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FOREWORD

This final technical report covers work performed under Contract No.
F 33615-67-C-1434 from 1 March 1967 through 31 January 1968. 1t is published
for technical information only and does not necessarily represent the recommen-
dations, conclusions, or approval of the Air Force. The manuscript was released
by the authors on 31 January 1968 for publication.

This contract with Battelle Memorial Institute of Columbus, Ohio was
initiated under Manufacturing Methods Project 140-7, "Design Development for a
Hydrostatic Extrusion Press". It was administered under the technical direction
of Mr. Gerald A. Gegel of the Metallurgical Processing Branch (MATB), Manufacturing
Technology Division, Air Force Materials Laboratory, Wright-Patterson Air Force
Base, Ohio.

This project has been accomplished as a part of the Air Force Manu-
facturing Methods program, the primary objective of which is to implement, on
4 timely basis, manufacturing processes, techniques and equipment for the eco-
nomical production of USAF maturials and components. The program encompasses
the follewing technical areas:

Metallurgy - Rolling, Forging, Extrusion, Casting, Composites,
Powder

Chemical - Propellant, Casting, Ceramics, Graphite, Nonmetallics
Fabrication - Forming, Material Removal, Joining, Components

Electronics - Solid State, Materials and Special Techniques,
Thermionics

Suggestions concerning additional Manufacturing Methods efforts
required on this or other snbjects will be appreciated.

The program was conducted at Battelle by the Metalworking Division
with Mr. G. E. Meyer, Research Metallurgical Engineer, as project engineer and
Mr. R. J. Fiorentino, Associate Chief, as program manager. Others contributing
to the program were Mr. A. M. Sabroff, Chief, of the Metalworking Division and
Mr, F. W, Boulger, Senior Technical Advisor of the Department of Process and
Physical Metallurgy. Those contributing to the stress analyses of ultrahigh-
pressure containers, stems, and dies were Dr, J. C. Gerdeen, Senior Research
Mechanical Eng’aeer, Dr, F. A, Simonen, Research Mechanical Engineer, and
Dr. L. E. Hulbert, Chief of the Advanced Solid Mechanics Division.

Under subcontract, Bliss-Barogenics, Inc. of Mount Vernon, New York,
contributed to the design and costing of the hydrostatic extrusion press and
related equipment., Personnel at Bliss-Barogenics who participated in this
program were Mr. F. G, Boggio, Production Manager, Mr. A, Moos, Press Designer,
Mr. N, Kramarow, Assistant to the Vice President, and Mr. A. Zeitlin, Vice

President, 44
A H.A: ohnson, Chief

Metallurgical Processing Branch

it Manufacturing Technology Division



ABSTRACT

The overall objective of this program was to develop a design for a
production hydrostatic extrus.on press., The press was designed to use two
high-pressure extrusion containers. One container would have bore dimensions
12-inch diameter x 120 fnches long, capable of withstanding a fluid pressure of
250,000 psi. The other container would have a bore 6-inch diameter x 36 inches
long, and would contain fluid at pressures up to 450,000 psi, A single press
would be used to accommodate either container or hoth containers simultaneously
to permit fluid-to-fluid extrusion. The designs were carried out {in
sufficient detail to permit a close estimate to be made of the construction
and operating costs of the press. The approach to this design study involved
evaluating the available tooling and press concepts before arriving at the
concept that was refined in detail.

A literature survey supplemented with visits to high-pressure labora-
tories, was used to critically evaluate potential hydrostatic extrusion concepts
and components that could be applied in this study. a survey was made of material
suppliers and forging companjes to establish the availability of large high-
strength components that would be required to construct the large high-pressure
containers designed in this program.

A 17,000-ton hydrostatic extrusion press was designed to pressurize

both a 12-inch bore, 250,000 psi, multi-ring container and a 6-inch bore,

450,000 pat, fluid-supported container. The 6-1inch bore, 450,000 psi container
would be constructed by placing the 6-inch liner within the 12-inch container

and using fluid at pressures up to 250,000 psi to support it. A dual ram hydraultc
' system on the press would be used to compress both the 450,000 psi and 250,000 psi
fluids at the same time and in a suitable proportion. A materials handling system
was designed for the press which could muzzle load up to about 35 billets per
hour. A modification of the hydrostatic extrusion press was made so that, the
extrusion press can be used for conventional as well as hydrostatic extrusion.
Containers of various designs, stems, and dies were stress analyzed extensively,

An economic comparison was made between hydrostatic extrusion and
conventional processing for various materials and for production of tubes and
shapes. This analysis indicated that there were {mportant areas in which hydro-
static extrusion techniques could produce close-tolerance products at a lower
cost than conventional processing., Aluminum alloys could be extruded at a faster
rate using hydrostatic rather than convent ional extrusion techniques and this
results in lower conversion costs. Other areas that may permit cost reductions
are the production of thin-wall. seamless tubes and the re-extrusion of shapes
to thin sections,

This document is subject to special export
controls ard each transmittal to foreign
governmencs or {oreign mationals may be made
only with prior approval of the Manufacturing
Technology Division of the Air Force Materials
Laboratory, Wright-ratterson Air Force Base,
Ohio 45433, Distribution of this report is
limited becausc it contains technology identi~
fiable with items on the strategic embargo 1ist
excluded from export or re-export under U,S.
export act of 1948 (63 STAT. 7) as amended
(50 U.S.C. Appn. 2020-2031),
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DESIGN OF A PRODUCTION
HYDROSTATIC EXTRUSION PRESS

by

G. E. Meyer, F. A. Simonen, J. C. Gerdeen,
R. J. Fiorentino, and A. M, Sabroff

INTRODUCTION
General Background

Hydrostatic extrusion is a method of extruding a billet through a
die by the action of a pressurized fluid rather than by direct contact with
a ram as used in conventional extrusion. The pressurized fluid completely
surrounds the billet except at the die orifice, The liquid between the billet
and the extrusion container essentially eliminates the billet-container friction
and reduces the billet-die friction, which results in extrusion pressures that
can be significantly less than corresponding values obtained in conventional
extrusion. The pressurized fluid also permits the extrusion of very long billets
independent of length-to-diameter (I./D) ratios and permits extrusion of irregu-
larly shaped billets, The hydrostatic extrusion process was first attempted and
described b Bridgman he procegs_hgg been dev ed further by various
investigntois in the USSR( ’g P ?g ?g and USA?éog 0§. Y

Hydrostatic Extrusion at Battelle

Work on hydrostatic extrusion at Battelle was initiated in June, 1961,
under Air Force Contract No. AF 33(600)-43328 ard was continued on Air Force
Contract No. AF 33(615)-1390 to ascertain the manufacturing capabilities of the
process. The work on these contracts resulted in the construction of hydrostatic-
extrusion tooling that has a chamber 2-3/8 inches in diameter by 20 inches long
and is capable of operating at 250,000 psi at room temperature and at about 225,000
psi at 500 F. Some of the pertinent achievements on these programs were:

(1) Extrusion of high-strength materials such as AISI 4340 steel,
Ti-6A1-4V titanium alloy, and 7075 aluminum alloys into rounds,
shapes, and tubing at production speeds

(2) Establishment of the technology required for 500 F hydrostatic
extrusion

(3) Optimization of critical process variables to produce quality
extrusions at minimum pressures

Numbers in parenthesis refer to references.
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(4) Computer analysis of several high-pressure-contalner design
concepts based on a fatigue-failure criterion

(5) Refinement of an extrusion-drawing technique suitable for
production of wire and shapes

(6) Establishment of die-design concepts that permitted the cold
extrusion of beryllium at a 4:1 extrusion ratio without
cracking and without the need for fluid counterpressure.

As a result of these and other programs in the USA and throughout the world,
there is a very strong Interest in the use of the process for production purposes.
However, before this can be done, there are many basic questions concerning
tooling and the production aspects of the process which must be answered. Some
of these are:

(1) What are the maximum pressure and temperature capabilities
of the critical tooling components such as the container,
stem, and die?

(2) What is the maximum billet diameter and length that can
be accommodated?

(3) How many extrusions per hour can be made?
(4) What would the total press cost?

(5) How do the economics of the hydrostatic-extrusion process
compare to other processes?

The logical approach to find answers to these and other pertinent
questions was to conduct a design study of a hydrostatic production press. This
is the final technical report on such a design study.

Program Objectives

The purpose of this program was to develop a design for a production
ultrahigh-pressure hydrostatic extrusion press. The design was carried out in
sufficient detail to permit a close estimate of the construction and operating
costs of the rrecs, This press was designed to use ultrahigh-pressure extrusion
containers with the following design goals:

Cont.ainer A

Bore size: 12-inch diameter x 120 inches long
Operating pressure: 250,000 psi

Operating temperature: 1000 F maximum

Fatigue life: 107 cycles



Container B

Bore size: 6-inch diameter x 36 inches long
Operating pressure: 450,000 psi

Operating temperature: 1000 F maximum

Fatigue 1life: 107 cycles

Consideration was given to designing a single press that will accommodate either
container independently or both containers simultaneously to permit fluid-to-‘
fluid extrusion,

The program was divided into three interrelated phases:

a) Phase T - Survey of Literature and High-Pressure Facilities

The objective of this phase was to determine and evaluate all the
design concepts which have been or are being considered for the design
of a hydrostatic extrusion press. This survey was implemented by visits
to laboratories and industrial organizations active in high-pressure
research and by a detailed review of pertinent literature,

b) rhase II1 - Investigation and Analysis of Design Parameters

In this phase, the critical tooling components were analyzed and the
actual hydrostatic extrusion press and related components were designed.

¢€) Phase 111 - Investigation of Process Economics

The objective of this plase was to determine the probable process
economics of the hydrostatic-extrusion operation based on the press
designed in Phase 1I.

Bliss-Barogenics, Inc., of Mt, Vernon, New York, participated in Phases II and
III as a subcontractor on this program,




-

SUMMARY

The objective of this program was to develop a design for a produc-
tion hydrostatic extrusion press. The press was designed to use two
high-pressure extrusion containers. One container would have a bore dimension
12-inch diameter x 120 inches long, capable of withstanding a fluid rressure of
250,000 psi. The other container would have a bore 6~inch diameter x 36 inches
long and would contain fluid at pressures up to 450,000 psi. A single press
would be used to accommodate either container or both containers simultaneously
to permit fluid-to-fluid extrusion. The designs were carried out in
suffictent detail to permit a close estimate to be made of the construction and
operating costs of the press,

The results of the program are summarized briefly below:

(1) A design for a 17,000-ton production hydrostatic extrusion
press was established and the costs of construction, opera-
tion, and billet conversion were estimated.

(2) Two high-pressure hydrostat{c extrusion containers were
designed. These containers are described as follows:

(a) 12-inch ID x 82.7-inch OD x 120 inches long (multi-ring
design) with ¢ pressure capability of 250,000 psi.

(b) 6-inch ID x 11-1/2-inch OD x 36 inches long (fluid-
support design) with a pressure capability of 450,000
psi when placed in the 12-inch ID container and supported
with 250,000 psi fluid pressure.

(3) The hydrostatic extrusion press would be capable of:

(a) fluid-to-air extrusion from either 450,000 psi or
250,000 psi.

(b) fluid-to-fluid extrusions from pressures up to 450,000 psi.
(¢) combined extrusion and drawing operations (HYDRAW),

(4) Dual-ram press hydraulics systems would be used to independently
pressurize the support fluid and the "working" fluid for the
450,000 psi container. The dual-ram system would also be used
to control mandrels during tube extrusion and, in addition, could
be used to supplement or augment the fluid pressure on the billet,

(5) Stress distributions resulting from seals located on the bore
surface anc on the stem were calculated. Both locations were
shown technically feasible. The seal location on the bore was
generally preferred and was used whenever possible.



(6)
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(8

(9

(10)

(11)

(12)

(13)

A materials handling system was devised which could handle
up to 35 billets per hour (each 1l-inch OD x 96-inches
long) for the 12-inch ID container, or up to 47 billets
per hour (each 5-inch OD x 24~inches long) for the 6-inch
ID container,

Detailed analysis of containers indicated that autofrettage
techniques offer the possibility of producing high-efficiency
containers which would have a wall ratio of 4 rather than the
typical ratio of about 7 for standard multi-ring designs (wall
ratio is defined as OD/ID). Limited experimental evidence
obtained elsewhere, however, suggests that autofrettaging may
lower fatigue life.

