-
long with the process characteristics which are affected by the properties
of the billet materials, The considerable experience obtained by Hitachi
Cable, in extruding composites on_a production base, and by Battelle
Columbus Laboratories, in working with a variety of metallic materials,
is included. The selected studies conducted at Battelle include the thin-
film hydrostatic extrusion process, products made by this ﬁrocess, hydro-
static extrusion of brittle materials with double-reduction dies, and hy-
drostatic extrusion of extra long billets with a stepped-bore container.
Last but not least, the application of techniques of hydrostatic extrusion
to fine wires of metallic materials is described aloné with the recent work
on polymers.

The book is intended to be practical and of use to those employing
high pressure to form materials at departments of planning, research, de-
velopment, and in factories producing non-ferrous material, steel, and
polymers. Engineers and scientists working in ‘the aircraft, nuclear re-
actor, electrical, electronic, automobile, armament, and other heavy indus-
tries will find it useful to refresh their knowledge. Most of the materials
covered are presented here in a book form for the first time. At the end
of each chapter or section updated references are appended. These will be
especially useful to graduate students and researchers at universities and’
research institutions.
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CHAPTER 2
THEORY OF HYDROSTATIC EXTRUSION

Section 1

FUNDAMENTALS OF HYDROSTATIC EXTRUSION

K.OSAKADA
HIROSHIMA UNIVERSITY
P.B.MELLOR
BRADFORD UNIVERSITY

1. Iﬁtroduction

The most significant feature of the hydrostatic extrusion process is
that there is no friction between the billet and the container wall and
thus the 1length of the billet 1s not limited as it is in conventional
extrusion. Also, the frictionel forces between the die and the billet tend
to be lower in hydrostatic extrusion because the lubricant is forced, by
the high fluid pressure, to flow into the interface. A 1low frictional
stress on the die surface permits a smaller die angle to be used which, in
turn, results in more uniform deformation in the extruded product. On the
other hand, the indirect driving of the billet through the compressible
fluid sometimes makes it difficult to control the motion of the billet.

Since the working limit of hydrostatic extrusion is set mainly by the
fatigue strength of the container it is essential to be able to predict the
extrusion pressure for each application. The extrusion pressure is affected
by geometrical factors such as extrusion ratio and die angle, as well as by
the flow stress of the material and the friction forces between die and
billet. The most effective way of reducing the extrusion pressure is by
increasing the temperature of the billet.

At an early stage in the development of hydrostatic extrusion it was
expected that the high fluid pressure would prevent fracture in materials
having poor ductility. This is not the case since, under the same condi-

~tions of die angle, reduction and material properties, almost the same
hydrostatic stress is generated in conventional extrusion as in hydrostatic



extrusio., However, lowe: frictional forces in hydrostaric extrusion permit
the use of lower die angles and higher extrusion ratios, both of which lead
to higher hydrostatic stress and therefore to conditions which supress
fracture. The uniform deformation near to the surface, caused by low fric-
tion, reduces the danger of surface cracking. Fracture can be suppressed by
extruding intc a high fluid pressure but then the hydrostatic extrusion
pressure has to be raised accordingly [1].

It is found that the hardness of a product of hydrostatic extrusion is
uniform over its cross-section. However, at large deformations hardness
measurements are jinsensitive to variations in the amount of strain and
residual stresses will still occur in the product.

In the next section the above fundamental aspects are explained fur--
ther.

2. Flow Stress and Extrusion Pressure
(1) Equivalent Strain and Extrusion Pressure

To evaluate the strain in large plastic deformation the equivalent
plastic strain £ is used, In simple compression or tension, the equivalent

strain is equal to the absolute value of the logarithmic plastic stra_nm,

E=1n (/L) QY

The equivalent strain rate € is the equivalent strain caused in unmit

time,

g = dé/ac . (2)

(2) Flow Stress

The resistance of material to further plastic flow is measured by the
flow stress, I . The flow stress in uniform compression or tension is the
absolute value of the true stress,

3 =|P/Al , &3)
where P is the applied force an& A is the current cross-sectional area. The
flow stress is equal to the equivalent stress defined by the von Mises
yield criterion in complex stress systems.
(3) Flow Curve

The curve of equivalent plastic strain vs. flow stress illustrated in
Fig.l is called a flow curve. To simplify the analysis the flow stress is
often assumed to remain constant with increasing plastic strain. The mate-