Die wall stresses were analyzed and found to be quite high at

the initial contact point of the billet. These stresses become
critical for relatively small-angle dies since, as the billet
diameter approaches the container diameter, the die wall at the
initial contact point becomes quite thin. Under these conditions,
the stresses are reduced to acceptable levels when die angles 60
degrees or more are used.

The 17,000-ton production press designed for hydrostatic extrusionm
operations was estimated to cost $5,149,000 only. Installed in
a plant with suitable support equipment, the cost was estimated

to be $15,586,000.

The 17,000-ton hydrostatic extrusion press was also designed
for making conventional hot extrusions as well. Conversion
from one process to the other is relatively simple, indicating
that a press for hydrostatic extrusion need not be extremely
specialized.

A dual-purpose press capable of both hydrostatic and conventional

extrusionswas estimated to cost $7,062,000. The total cost for the
ress installed in a plant with suitable support e t was

gstimated at $20,101, %0. - i Bk T

Conversion costs were determined for hydrostatic extrusion and

conventional extrusion and were applied to particular materials

and shapes.

Large-diameter, thin-wall seamless tubes could be made much
cheaper by hydrostatic extrusion than by conventional processing
techniques. For example, hydrostatic extrusion was found to be
potentially capable of producing a tube for about 85 percent less
than the cost of shear-forming, which is currently the cheapest
technique used to make large-diameter, thin-wall seamless tubes.




(14)

(15)

Hydrostatic re-extrusion ol hot-extruded titanium alloy
shapes was found to be potentially less expensive (up to
about 60 percent) than machining the final shape from a
hot-extrusion,

Aluminum alloys could be extruded faster with hydrostatic
extrusion techniques than with conventional techniques and
could result in lower conversion costs for those materials,
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SURVEY OF FACILITIES AND LITERATURE

A survey was made of basic hydrostatic extrusion techniques and
high-pressure tooling design concepts that could be applied in the design
of a production hydrostatic extrusion preass. Laboratories and high-pressure
facilities were visited in Europe and the United States. The survey also
included material suppliers and forging companies to determine the avail-
ability of high-strength materials for high-pressure tooling in the sizes
required, The facilities visited and the types of information obtained are
given below:

Facility Personnel Informatjon Obtajined

Vickers, Ltd. Dr, John Crawley (1) Design concepts of proto-

(Engl and) vpe production hydro-~
static-extrusion facilit,
with 4,5-inch bore con-
tainer for operation at
450,000 psai

ASEA Mr. Anders Sandin (1) Design of 450,000 psi con-
(Sweden) Dr. Hans Lundstrom tainer with 3-1/8-inch
bore

(2) Latest hydrostatic-extru-
sion technology develop-
ments at ASEA

Fielding & Platt, Ltd. Mr. R. H, Green (1) Design of production units
(England) of hydrostatic-extrusion
tooling for operation at
110,000 psi
Centre d'Etude Nucleaires Mr. Charles Sauve (1) Results of hot extrusion
de Saclay under hydrostatic pressure
(France) (2) Evaluation of press de-
signs for production
operations
United Kingdom Atomic Mr. D. Green (1) Design details cf production
Energy Commission hydrostatic extrusion press
(Englind) being fabricated by Fielding

& Platt, Ltd,

(2) Latest hydrostatic-extru-
sior technology develop-
ments at UKAEA



Facility

Personuel

Information Obtained

National Engineering
Laboratory
(Scotland)

University of Bristol
(England)

University of Belfast
(Ireland)

British Non-Ferrous
Metals Research
Association
(England)

Commissariat A, L'Energie
Atomique High Pressure

+ Laboratory
(France)

University of Birmingham
(England}

Watervliet A:'senal
Watervliet, New York

Manlabs/Physmet Inc.
Cambridge, Mass,

Harwood Engineering
Walpole, Mass.

Ladish Forging Co.
Cudahy, Wisconsin

Dr. H. Ll. D. Pugh

Dr, J. Parry

Prof. B. Crossland

Mr. John Crowther

Dr. D. Francois
Mme. Carpentier
M. Schauffelberger

Dr, P. B, Mellor
Dr. A. N, Bramley
Dr, B. Austin

Mr. C. Nolan

Mr, J. Harvey
Dr. A. Kulin
Mr. Keeler

Mr. D. Newhall

Mr. F. Kole "1
Mr, T. Lilly
Mr., W. Heckel

(1)

(2)
3

0

(1)

(2

1)

1
(2)

(D
(2)
(1

€2
(3

(1)
(2)
3)
(M
(2)
(D

(2)

Latest hydrostatic-extru~
sion technology develop-
ments at NEL

Evaluation of container-
design concepts

Concepts for production
tooling

Fatigue characteristics of
high-strength steels as
related to usr: in high-
pressure containers

Fatigue characteristics of
high-strength steels
Properties of materials
under high pressure

Ideas for utilization of
the process

Container design for high
pressures

Effects of hydrostatic
pressure on ductility

Preliminary hydrostatic
extrusion studies

Papers on container design
by Imperial College

Container designs
Materials of construction
Hydrostatic extrusion
techniques

Container designs
Materials of construction
Stem support techniques

High-pressure pumps

Hydrostatic extrusion tooling

design

Availability of larg~, high-
strergth components
Material properties
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Facility Personnel
Midvale Heppenstall Co. Mr. H. Jackson (1)
Philadelphia, Penn. Mr. M. Acker
Mr, J. Weiger 2)
Mr. W. McClure
Allegheny Ludlum Steel Mr. A. Booth (1)
Corp. Mr, W. Peterson
Vasco Steel Company Mr. R. Henry ' (1)
Mr. A, Bayer
Latrobe Steel Company Mr. B. . .h.son (@)
Mr. J. Viceconti
Lukens Steel Company Mr. J. King (1)
Kennametal, Inc. Mr. G. P. McCleary 1)
General Electric Co. Mr, N. V. Monacelli (1)
Carboloy Division
Coors Porcelain Company Mr. W. Wood (1)

Information Obtained

Availability of large, high-
strength components
Material properties

Availability of large, high-
strength components

Availability of large, high-
strength components

Availability of large, high-
strength components

Availability of large, high-
strength compcnents

WC components

WC components

Al303 components

Based on this survey, the following general analysis of basic concepts
was made, Particular process details (seals, fluids, etc.) uncovered during the

survey will be discussed, where appropriate,

design of the press,

Hydrostatic Extrusion Concepts

in the sections dealing with the

There are a number of approaches to the method of extrusion under hydro-

stat{ic pressure,

Basic Hydrostatic Extrusion Process

Several of these are described in the following sections.

The basic hydrostatic extrusion concept is illustrated in Figure 1.
This concept 18 analogous to conventional extrusion except that the force of the

ram is transmitted entirely by the fluid.

In the vertical position, gravity

forces hold the billet in place and it is easy to load the chamber with fluid.
arge extrusion presses, however, are generally built to extrude in a horizontal

direction,

In scaling-up the hydrostatic extrusion process, consideration must

be given to the special problems of billet and fluid handling that are encountered

in horizontal extrusion.
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FIGURE 1. BASIC HYDROSTATIC EXTRUSION PROCESS

The tooling is commonly placed between platens
of a press to generate the fluid pressure.

10



Augmented lydrostatic Extrusion

A 1600-ton, horizontal, hydrostatic extrusion press has been built
by Fielding and Platt, Ltd., Gloucester, England. 1In this design a portion of
the extrusion force 1s transmitted directly to the end of th» billet by the ram,
For this reason, this technique has been named augmented hydrostatic extrusion.
Figurc 2 {llustrates the basic design. As Ram 1 compresses the fluid in Container
1, the fluid pressure in Container 2 reaches an equal value. The difference
between the force in Container 1 and the back pressure exerted by the fluid in
Container 2 {s applied directly on the end of the billet,

The relationships between the tooling geometry, fluid pressure, and
the force applied to the end of the billet can be expressed:

Py = Pg 1"‘2+1 ’
3
where
Pb = pressure on the end of the billet
Py = fluid pressure
Al = Arca of Container 1 of bore diameter, d1

A, = Area of Container ? or bore diamecer, d2

A3 = Area of the billet of diameter, d

3
In a typical case where dj = 5 fnches, dy = 4-3/4 finches, and d3 = 4-5/8 inches,
the augmented pressure, P, amounts to 11 percent more than the fluid pressure,
Pe. Of course, the amount of pressure augmentation would increase as the billet
d{ameter decreased and/or a- (A - A2) increased. However, the practical 1limit
to Py which can be applied above I'f 18 approximately equal to the compressive
yield strength of the billet material. Beyond this 1imit the billet would upset
plastically within the pressurized fluid.

An advantage of such o design is that the fluid pressure required for a
given extrusion ratio is lower than that required by pure hydrostatic extrusion.
This reduces the container-design problems., The intermediate ram also keeps the
billet tight against the die to seal the extrusion chamber, The ram remains in
contact with the billet throughout the extrusion operation, which is said to con-
trol the motion of the billet and prevent both stick-slip and rapid ejection of
the billet.



Legend

Component Cross- Sectional Areq
Rom | A'
Ram 2 A2
Billet A

3
vhere A' > A2 > A3

FIGURE 2. SCHEMATIC DIAGRAM OF AN AUGMENTED HYDROSTATIC
EXTRUSION DESIGN CONCEPT BEING USED BY FIELDING &
PLATT, LLTD. AND UNITED KINGDOM ATOMIC ENERGY
AUTHORITY (UKAEA) IN ENGLAND




One major disadvant:ge of the design is that the pressure capability of
the system is limited to that of Ram 2, which may require multi-ring, shrunk-fit
construction in order to withstand pressures much above 180,000 psi. 1In effect,
Ram 2 would be a third contairer. This appears to be an expensive penalty to pay
for the advantages offered by the augmentation feature, especially at higher
pressures, °

Hot Extrusion Under Hydrostatic Pressure

Sauve at Services des Sciences, Saclay, France, has designed liydrostatic
extrusion tooling as shown in Figure 3. Sauve's approach could be considered hot
extrusion with lubrication under hydrostatic pressure. This technique was developed
to insure pressurized lubrication during extrusion. The pressure medium, which 1s
essentially graphite plus oil with additives, is solid at room temperature but
liquifies immediately on contact with the heated billet and container. Mild steel,
stainless steels, and tool steels have been extruded at billet temperatures of
1830 F, 2100 F, and 2190 F, respectively, with ram speeds as low as 18.8 inches/min
without lubrication problems. A high-pressure relief valve located in Container
2 would permit the ram to remain in contact with the billet. The design details
of the relief valve are not known.

One potential disadvantage of this approach, compared to hydrostatic
extrusion at room or warm temperatures, is that the die (and mandrel) life would
not be expected to be much better than that obtained in conventional hot extrusion,

Fluid-to-Fluid Hydrostatjc Extrusion

Various designs have been proposed and constructed that permit an extru-
sion to be made from one high-pressure chamber into another chamber at a lower
pressure. With these techniques, a metal can be processed entirely under compressive
load, thus making it theoretically possible to extrude brittis materials withogt
fracture. This concept, shown in Figure 4, has been used effectively by Pugh( ),
Bobrowsky (10) | Beresnev(2), and others. The technique, however, has several
potential disadvantages which may limit {ts usefulness as a production process:

(1) The second container is costly

(2) The length of extrusion is limited to the length of the second
container

(3) Comparatively, excessive time is lost in detaching the second
cliamber, removing the extrusion, and again locking the second
chamber against the first to achieve a seal

(4) A very high pressure relief valve, or equivalent, is needed for

the second container so as to keep the back pressure constant
as the extrusion exits into the pressurized fluid

13



Seclion A-A

|

High ~ pressure ——— Conlaoiner 2.

relief volve —

\ Container |.

//‘// Die

T- ' 40419

FIGURE 3, TOOLING DESIGN CONCEPT FOR HOT EXTRUSION UNDER
HYDROSTATIC PRESSURE AS DEVELOPED BY SAUVE

14




£ fe
oo [
35, 4 Contgingr |
$ '
) i
g 4
* i
Contoingr 2

A

FIGURE 4.

FLUID-TO-FLUID HYDROSTATIC EXTRUSION
Fluid pressure P] must be greater than fluid

pressure P2. Container 2 must be at least
as long as the extrusion.
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(5) The extrusion pressure must always be at a level greater than
the normal "fluid-to-air"” extrusion pressure by the amount of
fluid back pcessure that is applied.

3k appears that these problems can be eliminated entirely by the use of special
$le-design concepts developed recently at Battelle(11), "Battelle has shown that
with proper die design such brittle materials as beryllium can be hydrostatically
cold extruded into the atmosphere (fluid-to-air) at a ratio of 4:1 without
cracking. However, for some special materials and product shapes, it may still
be desirable to use the principle of fluid-to-fluid extrusfon. Therefore, con-
sideration was given to incorporating this concept into the design of the produc-
tion hydrostatic extrusion press evolved in this program,

Semicontinuous Hydrostatic Extrusjon

In semicontinuoue hydrostatic extrusion, the billet material is fed
through a high-pressure seal when the container is at a relatively low pressure.
Usually, enough material {s fed into the chamber to form several coils if the
incoming stock is of such diameter that it can be coiled. Then the fluid pres-
sure is raised until the material extrudes. When the stock in the container
becomes straight, there is no driving force to cause further extrusion and
extrusion stops. The fluid pressure is lowered, more stock is fed into the
container, and the process is repeated. This ischnique has been applied to
relatively soft wire by Lengyel and Alexander(12) Recently, Slater and Green(13)
described a modification of the process by which it was possible to semicontinuously
-extrude copper and mild steel bar stock without bending the incoming stock. In
this case, the force to extrude the bar stock 18 achieved by a gripping device which
is moved forward and backward intermittently by fluid pressure, This process has
been applied at relatively low fluid pressures, estimated to be in the range of
180,000 psi. While the concept of semicontinuous hydrostatic extrusion seems
attractive at first glance, especially from a production viewpoint, there appear
to be a number of potential disadvantages:

(1) Because of the gripping device, the process may be limited
to handling round billet stock only, and handling of shapes
of even moderate complexity may not be possible,

(2) Thus, the semicontinuous process would be limited in general
to making of rounds and simple shapes, which perhaps could
be made more economically by hot or cold rolling.

(3) Intermittent restarting ¢f the extrusion will require over-
coming very high breakthrough pressures each time, particularly
for materials difficult to lubricate.

It seems, therefore, that the process may be one of fairly limited application,
and that the gripping device and its controls are special tooling not common to
that required for hydrostatic extrusion. For these reasons, the semicontinuous
method was not considered in the design of the production hydrostatic extrusion
press for the current study.

16
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Container Design Concepts

Limitations are imposed on the construction of large-bore, ultrahigh-
pressure containers by both material strength and manufacturing technology.
The engineering materials generally used are high-alloy tool steels and carbides.
Single-componant or monoblock containers are limited in pressure capability to a
maximum of about 200,000 psi. To exceed this level, it 1s necessary to design a
multicomponent container with the intent of producing a high compresive hoop pre-
stress in the liner. Through this approach, it is possible for a given liner
material to support a much higher internal pressure without failure than would
be possible in a monoblock system. The method of achieving the coupressive hoop
prestress includes shrink-fitting several concentric rings, supporting by fluid
pressure or wire-wrapping the liner under high tension, The bore of the liner
may also be strengthened by autofrettage. The liner is subjected to the full
bore pressure and is the mostly highly stressed component in a container.

To design a container system that can withstand a target pressure of
450,000 psi, it {s necessary that the compressive hoop prestress applied to the
liner be in this same order. Because of its high compressive strength, tungsten
carbide liners have been used at pressures up to about 500,000 psi. However,
the cost of very large liners of tungsten carbide is very high. Therefore, for
large-bore systems, it is desirable from an economic standpoint to make the
liners out of very-high strangth steel.

To achieve the high compressive prestresses required on the liner bore,
the OD of the container may very well be on the order of 8 times the liner ID,

- Thus, for liner bores of 12 inches, the container OD may be in the order of 8

feet. The problems of manufacture are increased considerably as-the container
length increases. Also, the outer components can get so massive that this could
present serious problems in heat treatment, machining, and, perhaps, transporta-
tion,

In view of these potential problems, it seemed worthwhile to determine
and compare various container design concepts on the basis of probable pressure
capability, size efficiency (OD/ID ratio), ease of manufacture, and ease of
operation.

Analytical Study of Container Design
Concepts at Battelle

The purpose of this study (conducted under Contract No. AF 33(615)-1390)
was to determine the maximum pressure capability of several container design
concepts for potential use in hydrostatic extrusion and forming processes, Con-
tainment of bore fluid pressurea up to 450,000 psi at room temperature and above
were considered.

17




In the initial phase of the study. four container design concepts
were examined and analyzed in detai] (14 . These concepts were:

(1) Multi-ring

(2)  Ring-segment

(3) Ring-fluid-segment
(4) Pin-segment,

Figure 5 {llustrates each container desjign studied.

In the multi-ring container shown in Figure 5a, successive rings

have to be shrink-fitted to induce compressive stresses in the bore. This was
one of the first design improvements which permitted exceeding the capacity of
a simple, one-piece thick-wall cylinder. The design concept was analyzed exten-
sively by Manning(ls' 16, 17 and has been used widely in high-pressure applications.
Machining the component rings to close tolerances and assembling the rings with
interference fits are operations that become progressively more difficult as the
diameter, length, and number of rings increase,

The rin%-segment container with only one outer ring was patented by
Poulter {n 1951, (18) This concept, modified by the addition of a second outer
ring. is shown in Figure 5b., The additional ring, which is assembled with an
interference fit, improves the overall efficiency of the design and permits the
containment of higher pressures. The intent of this design is to use the segment s
to redistribute the high unit pressure at the bore over a larger surface area at
the outer rings. The segments, therefore, act as deintensifiers. Obviously,

the segment components cannot withstand any hoop stresses which must be withstood

.by the outer rings. The inner cylinder is always subject to the full bore pres-

sure, which limits the design strength to the strength of the inner liner.

A ring-fluid- segment container, as illustrated in Figure 5c, makes use
of fluid pressure to develop the necessary compressive prestresses in the bore,

an entire pressure cycle. The origin of using a pressurized fluid as a support
medium is not clear. Manning(15) referred to a pump designed by the Clark Brothers
Company in which the pressurizing cylinder was surrounded by the fluid at delivery
pressure, While Manning mentioned that there were other obvious applications of
this technique he did not elucidate further on the subject. Pugh and Ashcroft
described a fluid-support container and applied 1t to hydrostatic extrusion in
1962(5) Gerdeen suggested a fluid-support multi-ring container in March, 1965,
and, independently, Meissner(19) Teceived a patent on a very similar design in
December, 1965. Meissner's patent application date was October, 1963,

The first application of fluid support to ring-fluid-segment container
design is also not clear. Ballhausen(20) patented an approach of this sort in
1963. Another application of the principle was patented by Gerard and Brayman(ZI),
also in 1963, A aimilar design with additional features was reported by Fuchs(22)
in 1965,
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FIGURE 5. SCHEMATIC OF HIGH-PRESSURE-CONTAINER
DESIGN CONCEPTS
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A pin-segnent design3 as repregented in Figure 5d, was proposed hy
Zeitlin, Brayman, and Boggio 23) | Like the ring-segment container this pin-
segment design uses the segments to reduce the pressure that must be carried
by external supports. The pin-segment design uses segmented discs rather than
segmented cylinders. External support of the segments i: provided by shear
pins rather than by an external ring.

During the operation of a hydrostatic extrusion press the container-
bore pressure is cycled between a high pressure level and zero pressure for
each extrusion, This cyclic operation combined with the high-operatiag-stress
levels make it likely that the container will fail in fatigue.

Thus, a fatigue-failure criterion was developed and applied in this
analysis rather than the more commonly used shear-strength analys!s. The
analysis resulted in the following theoretical pressure limits for a life of
104 to 105 cycles:

Container Design - Maximum Pressure, psi
Multi-ring 300,000
Ring-segment 300,000
Ring-fluid-segment 1,000,000
Pin- segment 210,000(2)

(a)

This assumed no prestress on the liner bore.
With prestress, the pressure capability should
be closer to that for the multi-ring or ring-
segment containers.

These predictions are based on fatigue criterion using materials with
ultimate tensile strengths of 300,000 psi for the liner and 200,000 psi for the
. outer support components, and apply to any operating temperature provided these
are the strengths at temperature.

I1f liners are used with ultimate tensile strengths much greater than
300,000 psi, the theoretical maximum-pressure capability of the varfous designs
may be improved appreciably. To fully utilize these higher strength liners, it
must be assumed that they would exhibit the same fatigue behavior as steels with
ultimate tensile strengths of 30,000 psi and, further, that ductile outer rings
with strength levels greater than 200,000 psi would be available in the sizes
required.

The theoretical pressures for each design have little or no practical
meaning if the containers are impossible to construct because of their extreme
size, Calculations were made for each design to determine the outside diameters
that would be required to construct containers with 6-inch and 15-1inch bores.
The results of the calculations are:

OQutside Diameter, inches

Container 6-Inch-Bore Design 15-Inch-Bore Design

Multi-ring 51.0 127.5
Ring-segment 60.0 150.0
Ring~fluid-segment 229.5 573.5
Pin-segment 90.4 180.2
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long integral cylinders approaching 50 feet in diameter are currently
impossible to machine, heat-treat, or transport, Therefore, to compare the
various designs on a more uniform and meaningful basis, an arbitrary, but prac-
tical, outside-diameter 1imit was established at 72 inches. The pressure cegpability
of each design based on this OD limit and on a 10% to 10° cycles life are:

Bore Outside Number of Maximum
Diameter, Diameter, Components, Pressure
Container inches inches N P..pei
Multi-ring 6 51.0 5 300,000
15 72.0 7 275,000
Ring- segment 6 60.0 6 290,000
15 72.0 8 265,000
Ring- fluid-segment 6 72.0 10 286,000
15 72.0 5 118,000
Pin-segment 6 72,0 3 195,000(2)
15 (b)

(a)
(b)

Pressure capability would be greater with prestress on liner,

Impossible to make for a life of 104-10° cycles unless liner
is prestraessed,

These values were calculated for particular container geonetries and/or support
pressures which were described in detail in Reference (12). On the basis of
this analysis, it appears that the m:lti-ring concept may be the most efficient
of the four concepts when considered from the standpoint of pressure capability
and size,

Controlled-Fluid-Fj]l Container

Berman(24) proposed a controlled-fluid-fill container shown in Figure 6a,
Like the ring- iegment-fluid container, this container also uses the fluid-pres-
sure support principle. It is assumed that each ring is made of fdentically ductile
material and that a shear-strength-failure criterion applies. As the pressure in
the bore is increased, the pressure {in each support chamber 1s increased by use
of independent pumps. The advantage of this design 1s that when the bore pressure
is zero there are no residual stresses on the bore. Furthermore, thore are no
critical machining or assembling operations required. While these are attractive
features, the prospects of supplying and controlling fluid in several annuli at
fluctuating pressures make this design appear too complex for a production operation,
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Flujd-Support Multi-ring Container

Gerdeen(:4) suggested and analyzed a fluid-support multi-ring container.
This design 1s shown in Figure 6b, The use of shrink-fitted rings to provide
compressive prestress reduces the size and number of support annuli required by
a pure fluid-support design as described in the previous section. Calculations
indicated that the internal chamber could withstand 450,000 psi with 250,000 psi
fluid pressure in the supporting annuli. Control of the pressure in one annulus
1s straightforward, especially when compared to the prospecis of controlling
several fluctuating pressures in several annuli simultaneously, as required in
the design above,

Meissner received a patent(lg) for the container design shown in
Figure 6c. One ram pressurizes both fluid chambers. The fluid pressure
differential between chambers is controlled by varying the physical dimensions
of each chamber or by using two fluids having different bulk moduli.

Comgosite-Ring Container

A method of construction which could be used for manufacturing very (25)
long liigh-pressure cylindrical containers was described by Alexander and Lengyel
ond is shown in Figure 6d. The inner liner would be made of a material with
high compressive strength and machined with a 1 to 2-degree taper on the outside
diameter. Several layers of high-strength rings would then be pressed into posi~
tion in a staggered pattern as shown, Advantages of this design are that it is
cheaper to produce a large number of small, forged rings than one large cylinder,
and that heating or cooling elements possibly could be embedded in the rings.
However, the assembly of such a container still could be quite difficult, More-
over, the effect of the joints in the support rings on the pressure capability
and fatigue life of the liner must be determined experimentally or analytically
before a container of this design could be considered.

Ring-Segment Container

Vickers Ltd. has developed the container tooling shown in Figure 7a(26)
It is designed for use up to 450,000 psi. A feature of this design is that pres-
sure is transmittad from the liner through pie-shaped, relatively thin segments,
to full-length longitudinal segments and then to shrink rings. The liner will
have a 4,5-inch bore and will be made {rom tool steel heat treated to ~ hardness
of Rc62-64. The inner segments are made from tungsten carbide, which was
selected for this application because of its high compressive strength and elastic
modulus. An assumption is made in this design that the liner does not act as a
structural member. The design analysis was based on a shear-strength criterion,
A sub-scale model of this design is in the process of being evaluated.
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Wire-Wrapped Multiring Container

, A container as shown in Figure 7b has been designed and built by ASEA,
sweden(27) for use at pressures up to 450,000 psi, The bore is nominally 2.4
inches. The liner and first support Ting are constructed from high-speed steel,
both heat treated to a hardness of Rc65. The second support ring is mude from
maraging steel. The entire assembly is wrapped with high-strength wire.
Sufficient tension was applied to the wire during the wrapping operation to
develop 500,000 psi compressive prestress on the liner bore. ASEA has found
that this design is satisfactory for pressures up to about 300,000 psi but
liner failures have been experienced at pressures near 450,000 psi.

Bridgman-Birch Container

Figure 8 shows the Bridgman-Birch container design, described by
Newhall and Abbot(za), adapted to hydrostatic extrusion up to 450,000 psi fluid
pressure, for either fluid-to-air or fluid-to-fluid, As the fluid pressure
increases in the bore, the bottom ram forces the tapered liner into the support
ring and thereby causes progressive support of the liner. The support ring is
made of a single piece of autofrettaged high-quality steel, likely of a maraging
variety. This construction apparently results in a good fatigue 1ife since it
vas cleimed that the useful life of the tools is limited by scoring of the liner
bore by the stem seals,

It 1s important to mention that in this particular design the force
required to position the tapered liner into the support ring is always greater
than the force required to pressurize the liquid. This condition makes it
economically impractical to scale up this concept to the sizes required in this
study, For example, using this concept, the press in this design study would
have a capacity of at least 30,000 tons rather than the 14,000 tons calculated
from simple pressure-area relationships.

Stem Design Concepts

One of the advantages of hydrostatic extrusion 1s that very long
billets can be extruded, However, to extrude long billets, stems of unusually
high length-to-diameter (L/D) ratios must be used and this could present a stem
buckliag problem. An analysis of the buckling problem will be presented in a
later section.

In the hydrostatic extrusion process the stem does not have to be as
long as the billet. This departure from conventional practice is caused by
the difference in cross-sectional area between the stem and the billet., The
stem can be assumed to have a cross-sectional area A] and the billet an area Ap,
where Ay > A;. This is the normal case in hydrostatic extrusion since a fluid
has to be present between the billet and the chamber wall, When the stem moves
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a distance Lj, it displaces a volume of liquid Ajly. The billet must move a
distance of L) to result in an equal displacement, Therefore, extrusion-stem
length as a function of billet length is:

Since A 1s always greater than A2, L} will always be less than L2. This
analysis neglects small changes in fluid volume due to any pressure fluctuation
that might occur during billet extrusion.

Vickers (29 has developed and tested & model of the stem-support
system shown in Figure 9. This stem support system has been described in
detail by Crawley, Pennell, and Saunders(29). The tie rods are pretensioned
and act to support the main ram, which is free to slide in the conventioual
manner. The tie rods prevent primary buckling at stress levels considerably
above those predicted by Euler buckling theory. A ram 1-1/4-inch in diameter
x 60 inches long (L/D = 40) supported by the three rams pretensioned to 11,000
psi was reported to be able to withstand nearly 2.5 times the load which caused
an identical unsupported ram to buckle, This appears to be a teclinically feasible
solution to the ram-buckling problem, but the expense of incorporating it into a
press design may or may not be excessive, depending on the specific applicatione
of the press, '
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DESIGN OF PRODUCTION
HYDROSTATIC EXTRUSION PRESS

Pr-iiminary Considerations

In the design of this ultrahigh-pressure hydrostatic extrusion press,
there are two basic items that were considered fixed at the beginning of the
program:

(1) Hydrostatic extrusion concept

(2) Container sizes and pressure capacity
(a) 250,000 psi - 12-inch bore x 120 inches long
(b) 450,000 pso - 6-inch bore x 36 inches long

Once the concepts were decided upon and the basic operational needs defined, the
general design of the press took shape. It remained then to design the press
hydraulics, materials handling system, and auxiliary tooling to meet the opera-
tional requirements of the press.

The relative merits of the various hydrostatic extrusion techniques
were compared in order to select a concept for the proposed press. Among the
factors which weighed heavily in the selection were flexibility, diverse ex-
trusion-product capability, potential product needs of the Air Force, and
e€quipment cost. After considering the various possibilities, it was decided to
use the basic hydrostatic extrusion concept as shown in Figure 1. The UKAEA
design with the augmentation feature was considered to be too limited in its
application and not very amenable to quick modification for various product needs
such as tubing. The CEA method by Sauve for hot extrusion under pressurized
lubrication also appeared specialized and did not seem to offer many advantages
beyond those of conventional hot extrusion, In addition, it posed the problem
of using high-pressure relief valves in the container.

On the basis of a study of container design concepts, multi-ring
construction was selected from the standpoint of pressure capability, size
efficiency, good prior experience, relative case of fabrication, and cost.
Contacts with steel and forging companies rcvealed that ring components for the
250,000 psi, 12-inch bore container could be made in the sizes and at the
strength levels required. This was not the case for the 450,000 psi, 6-inch
bore container. Here, commercially available materials for the outer support
rings could not meet the strength requirements, Thereforc, it was necessary to
consider an alternative design,

The ring-fluid-ring container concept was finally selected for the
450,000 psi operation because it was considered less complex and costly than
the other designs thought to be capable of withstanding this pressure. Gerdeen
(14) reported that a fluid-support pressure of 250,000 psi would provide adequate
support to a single component liner subjccted to 450,000 psi fluid pressure.
Thus, it was thought that the 6-inch liner could reside inside the 12-inch con-
tainer and the annulus between them could be pressurized to 250,000 psi to
provide the necessary external support to the liner,
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A dual, concentric ram concept with two independently controlled
hydraulic systems was selected as the method to control the fluid pressure
variations required by this concept., (For example, the ability to increase and
decrease fluid-support pressure in proportion to the bore pressure promotes
better fatigue life). In addition to this function, the dual-ram system offers
the added advantages of mandrel manipulation and control during tube extrusion,
and pressure augmentation to the 250,000 psi container system.

Hydrostatic Extrusion Press Description

The production hydrostatic extrusion press designed in this program
will be described and features of key components discussed in this section, In
subsequent nections, details will be presented of the analyses of the containers,
stems, dies, and hydraulics,

The proposed hydrostatic extrusion press design is of the horizontal
type, rated at 17,000 tens, and is generally similar in design to a conventional
extrusion press with a mandrel manipulator. A dual-ram system is used to
separate the available tonnage into 6400 tons for the center ram and 10,600
tons for the outer ram. Billets r e loaded from the die end of the press, a
technique commonly called muzzle loading. The hydrostatic extrusion press is
shown in a cut-away pictorial view in Figure 10 and in longitudinal cross-
section assembly drawing in Figure 11. Additional design details are shown in
various transverse cross sections in Figure 12. The general specifications for
the press and power station are sammarized on Tables I and II, respectively.

‘Corresponding specifications for a similar press capable of both hydrostatic

and conventional extrusion are also shown on Table I for comparison. This
dual-purpose press design was developed from the basic hydrostatic extrusion
press design and was used in the economic analysis section to determine com-
parative conversion costs for conventional extrusion. T“he dual-purpcse press
concept illustrates that there exists relatively few differences between a hydro-
static extrusion press and a conventional extrusion press, apart from the basic
tooling (i.e., the container, stem, and die). A major difference between the

two press designs is in the hydraullc system. For the hydrostatic extrusion
press, a direct-drive oil hydraulic system is the cheapest method. at very

high ram speeds, such as 720 ipm, whiclh are used to conventionally hot extrude
steel and titanium, the cost of a direct-drive system hccomes prohibitive and

4 water hydrsulic system is less costly. The specifications for a water hydraulic
system suitable for both presses are shown on Table III.

Two high-pressure containers would be used on this press for hvdro-
static extrusion of solids, tubes, and shapes at fluid pressures of 250,000 psi
or 450,000 psi. With proper tooling, the containers can be arranged to make
fluid-to~-fluid extrusions.

An extrusion-drawing operation is possible by applying a draw force
to the exiting extrusion by means of a hydraulic or chain-drive system located
in the run-out table area. This process, developed at Battelle and called HYDRAW
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TABLE I, GENERAL SPECIFICATIONS OF 17,000-TON HYDROSTATIC EXTRUSION
PRESS AND A DUAL-PURPOSE PRESS CAPABLE OF BOTH HYDROSTATIC
AND CONVENTIONAL EXTRUSION

Hydrostatic Dusl-Purpose
Specification Extrusion Extrusion
Press Press
Capacity, tons
Main cylinder 17,000 17,000
Internal cylinder 6,400 6,400
Main cylinder pullback (total) 100 1,700
Inner cylinder pullback (total) - 20 640
Container seal 50 1,700
Container shift (stripping) 75 2,000
Gate lock 50 50
Stroke, inches
Main cylinder 108 150
Inner cylinder 84 80
Container length 120 72
Ram speed 101 ipm 720 ipm
Press dimensions
Overall length 90' - 9" 94' - 6"
Overall width 16' - 0" 16' - o"
Height above floor 15" - 6" 15' - 6"
Height below floor 8" - 3" 8 - 3"
Production capabilities
Production rates, billets/hr 35 a5
Maximum billet sizes
6~inch diameter liner 5-inch dia x 24 inches -
12-inch diameter liner ll-inch dia x 96 inches --
20-inch diameter liner -- 20~-inch dia x 65 inches
26-inch diameter liner -- 26-inch dia x 65 inches
32-inch diameter liner -- 32-inch dia x 65 inches
35=inch diameter liner 35-inch dia x 65 inches
Estimated total construction costs $5,149,000 $7,062,000
Estimated installed cost $5,989,000 $7,902,000
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TABIE I1 HYDRAULIC POWER-STATION SPECIFICATIONS FOR THE 17,000-
TON HYDROSTATIC EXTRUSION PRESS WITH A DIRECT-DRIVE
OIL HYDRAULIC SYSTEM

System pressure. . . .

Pump manufacturer. . .

Pump listing . « « . .

Total delivery at 5000

Boost pumps. « . .« o
Maximum ram speed. . .

Motor listing., . . . .

Total horsepower . . .

Estimated cost . . . .

. .

psi . .

s e o s o o o« » 5000 psi
« v s 2 e s s « Towler

W v s < s s o« (22) Series '"D"
(1) Double Type "E"

e v e e o o 22 x 134 = 2948 gpm +
+ 50 = 3000 gpm

e « s « « s o+ (&) at 200 hp each
v e e s s s o« o 101 ipm

t s e « o« « o (11) 800 hp/1200 rpm
(1) 150 hp/1200 rpm
(4) 200 hp/3600 rpm
(1) 15 hp/1200 rpm

s e e+« e+ . 9000 hp

e« s e e s o o $1,090,600
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TABLE III HYDRAULIC POWER STATION SPECTFICATIONS FOR THE 17,000-TON PRESS
WITH A WATER HYDRAULIC SYSTEM

Item

Hydrostatic
Extrusion
Press

Dual-Purpose
Extrusion
Press

System pressure, psi, . . .
Number of main pumps., . . .
Total pump delivery, gpm. .
Air compressor. . ., . . . .

Motor lise., . . . . .. ..

Accumulator bottle
Total capacity, cu. ft, ,
Useful volume, gallons, .

Maximum ram speed, ipm . . .
Maximum stvoke, inches . .

Estimated costs. ., ., . . . .

4500

6 x 325 =
= 1950

40hp

(6) 1000 hp/
1800 rpm

. 1350
. 900

. 100

. . 108

+$1,646,800

4500

8 x 325 =
= 2600
25hp

(8) 1000 hp/
1800 rpm

660
354

720
150

$1,801,350
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offers the advantage of increasing extrusion reduction capability for a given fluid
pressure level. The draw stress and fluid pressure are additive on essentially a
one-for-one basis, In the present press design, a means for applying a draw force
of 300 tons was incorporated.

The basic tooling (contalner, stem, and die) can attain all the target
goals except for hydrostatic extrusion at 1000 F. Conventional heating techniques
such as internal heaters snd induction heating were considered. Heating results in
severe pressure limitations on the containers at temperatures approaching 1000 F,
External heaters could be applied to the outside diameter of the container to heat
it uniformly to about 500 F, which would limit the pressure capability of the
containers to about 225,C00 psl. Experimental work has demonstrated that the ab’lity
to hydrostatically extrude at 500 F ls not essential in most h-drostatic extrusion
operations. However, extermal heaters can easily be added to the container at a
later date 1f desired. Elevated-temperature hydrostatic extrusion would also require
development of a high-temperature, high pressure seal that could be easily replaced
and have a long service life,

The 250,000 psi extrusion container measures 12-inch ID x 120 inches
long. Figure 13 {llustrates the use of this container with a typical solid billet.
In this tooling configuration, after the billet and the die are pushed into posi-
tion, the center ram applies a force to seal the billet against the Jie and then
fluid is pumped into the chamber. The outer ram moves forward, pressurizes the
fluid and causes the billet to extrude. The center ram may either apply an addi-
tional augmentation force of up to 2800 tons on the end of the billet or play no
pert in the extrusion except to maintain the fluid pressure. The end cap, or
billet guide, 1s press fitted onto the billet before loading to keep the billet
horizontal during extrusion. The typical seals shown on Figure 13 will be des-
cribed and the locations explained in the section dealing with fluids and seals.

This 12-inch container can, of course, take a wide range of billet
8izes below 1l-inches in diameter. As the diameter of the billet decreases, the
amount of fluids increases and a longer stem stroke is required just to precsurize
the fluid to a given pressure level. Thus, the maximum biliet length decreases as
the billet dismeter decreases. The minimum billet length approaches 80 inches
as the billet diameter approaches zero. This assumes 30 percent compression of
the fluid and a die length of only two inches. The billet diameter would be
small and the die length could then also be small. As the billet volume is reduced,
the amount of working fluid that must be pumped into the container increases, and
the cycle time therefore increases for very small diameter billets. The amount of
working fluid required for such small billets will ba about three times that re-
quired for the maximun size billet and the maximum production rate may drop to
about 29 billets per hour unless additional pumping capacity is added.

The 450,000 psi liner measures 6-inch ID x 36 inches long and fits
within the 12-inch container. Figure 14 shows this tooling in position to extrude
a solid billet. The die and billet are loaded in the supoort tube and all three
are pushed into the 12-inch container, until stopped by the 6-inch liner. The
interface between the 14ner and support tube is designed to make the inner bore
concentric, The inner support tube forces the billet and die into the 6-inch
liner when the end Plug 1is placed in position. After the die and billet are
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loaded, a spring attached to the center ram keeps the billet gealed against the
die as fluid s pumped into both containers. The outer and center rams move
forwerd in a predetermined proportion to keep the proper relationship between
the internal fluid pressure and the outer fluid support pressure, and to cause
the billet to extrude.

With a solid end plug and by removing the interior seals on the outer
support tube, the tube (with appropriate side holes) would fill with fluid
pressurized at the same level as the support fluid, Under these conditions
fluid-to-fluid extrusions up to 72-inches long could be made with a pressure
difference of 200,000 psi,

A time table and milestone chart for the construction of the dual-
purpuse press are shown in Appendix I. The estimated time required to build
this press is 27 months,

Individual components will be described and detailed process sequencas
indicated in the following sections.

Tooling Designs

Containers, stems, and dies designed for thig press are described,
The detailed analysis of these components will be given in a subsequent section.

Contaiuers

The design for the 12-inch bore container capable of withstanding
fluid pressures up to 250,000 psi is shown in Figure 13. This design consists
of seven concentric rings. Each ring is tapered 1/2 degree so that the rings can
be assembled with the calculated interferences by press fitting the rings together.
The container has a theoretical pressure capacity of 263,000 psi, and has a pre-
dicted life of 105-106 cycles.

Of the currently available materials, it appears that AISI H-11 steal
1s most attractive as the 12-inch bore liner material from the steudpoint of
strength, uniformity of properties in thick sections, and cost. Tae 12-inch ID
liner would be heat-treated to tensile properties of 250,000 psi UTS, and 225,000
psi YS, These properties can be guarantéed by two manufacturers of large forged
components. It is assumed that the compressive yleld strength of this material
is equal to its ultimate tensile strength. In theory, maraging 300 steel would
have higher compressive properties as estimated from tensile data and thus would
offer a greater margin of safety, For example, tensile properties of 285,000
psi UTS and 260,000 psi YS in thick sections have been reported in sales litera-
ture. Manufacturers of large forgings, however, claim that segregation problems
(banding, non-uniform grain size) develop in the very large ingots, (e.g., 30-inch
diameter which would be vequired to make this liner. These casting problems can
result in a forging with nonuniform properties. Further, maragirg steels cost
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Manufactured
Ring Dimensions, inches Interfcrence
Ring A B c D inch/inch
1 12.0 18.669 12.0 20.770 0.00265
2 18.620 26.431 20,715 28.530 0.00194
3 26,380 33.451 28.475 35.500 0.00213
4 33.386 42.289 35.475 44,389 0.00212
5 42.200 53,514 44,295 55.613 0.00213
6 53.400 67.559 55.495 67.634 -0.0006
7 67.600 82.695 67.695 82.695
Ring UTS, psi TYS, psi Material Weight
1 250,000 225,000 H-11 5,540
2 250,000 215,000 H-11 9,540
3 200,000 170,000 4340 11,430
4 200,000 170,000 4340 18,220
5 200,000 170,000 4340 29,260
6 200,000 170,000 4340 49,960
7 175,000 150,000 4340 52,660
173,610

*Subscript refers to the ring number
DESIGN INFORMATION ON 12-INCH BORE, 250,000 PSI CONTAINER

FIGURE 6.
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more than twice as much as H-11 steels. However, because technological improve-
ments are continually being made, the relative status of these materials should
be evaluated again at the time of container construction.

An alternative five-ring container design was evaluated from the view-
point of cost. This five-ring container weighed nearly 50,000 pounds more than
the seven-ring design. In this particular instance, the material cost saving was
in excess of the additional costs for machining and assembling involved in the
seven-ring design. The seven-ring design also resulted in rings with thinner
walls and the required physical properties could then be obtained with greater
certainty.

A limitation on constructing containers of these tapered press-fit
designs was found to be length. Assembly forces were calculated to be of the
order of 30,000 tons. The maximum daylight available in presses of this rating
was found to be about 13 feet. With suitable allowances for the sleeves to
protrude before assembly, the maximum container length that would be poasible
"o assemble would be roughly 12 feet.

The 6-inch bore, 450,000 psl container would be constructed by placing
the 6-inch liner within the 12-inch bore container and using high pressure fluid
to support the liner. This liner would have a wall ratio of about 1.9 with a
fluid-support pressure of 250,000 psi to contain an internal fluid pressure of
450,000 psi. Thie 6-inch liner would be free to move along ti:e bore of the 12-
inch container as described in the materials handling section. Wear pads could
be attached to the outside surface of the liner to keep the liner concentric in
the bore. Moving the 6-inch liner simplifies the materials handling system and
permits relatively easy inspection of the seals in the 6-inch liner.

In an alternative 6-inzh container design, consideration was given to
the use of a 6-inch liner, 105 inches long. This liner would eliminate the need
for the support tube assembly (except for fluid-to-fluid extrusion) and would
simplify loading of the 6-inch liner, since it could be done much 1lixe a 12-inch
billet. However, this approach is hampered by the fact that the greater fluid
volume needed in tkis bore would require a large portion of the stem stroke just
to compress the fluid to 450,000 psi. The 6-inch stem stroke with the present
stem design is limited to about 35 inches. This would mean, at the present time,
that while much longer billets could be placed in the 6-inch x 105-inch long
liner, the total billet volume extruded from this liner would be appreciably
less than that extruded from the 36-inch long liner. Despite the restrictions on
billet volume, this long ultrahigh pressure chamber concept may be useful in the
re-extrusion of long shapes at high extrusion ratios.

For fluid-to-fluid extrusion, several arrangements were considered:

Primary System Laci- Pressure System
Pressure, Container Pressure, Container
Me thod psi Bore, inches psi Bore, inches
A 450,000 6 250,000 12
B 450,000 6 100,000 ~2
C 250,000 12 100,000 ~2
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Method A 1s the most compact system since it uses only the 6-inch and 12-inch
bore containers already mentioned. The extrusion length is limited to about 72
inches, the available length remaining in the 12-inch bore container, However,
it should be possible in the present press design to add auxiliary containers,
also of 250,000 psi capability. It is estimated tho+ such containers could have
a bore diameter up to about 2 inches and an overall wall ratio of about 7.

In Methods B and C, the back pressure would be provided by a separate
hydraulic system, independent of 10,600 and 6400-ton rams., It is vigualized
that a pump ani intensifier system could be used to develop a back pressure up
to about 200,G00 psi to permit monoblock construction of the auxiliary containers.
A scheme for connecting such auxiliary containers to the 250,000 psi, 12-inch
bore container is shown in Figure 16. It should be menticned that the rather
small volume outputs of high-pressure pump-intensifier systems means that rela-
tively long times ( 1 to 10 minutes) may be required just to reach pressure for
each extrusion. Thus, the number of extrusions produced per hour would
be reduced considerably. For this reason, it i{s felt that the cost of a fluid~
to-fluid operation of this type could only be justified on a 17,000 ton press for
very special materials or products which could not be produced by other less ex-
pensive means, if at all,

Stems

There are several types of stems that could be used in the proposed press,
depending on the operation, For the 250,000 psi, 12-inch bore container, a solid
stem (108 inches long) would have an L/D =9, According to the stress analysis to
be discussed later, this stem should not buckle at stresses up to about 300,000
psi. A spring would be used to keep the billet against the die during fluid fill,

An interesting alternative to this design is to have a dual, concentric
ram system in which the center ram bears directly on the billet-end while the
outer ram pressurizes the fluid. The main potential advantage of this arrange-
ment is to supply an additional force to the billet beyond that exerted by the
fluid pressure. If the center ram is 7 inches in diameter, for example, the stem
pressure it can exert on a 7-inch diameter billet is about 330,000 psi. This is
80,000 psi or 32 percent greater than the 250,000 psi maximum fluid pressure. As
the billet diameter is increased beyond 7-inches, the augmentation pressure would
decrease proportionately at the die. Thus, for an 11-inch diameter billet, the
extra force supplied by the 7-inch ram would result in an extra billet pressure
at the die of 33,000 psi, or roughly 13 percent augmentation. This feature, which
can be used to advantage for certain applications, is a consequence of the fact
that the inner hydraulic system is designed to supply 6400 tons force on a 6-inch
ram to achieve the 450,000 psi fluid pressure for the 6-inch bore container. Thus,
up to 2800 tons extra force is available for augmentation, {f the center ram diame-
ter is held at 6 inches. However, the amount of augmentation force decreases to
zero as the center ram diameter is increased to about 8 inches. This is because
when the total 6400 tons is applied on an 8-inch ram, the maximum pressure which
can be exerted by the ram is only 250,000 psi; this is the same as the maximum
fluid pressure that can be developed in the 12-inch bore container and, thus, no
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augmentation is achieved. As mentioned earlier, a 7-inch center ram would be
stressed under the full 649G-ton load to about 330,000 'si. This stress level
could be withstood by a conventional tool steel., The: :tically, an augmenta-
tion pressure of 200,000 p3i would be possihle with a 6-inch diameter center
ram on a 6-inch diameter billet, and if the center ram were made of tungsten
carbide.

for extrusion of tubing from the 12-inch bore container, one possible
arrangement is to use dual concentric rams and attach the mandrel to the center
ram for manipulation. In this way, the mandrel can be held fixed relative to
the die¢ while the outer ram pressurizes the fluid. Calculations indicate that
tubes Jp to 10-1/2-inches ID can be extruded. This merely requires a 10-1/2~
inch dismeter mandrel attached to the center ram, which can be of the same
diameter. The hollow outer ram, 12-inches OD x 10-1/2inches ID, would have
adequate buckling resistance because the load imposed on it, even at 250,000 pst
fluid pressure, is relatively low (about 3300 tons) over the small annular space.
Smaller diameter mandrels could be attached to the 10-1/2-jnch center ram, pro-
vided that the volume of the tube blank plus the volume displaced due to fluid
compression is smaller than the velume displaced by the outer ram, Alternately,
it is possible to use smaller diameter center rams for smaller mandrels should it
be more advantageous to do so.

The stem arrangement for the 450,000 psi system is shown in Figure 52 and 53
in a later section. A material such as tungsten carbide is required for the
center stem since no other commercial materials available can withstand stresses
up to 500,000 psi (allowing for stem seal friction). The outer ram is only long
enough to pressurize the support fluid so as to minimize the carbide stem length,
Although the length of the 6-inch diameter portion of the stem is 60 inches (and
thus the L/D = 10), the unsupported length is on.y 35 inches with an L/D = 5.8,
Thue, buckling is not anticipated to be a problem, provided that the outer ram
offers adequate external support and the assumptions made on material behavior
are valid.

Although not a stem in the usual sense, the 6-inch diameter x 73-inch long
inner support tube used to support the die during extrusion from 450,000 psi is
stressed higher than the extrusion stem. This higher stress occurs because the
tube 1g hollow and has a lower cross sectional area than the stem. When this
support tube has a 3-inch ID hole, the tube length of 73 inches is less than the
critical unsupported buckling length for 500,000 psi.

Dies

Dies of two general externsl forms would be used on this press. One typical
geometry which would be used in the 12-inch liner at pressure up to 250,000 psi is
shown on Figure 13. The second die Beometry, which is for the 450,000 psi system,
differs slightly to simplify materials handling in the 6-inch liner. This die
configuration is shown in Figure 14,

Stress analysls has shown that the maximum diameter billet which can be
extruded from either the 6- or 12-inch bore containers depends on the potential
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problem of die failure due to high hoop tensile stresses developed in the thin
leading edge of the die during extrusion. These stresses can be reduced to a
tolerable level by increasing the die angle in order to thicken the leading edge.
For the 250,000 psi, 12-inch contatner, an ll-inch diameter billet can be ex-
truded without die failure, provided that the die angle is somewhat greater than
60 degrees. This analysis was based on using M-50 tool steel as the die material.
Fer the 450,000 psi operation, tungsten carbide dies are required. Calculation
of tensile hoop stresses indicate that billets up to 3 inches {n diameter can be
extruded through 60-degree entry dies without die failure,

Analysis of the die stresses also indicated that the fluid seals should
be positioned at a point opposite the die land, to balance the stresses on the
die wall exerted by the billet and the fluid support pressure, This design would
help to prevent die failures.

Fluids and Seals

Castor oil would be used as the hydrostatic fluid in this press. This
fluid has good stability, tends to assist lubrication for a wide range of materials,
and has amply demonstrated consistent behavior in many experimental programs.

With additives or thinners, castor oil has been successfully used at pressures up
to about 350,000 psi. It was assumed at pressures of 450,000 psi that the castor
oil with additives would be able to transmit pressure hydrostatically reasonably
well, but this requires experimental verification, Pentane, i-alcohol, n-alcohol
and the like have been used by Bridgman and others for pressures up to 450,000
psl. These fluids may boil at temperatures near 150 F and could cause a serious
fire and health hazard on a production press in the volumes required in this study,
If the proposed press were to be used exclusively at pressures of 250,000 psi or
less, water with additives should be considered because of its relatively low
cost.

Castor oil would be fed into a prefill tank to a predetermined level and
injectal into the working chamber through the fluid-injection device illustrated in
Figure 17. A slightly negative pressure is applied to the chamber throu_a the top
orifice before the fluid is injected. The castor oil is then injected iuto the
chamber at speeds up to 20 gps and at a pressure of 80 psi. The orifices are
designed to minimize turbulent fluid flow. The slight negative pressure at the
top of the feed device bleeds the chamber and minimizes entrapped air. Entrapped
air in itself is not particularly harmful to Lhe extrusion operation, but because
of the high compressibility of the air compared to castor oil, an additional
amount of ram stroke would be needed to compress the alr before the castor oil is
compressed and the maximum billet length would be shortened.

After extrusion, some castor oil could be withdrawn from the container
through the bottom of the fluid-injection device. To minimize the time cycles,
not all of the castor oil would be withdrawn and provisions would be made to
catch and recycle the remaining fluid at the die end of the press,

The seals to be used in this design are basically an O-ring plus a
miter ring, which are commonly used in high-pressure fluid systems. The seals are
either fixed in the container wall or are attached to the stem. Figuras 13 and
14 illustrate the seal locations and details of typical desigus.
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ASEA (25) has reported that, after the first one or two extrusions have
been made with the seal located in the container wall, the O0-ring 18 no longer
required. The O-ring can be eliminated because the miter-ring becomes very close
fitting to the ram and contatner. It should be noted that there is no available
information on high-pressure seal 1ife beyond perhaps 100 to 200 cycles. For

because for every extrusion cycle the liner undergoes only one cycle of stress,
When the seal is Placed on the ram, however, a atress gradient from zero to full
Pressure moves along the liner for the distance of the ram stroke, Near the end
of the ram stroke, certain areas are exposed to an additional cycle of stress as
the ram retracts. 4 further advantage of this seal location is that it simplifies
die construction, since the die can have a uniform outside diameter and the seals
do not have to he removed with the die each time, Analysis of this seal design,
described in a subsequent section, indicates that a seal located in the liner
does not significantly weaken the container. This seal location was used when-
ever possible. The seals could not be located in the container wall to seal the
12-inch outer ram of the dusl-ram System, since in this case the high pressure
fluid would collapse the outside ram onto the 6~-inch center ram, This point is
discussed further in the section on stem analysis, under the subsection on con-
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Press Description

In general, the press design 18 of the longitudinal, die-slide,
gate-lock type similar to the traditional conventionsi hot extrusion press.
The die srrangement and extruded product are run out through the reaction
platen at the conclusion of each stroke. The specific movements of the
press for each type of extrusion operation are described in the section on
Materials Handling System and Press Operating Sequences,

tructyr f Press

The main frame, main platen, and tie bar assembly are composed of
a Barogenics-patented link-pin and rectangular plate element construction
which is believed to be a substantial advance in heavy press frames. The use
of this design provides for considerable economy in achieving accurate align-
ment of the structure in the shop as well as maintenance of this alignment
during assembly. This design has been estimated to be about 20 percent cheaper
than standard press frame construction,

The main frame consists of two rings of double tie-bar construction.
The 100-percent £1i11 factor design provides for maximum economy of the frame
plate structure. A 100-percent £111 factor, in effect, means that the space
batween interlocking plates is full utilized.

The pins are of a Barogenies-patented thin-wall, split sleeve,
tapered ID design, and provide full bearing load transmittal through the
sccurately bored pin holes in thz tie bars and the frame plates. The use of
rolled steel plates, rather than castings with their inherent defects or round
tie bars with highly stressed threads and nuts, provides a substantial safety
factor for the life of the main frame.

Platens

The platens are fabricated of heavy welded plate to transter the end
loading of the cylinders and/or dies into the frame plates of the main-ring
freme,

Cylinders apnd Rsps

The main cylinders, 98-inch bore for the 17,000-ton cylinder and
58-inch bere for the 6400-ton cylinder, are constructed of hollow ring forgings.
The 98-inch ID cylinder is of an open enc design and sealed at the reaction end
by means of a Barogenica-patented non-preloaded seal agsembly. Long-length
bearing bushings are used togethe: with automatic chevron-type packings to provide
accurate ram guidence and sealing at the open end of the cylinder., The main ram
is a hollow forging with a plug welded on to close the rear end.
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Fastened to the internal ram is the 6400-ton, center-ram cylinder,
which is constricted in the same manner as the main ram. A mandrel forging is
welded with & hcavy plug to form the closed end of the cylinder. Since the
cylinder must rea:t through the front flange, a heary flange is provided to
prevent bellnouthing of the cylinder end and minimize the bending stress by
means of the properly designed tapered transition area.

The lower tonnage pullback cylinders for the main ram, inner ram,
container, gate lock, etc., are of forged construction.

Slip Cylinders

The conventional arrangements of supplying high pressure fluid to
moving cylinders is through the cumbersome method known as “walking pipess".
The "slip cylinders" method to provide high pressure connections to moving
platens 1s a proven design and does not have construction and operating hazards
posed by the older design.

Press Supports

The conventionally-accepted old design of a single massive heavy
welded frame securely bolted to the concrete foundation is nct only a substan-
tial waste of money, but usually interferes with keeping thc press in proper
alignment. A heavy steel frame, even though accurately aligned at the onset of
operation of a press, will follow the deflection of (he foundaticn since the
rigidity of the steel frame is much less than that of the entire foundation to
which it 1is bolted.

A solution as proposed by Barogenics is to provide individual supports
under the major elements of the press. Each support is easily adjustable and
enables the press to be in proper alignment, notwithstanding local deflections
of the foundatfon.

Alignment of the Press Elements

The moving crossheads of the press slide on ways which are radlally
arranged with respect to the centerline of the press. A bottom-guide assembly,
which is set parallel to the axis of the press, 1s on a circle together with

guides so that alignment of this bottom center guide rotates the particular ;
crosshead. The bottom guide and the slide ways are equidistant from the center

of the press so that these three points form a circumscribing circle around the

press centerline, thus muking for easy alignment. This construction is self-

explanatory on cross section drawings shown in Figure 12, Sections C-C and D-D. ]

The adjustment at the moving-ways proper are again designed to
maintain the int-~ rity of alighment since the faces of the adjusting blocks are ¥
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radial to the center of the press. ‘the alignment of the heavy {ixed platen is
also shown in Figure 12, Sections K-B and F-F. Heavy screws move and lock
tapered wedges to shift the heavy platen up, down, sideways and axially as
required.

Container and Container Housing

The container housing is a half circle arrangement with simple tie
down straps to enable the container to be replaced by a straight 1ift between
the two-ring tie bar frame. The shorter contalner for conventional hot
extrusion would be arranged in an adaptor on the front end of the container
housing.

Gate Lock Arrangement

The design of the gate lock movement and guide is clearly shown in
Figure 12, Section F-F. A heavy frame is bolted onto the front face of the
main reaction platen. The horseshoc-shaped, die-lock pleces are moved in
heavily-gibbed slides by the gate-lock cylinders. The entire window frame
of the slide arrangement can be easily adjusted by the captive jack screws
arranged in the horfzontal and vertical plane.

Rupout Table

The runout table i{s chain driven and carries a 150 hp saw as well as
a pulling arrangement. It also contains a lift-out mechanism to transfer the
extrusion to the finishing table. The hydraulic pusher would be rated at 15
tons for matcrials handling purposes. For the HYDRAW operation, the capacity
of this cylinder would be increased to about 300 tons.

Billet, Dummy Block,and Die Handling Arrangements

The entire process of billet handling, die handling, and extrusion
handling is completely automated by guides and conveyor. Suitable interlocks
are provided in the control panel so that the selection of a particular
extrusion cycle provides for proper cycling of the transfer mechanism handling,
the billet, die, extrusion, and butt.

Saw

The saw is driven by a 150 hp dc motor with an abrasive cut-off disc
suitable for use with a refractory metal stock. The stroking and cut-off cycle
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are integrated through the automatic sequencing of the entire press. An auto-
matic guard arrangement covelops the saw blade during operation so that the
chips of the cut-off do not contaminate the hydrostatic fluid system.




Hydraulic Systems Design

Both types of power stations proposed in this study are used conven-
tionally to power large hydraulic prusses. The accuracy of control of each
installation is comparable, both in the directly-driven, oil-hydraulic instal-
lationand in the water-hydraulic, accumulator station. A cost analysis showed
that, for the hydrostatic-extrusion applications and for the slower-specd
conventional hot-extrusion press, the 9000 hp direct-drive oil-hydraulic
installation is more economical than the 000 or 8000 hp water-hydraulic
accumulator station. In general, this lower cost is due to the higher rota-
tional speed of oil pumps and simpler pump construction which eliminates the
need of separately packed plungers. 1In addition, the iInvestment cost of cnergy
storage as typified by the large accumulator bottles in a water-hydraulic
system is quite substantial.

If the press must operate at rapid speeds, say 720 ipm tor the
conventional hot extrusion of refractory alloys, then the instant demand ot
the system is well over three times the horscpower previously proposed. 1In
this case, a water-hydraulic accumulator station is required from the standpoint
of both the installed horse-power and the valving and pipe systems for a less
viscous fluid, Pipe and valve speeds uscd with water as the operating (1luid
are three or four times the allowable speed for oil valves and piping.

The use of the terms water and oil should be qualified as follows:
water used as the operating fluid contains approximately 1 to 2 percent of
hydraulic additive to improve the lubricity of the fluid and help reduce oxida-
tion and consequently rusting of internal parts. In addition, caretul control
must be maintained of the Ph level to preclude electrolytic corrosion. These
items, of course, are a proper function of the cnyineering to be performed [f
and when the entire installati..' 1s comstructed.

Because ofthe large volume of fluid contalned in this system, it would
be well to specify synthetic, fire-resistant fluids to reduce the danger of
fire which is always present when a conventional mineral hydraulic oll s
specified for a high-pressure system. Therc are many different grades of
synthetic and so-called fire-resistant flulds. A proper evaluation will pro-
vide a considerable savings in cost when considering the entire problem of
fluid properties, stability of fluid, fire Insurance, and fire=contcol devices.

01l Hydraulfc System

The direct-drive, oil-hydraulic system proposed is a 5000 psi
installation, with the pumps and controls being furnished by Towler. An opera-
ting pressure of 5000 psi is considered an optimum figure for this size of
machine since there is an economic balance between smaller ID piping size and
increased wall thickness requirements which results from increased fluid pressure.



Pumps. The main pumps are of the series '"D" type, which are axial
swash-plate-driven pumps develeping 400 hp each at 1200 rpm. This 1s a conser-
vative rating since the pump is rated for continuous duty at 500 hp at 1500 rpm.
“his design of pump requires approximately 7 percent total of supercharging
Pressure for proper performance. This is supplied by four 200 hp high-speed
centrifugal pumps.

The main pumping system also includes a 150 hp double series "E"
pump to provide additional staging for the incremental speed control. The
series "E" pump {s an inline pump whi~h has been used for 15,000 psi continuous
dutv and obviously, is quite conservatively applied in this instance.

A 15 hp type "J" vane pump provides 600 psi pilot pressure for the
pump controls and for the main controls.

Controls. Standard oil-hydraulic Towler valving, which 1s rated at
7000 psi, will be used in forged manifold blocks. These valves are success-
fully used to control some of the largest and most advanced hydraulic instal-
laticns in the world. The pumps specified are of fixed delivery. However, the
cesign of the control system is arranged to obtain speed steps of approximately
1 ipm at full tonnage from the pump controls alone, A metering valve {s auto-
matically introduced into the circuit to vary the delivery steplessly between
pump delivery increments. The operator controls the speed of the press
steplessly between zero and maximum.

The controls are designed to vary the speed plus or minus 1/2 of 1
percent at any set speed. This is basically a servo feedback from the ram
speed. Conventional variable-delivery pumps maintain approximately 5 percent
accuracy of set speed with conventional pPressure-compensating systems.

The electrical controls for presses of this size are usually of the
relay type and are easily serviced by the plant personnel., An improvement
which has been applied to & few presses in the last few years has been the
substitution of solid-state circuit elements for the relay control system.
This has usually led to improvement of press performance because of the
increased reliability of prepackaged solid-state circuit modules.

Another improvement, which would be of substantial interest in this
application, would be the application of fluidic logic control modules in 1ieu
of the electrical control usually specified. Fluidic controls have been
installed on a developmental press at Bliss Research Center, Swarthmore,
Pennsylvania, Preliminary findings indicated that a fluidic control system
may be as much as 20 percent cheaper then current electrical systems. However,
these controls must be fully evaluated before a definitive evaluation can be
made. The decision as to control type could be made at the time the press
controls system would be completely designed,
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Water Hydraulic System

The water hydraulic accumulator system proposed as a possible alter-
native has been used in most present large presses and has a well-deserved
reputation for dependability and control for large presses, The components
are of proven construction and require only conventional maintenance. The
installed cost, however, is far greater than a direct-drive power plant if
relatively low speeds are planned. 1If high-speed extrusion (ram speeds in the
order of 720 ipm) is required, however, then the water hydiraulic system is less
expensive,

Pumps. The pumps proposed for this system are of the vertical multi-
plunger design with a crankshaft speed of approximately 300 rpm. These pumps
are the successors of the horizontal pumps which ran either ac 78 rpm or at
120 rpm. Although the maintenance cost of the slower speed pumps are slightly
lower because of slower plunger speeds and lower bearing loads, the higher
speed pumps are approximately 30 percent lower in installed cost,

The pumps can be driven through gear boxes either by high speed or
slow-speed, direct-driving, engine-type motors. In both cases, either induction
motors or the somewhat more expansive, power-factor-correcting, synchronous
motors can be used. ‘

Pumps can be unloaded either in the circuit by means of a bypass
valving arrangement or by means of a suction valve unloader, The former solu- .
‘tion- 18 usually preferred since this aliows the water to circulate through the
system and through the heat exchanger of the gravity tank rather than being
trapped in the suction line during an extended period of press downtime.

es. The accumulator bottles are usually constructed
of laminated plate. The use of newer alloys, latest design techniques and
analyses in accordance with Section 3 of the Unfired Pressure Vessel Code
(Nuclear Vessels) has led to a substantial reduction of the wall thicknesses in
these vessels., As a result, very large bottles can be built to meet safety code
requirements, The use of a single bottle as recommended in this design instead
of a multiplicity of bottles reduces the number of pipe connections and reduces
the velocity of liquid level during power stroke.

Controls. The valving and controls used in the accumulator station
and for press control proper are of the poppet design with lapped seats. The
valves proper, constructed of stainless steel and bronze for corrosion resistance,
are mounted in forged steel blocks and driven by servo-operated, rocker-arm
arrangements,




The conventional control of the press is through a relay system.
However, the use of solid-state electrical control elements or fluidic logic
modules can be specified subject to the decision and detailed investigation
discussed earlier under 011 Hydraulic Systems--Controls.

Electrical Equipment

Motors. Standard drip-proof ball bearing motors are used for the
pump drive. 1In the case of the oil hydraulic installation, the motor is double-
ended and is mounted on a common base plate with two pumps. For the large
water-hydraulic pumps, the motors are mounted separately on their own founda~
tion pad next to the gear box.

The motors have been specified at 2300 volts since this is the
minimum cost motor for large motors above 200 hp. 1In addition, the most economic
balance of copper wiring versus cost of switch gear is obtained at this voltage.

The usual installation of the pumps is in a separate room or basement
adjacent to the press. If the pumping cquipment must be in the plant area dust
protected motors should be utilized. Again, depending upon the final installa-
tion, forced ventilacted motors may be utf{lized, if required. This, of course,
requires ducting and external blowers and filters for the cooling air. Smaller
motors are operated at 440 volts and, 1if located in the vicinity of the press,
are of TEFC (totally-enclosed, fan cooled) construction.

Starters. Starting equipment has been preliminarily arranged and
costed for a conventional modern installation. Full voltage starters are of the
non-reversing circuit breaker type, arranged in a modern control center with in-
tegral buss and incoming-line switch arrangements for each group of starters.
Transformers and other substation switchgear have not been examined in this study
sinee they depend upon local site conditions.

Low voltage starters are arranged in a 440 volt control center; they
are of the non-reversing type with suitable circuit breakers and fncoming line
switches,

Both motor control centers have been developed with NEMA 12, industrial
dust-tight construction, on the assumption that they will be located in a separate
protected room. I the final plant layout dictates another location, the cost of
these items should be re-examined.

Instrumentation. Both the Press and power station are provided with
suitable instrumentation for observation, control, and recording. Ram and con-
tainer pressures, ram velocity, container temperatures, and other important items
will be available from suitable signals.

The operator's control desk will include a cycle selector (for hand,
single-cycle, and fully-automatic operatlon), controls for all individual func-
tions of the press, as well as indication of the status of the power station.
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Piping

The piping for either the oil-hydraulic system or the water-hydraulic
system, as well as the piping mounted on the Press proper would be of heavy-
walled, seamless steel tubing manufactured to ASTM A-106 and meeting the
requirements of the Pressure Piping Code ASA B-31,1, The flange connections
would be of a proven Barogenics design using captive copper joint rings or
vulcanized fiber rings Precompressed prior to pressurization,
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Materials Handling System and Press Operating Sequences

The materials handling system is designed to load dies, unload the
extrusion butt and die, cut the extrusion, and separate the extrusion butt
from the die. Most operations take place at the die end of the press,
Optionally, the system can apply a drawing stress to an extrusion as it leaves
the die. The materials handling system will first »e described in terms of
function and then described in detall, as it applies to various cperations, later
in this section.

The major components of the materials handling system are showm on
Figures 18, A, B, and C. 1In reference to Figure 18A, the "billet and die loading"
sequence {s shown as follows:

(1) Roll the 11-inch diameter billet (or the support tube for 450,000
psi system) into position in front of the hydraulic pusher ram.

(2) Advance the pusher ram and move the billet into the container,
(3) Retract the pusher ram past the die,
(4) Move the die in front of the pusher ram,

(5) Push the die into the container, close the main gate lock, retract
the pusher ram and move it up out of the way of the extrusion.

In Figure 18B, the "extrusion, die and butt unloading" sequence is shown as
follows:

(1) Extrude the billet,
(2) Grip the extruded product by the chain-driven puller,

(3) Open the gate locks and pull the extrusion, die, and butt inte
the sawing position,

In Figure 18C, the "sawing and butt-die separation” sequence {s shown:
(1) Move the saw down and cut the extrusion which then rolls away.
(2) Lower the butt carrier as the pusher arm moves forward,

(3) Push the butt out of the die into the butt carrier, which raises
the butt up and then ejects it into a separate hin,

(4) Move die holder and pusher ram to their original position and
repeat cycle,
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The cycle for the 6-inch liner {s much the same, except that the billet-
and die are loaded in the support tube assembly, Figure 19. Then the support
tube is treated much like a solid 11-inch diameter billet. The support tube {s
Inserted into the 12-inch container and pushed against the 6-inch liner which,
in turn, pushes the liner against the prepositioned outer ram. In this position,
the fnner support of the support tube can push the 6-inch diameter billet and
die into the 6-1inch liner, After extrusion, the extrusion butt and die are
pushed into the support tube and removed from the press. The extrusion is
extracted from the die in an separate operation away from and, therefore, indepen-
dent of the press cycle. This and other possible sequencus are illustrated in
the following subsections.

The press and materials handling system were designed to produce solids,
tubes, or shapes from either the 250,000 psi container or the 450,000 psi container
into air (fluié-to-air), or from the 450,000 psi container *nto the 250,000 psi
container (fluid-to-fluid). Further congideration was given to operating an sddi-
tional auxillary container sc that very long extrusions could be produced by
fluid-to-fluid techniques. Each of the operations will be described and schemat-
ically {llustrated.

Solid Extru 8 from the 250,000 psi Conta ner

The sequence of operations {s described to make a fluid-to-air solid
extrusion, from the 250,000 pei, 12-inch 1D container. The maximm billet size
would be 1l-inch diameter x 96 inches long. The billet could have any cross-
section that could be circumscribed by a 11-inch diameter circle. See Figure 13
for typical billet and Figure 20 for a schematic drawing of the following opera-
tions sequence:

1} Billet with end cap moves into position in front of hydraulic
pusher,

2) Pusher ram moves downward to operating position,

3) Pusher ram moves billet into container.

4) Pusher ram moves back for die.

5) Die moves {nto loading position.

6) Pusher raim moves die into container,

7) Main gate lock secures die; pusher ram moves back; center
ram moves forward applying slight pressure on billet to
insure seal; container is filled and bled.

8) Pusher ram moves upward to clear the way for extrusjon; main
ram moves forward to complete the bleeding operation, then

proceeds to move forward at the extrusion speed and completes
extrusion,
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9) Main ram retracts to decompress chamber; main gate locks open
and chain-puller grabs extrusion and Pulls both extrusfon and
die into sawing position,

10) Extrusion is sawed,
11) Extrusion rolls off table.
12) Pusher ram and butt carrier move into position,

13) Pusher ram pushes butt out of die into butt carrier,

14) Pusgher ram returns, butt carrier moves upward and butt 1is
discarded; die moves out of way and is dropped into bin,

15) Pusher ram moves down and another cycle can start,

Since on unloading, castor oil will drip over a distance from the
container to the die in the cut-off position, a catcher pan will be installed
in the runout table to collect this ofl, filter it and return it to the reservoir,
This catcher pan will only extend to the dfe in the cut-off position.

The cut~off saw will be shielded on both sides, continuously flushed,
and the chips will be collected in a separate catcher pan,

Tube Extrusion From the 250,000 psi Container

The sequence of operations is described for making a large-diameter tube
from the 12-inch ID, 250,000 pst container. The maximum billet sive is 11-inch
OD x 10-1/2-inch ID x 96 inches long. The sequence assumes the center ram to be
10-1/2-1nch diameter, The schematic drawing of the operations sequence in Figure
20 also applies in this case;

1) Hollow billet with hollow end cap moves into position in fromt of
hydraulic pusher ram,

2) Pusher ram moves downward to operating position,

3) Pusher ram moves billet into container.

4) Pusher ram moves back for die.

5) Die is moved into loadiné position.

6) Pusher ram moves die into container,

7) Main gate locks secures die; pusher ram moves back; the center
ram/mandrel moves slightly forward to extrusion position; the

outer ram moves forward exerting sealing presaure through a spring
between billet and die; container is filled and bled,
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8) Pusher ram moves upward to clear the way for extrusion; main
ram moves slowly at first to complete the bleeding operation,
then proceeds to move forward at the extrusion speed and
completes extrusion. The center ram/mandrel is held fixed
relative to the die.

9) Main ram retracts to decompress chamber; main gate locks open
and the chain-puller grabs the extrusion and pulls the extru-
sion, die, and butt into sawing position.

10) Extrusion is sawed,

11) Extrusion rolls off table.

12) Pusher ram and butt carrier move into position,

13) Pusher ram pushes butt out of die into butt carrier.

14) Pusher ram returns butt carrier moves upward and butt is
discarded; die moves out of way and is dropped into bin.

15) Pusher ram moves down and another cycle can start,

Extrusion Drawing from the 250,000 psi Container

: This describes a sequence of operations to make extrusions with the
addition of an applied draw force (HYDRAW). The billet may be a round, a hollow,
or a shape but in any case the nose of the billet must be reduced to extend
beyond the die about 4 feet. This extension could be obtained by joining an
extension to the billet nose. A maximum force of 300 tons could be exerted over
40 feet of travel by a double acting hydraulic pusher ram which grips the end of
the billet and pulls during the extrusion operation. The sequence 1s as follows:

(1) through (7) Same as that for solid extrusion from 12-inch
container (Figure 20),

(8) Drawing grip on the end of the pusher ram i{s attached to
the billet extension and the desired load applied; main ram
ram moves slowly at first to complete the bleeding operation,
then proceeds to move forward at the extrusion speed and
completes extrusion, The actual draw force applied is based
on the particular tube size and materials involved.

(9) Main ram retracts to decompress chamber; main gate locks open;
draw cylinder pulls out die and butt into sawing position.

(10) through (15) Same as that for tubing.
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Selid Extrusjon from the 450,000 psi Contajner

This describes the operational sequence to make fluid-to-air solid
extrusions from the 450,000 psi, 6-inch ID container. The maximum billet size
1s 5-inch diameter x 24 inches long, See Figure 14 for the typical billet size,
Figure 19 for an illustration of the support tube with the billet and die in
load position, and Figure 21 for a schematic of the following sequence:

(1) Support tube, loaded with billet and die, moves into loading
position,

(2) Pusher ram moves into operating position.

(3) Pusher ram moves support tube into 12-inch container, pushing
6-1nch container to rear position located by the outer ram;
pusher ram moves back.

(4) Hollow end plug moves into loading position. (Same mechanism
used for moving dies into loading position).

(5) Pusher ram moves end plug into sealing position at the same
time, pushing billet into 6-inch container; main gate locks
close,

(6) Outer ram and center ram move back to let fiuid into the
chambers; container is filled and bled; outer ram and center
ram move forward and make the extrusion; pusher ram moves back.

(7) Outer and center rams retract to decompress chamber; main gate
locks open; small gate locks close to keep 6-inch container
from exiting 12-inch container; center ram moves forward,
pushing the die out of the 6-inch container into the support
tube; chain-puller grabs the extrusion.

(8) Support tube, die, butt. and extrusion are released at unload
position and roll away,

Iube Extrysion from the 450,000 psi Container

" The operational sequence to make tube extrusions is esgentially the
same as that required to make solid extrusions. Figure 22 {llustrates a typical
tube billet arrangement.
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Fluid-to-Fluid Extrusion

This describes the operations sequence to make solid extrusions from
6-inch diameter, 450,000 psi container to the support tube at 250,000 psi. The
maximm billet size is 5-inch diameter x 24 inches long. Figure 14 1illustrates
the tooling configuration for this operation except that the end plug would be
solid and there would be no seal on the support tube. Figure 23 shows the
schematic of the following sequences:

e

(2)
&)

1))

35)

(6)

)]
(€

9

(10)

Support tube loaded with billet and die moves into loading
position,

Pusher ram movas into operating position,

Pusher ram moves support tube into 12-inch contafner,
pushing 6-inch container to rear position located by
the outer ram; pusher ram moves back.

End plug moves into loading position. (Same mechanism used
for moving dies into loading position).

Pusher ram moves end plug into sealing position at the same
time, pushing billet into 6-inch container; main gate locks
close,

Outer ram and center ram move back to let fluid into the
chambers; container is filled and bled; outer ram and center
ram move forward and make the extrusion; pusher ram moves
back.

Outer and center rams retract to decompress chamber; main gate
locks open; pusher ram advances to remove end plug to unloading
position.

End plug moves out of the way; small gate lock closes to keep
the support tube from exiting the 12-inch container; the center
ram pushes the die with butt into the support tube.

Small gate lock opens; outer ram pushes the 6-inch liner forward
so that the support tube can be gripped by the chain puller,

the chain puller extracts the support tube, die, and butt; small
gate lock clnses to prevent the 6-inch liner from leaving the
12-inch container.

Support tube, die and extrusion are released and move to unloading

area,
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This describes operations sequence to make solid extrusions from the
450,000 psi, 6-inch container (fluid-to-fluid) {nto an auxiliary container of
100,000 psi capacity. Figure 16 illustrated one possible arrangement of the
auxiliary contatiner, Figure 24 shows a schematic of the following sequence of
operatians.

(1) Support tube loaded with billet and die moves into loading
position.

(2) Pusher ram moves into operating position,

(3) Pusher ram moves support tube into 12-inch container, pushing
6-1nch container to rear position.

(4) Pusher ram moves back; auxiliary container moves into position,

(5) Pusher ram moves auxiliary container against the support tube
and main gate locks close; main container is filled and bled;
independently, the support tube and auxiliary container are
filled and pressurized,

(6) Outer ram and center ram move forward for extruasion,

(7) Outer ram and center ram retract for decompression; main gate
locks open; chain puller grabs auxiliary container; small gate
locks open.

(8) Chain puller brings auxiliary container to unloading position;
small gate locks close; center ram pushes the die with butt
into the support tube.

(9) Small gate lock opens; outer ram moves forward, pushing 6-inch
liner forward so that support tube can be gripped by chain
puller; chain puller excracts support tube, die, and butt; small
gate lock closes to prevent 6-inch liner from leaving 12-1inch
container.

(10) Chain puller brings support tube and extrusion into unloading
position,
(11) Support tube and extrusion moved to reloading position,
Time Cycles for General Press erations
Time cycles for various common operations were estimated and are shown

below,
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Fluid-to-Air Extrusion - 12-inch, 250,000 psi Container. Maximum

billet size: 1l-inches diameter x 96 inches long. The following estimated
times are approximately the same as those for production of tubes,

Step
1

10
11

12

13

14

15

16

Opexation Time, seconds
Outer stem stroke (compression and 55

extrusion) 91" at 100"/min.

Decompression and 1iquid exhaust 3
(continues during Step 3 as well)

Die lock release 2
Retraction of extrusion, die and 11
butt:

a) 200" at 20"/sec. = 10 sec.
b) slowdown at the end = 1 sec,

Saw, down and up 9
Die and butt removed 2

Extrusion removal: simultaneously -

with Step 6

Billet loader action (billet and 2
new die)

Pushing billet and die into chamber 11

a) 200" at 20" per sec. = 10 sec.
b) slowdown at the end = _1 sec,

Die locked 2

Inner stem advances (0.1 sec.) and 0.35
gseats billet in die (0.25 sec.)

Fluid handling 7
a) Chamber evacuated: 2 gec,
b) Chamber filled: 20 gallons 5 sec,
at 4 gps

Chamber sealed by outer stem advance ( 0.65
(8 inches at 12 inches/sec.)

Total cycle time 105
3600 (sec/hr) -
Cycles per hour 105 (sec/cycle) 34,3/hr.

For the purpose of calculating the 35/hr,
power requirements, the number of
cycles assumed was:
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Fluid-to-Air Extrusion - 6-inch 450,000 psj Container. Maximum
billet size: 5-inch-diameter x 24 inches long. Extrusion of solids, shapes,

and tubes (using floating mandrel techniques),

Step

1

10

11

12
13

14

15

Operation Iime, seconds

Inner ram stroke (compression and
extrusion) 24.8" at 100"/min.

Pressurizing outer chamber:
simultaneously with Step 1

Decompression of both chambers and
exhaust of 1iquid from 6" chamber
(continues during Step 4)

Push die and butt into support tube

Main die lock release

Small die lock closes (takes place
during Step 7)

Retraction of extrusion die, butt and
support tube

Die, butt and support tube removed

Extrusion removal (away from the
press)

Billet loader action (billet new die
and support tube)

Pushing billet, die, and support tube
into main chamber:
a) 200" at 20"/sec, = 10 sec.
b) slowdown at the end = 1 sec,
End plug moves into position
Die locked

Outer and center ram retract to permit,
fluid £1lling

Fluid handling
a) inner chamber evacuated: 2 sec,

b) inner chamber filled: 5 gec,

85

15

11




Step Operation

16 Chamber sealed by inner stem 1
advancing
a) 8" at 10"/sec. = 0.8 sec.
b) slowdown = 0.2 sec,
17 Total cycle time 76
18 Cycles per nour: 47.4

Fluid-to-Fluid Extrusion. Maximum billet size:

24 inches long., Six-inch liner located within the 12-inch chamber,

Time, seconds

5-inch diameter x

Extrusion

of shapes (or tubes with a floating mandrel) 450,000 psi against 250,000 psi

back pressure to produce relatively short extrusion
operational sequence will be similar to fluid-to-

iner except that:

(1) The stroke for the extraction of extrusion

will be shorter

8 (72 inches long)., The
air extrusion from the 6-inch

-2 seac.

(2) Added time will be required to £111 the support-tube +1 sec,

volume

(3) Manipulation of the end plug

(4) Total cycle time = 76 sec. + 2 sec. = 78 sec,

(5) Cycles per hour: 46

Fluid-to-Fluid Extrusion Using an Auxiliary Container.

sequence will be similar to fluid-to-air extrusions except that:

(1) The auxiliary container must be moved into and

out of position. This time would be a function of

its length, but may be in the order of

(2) An independent pumping system would be necessary
to pressurize this chamber for flexibility; this

would require about

(3) Total cycle time:

(4) Cycles per hour: 22,4

86

76 sec, + 85 sec, = 161 sec,

3 sec.

+2 sec.

The operational

+20 sec.

+60 sec,

+85 sec.
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ANALYSIS OF TOOLING

Container, stems, and dies are subjected to very high and complex
stresses in the hydrostatic extrusion process. These key components were
analyzed in detail to: (1) determine the practicability of various design
concepts, (2) obtain general relationships that could be applied to a variety
of designs, and (3) determine technical areas in which additional experimental
data 18 needed.

Various design concepts for high-pressure containers were analyzed
in detail in a prior research program.(1%) Assuming a fatigue strength
criterion and a high-strength liner, it was found that a multi-ring shrink-fit
construction offered the most efficient design. In order to achieve a pressure
capability of 450,000 psi, it was found necessary to use fluid-pressure support
principles. The pressure capabilities of container designs were predicted based
upon postulated fatigue behavior of high-strength steels under cyclic pressure
conditions. Unfortunately, actual fatigue behavior under these conditions was
found to be an unknown and this certainly warrants further study in a separate
program. Also, the design predictions were based on a uniform pressure loading
on the bore of the containers. Additional loadings should be analyzed for their
effect upon fatigue lif- of the containers. It was also found that coutainers
with large bores necessarily have large outside diameters which could, in some
instances, make manufacture unfeasible.

In this report, design calculations are presented for s multi-ring
container for 250,000 psi and a ring-fluid-ring container for 450,000 psi, The
computer code MULTIR, developed in the preceding program(14), was used for these
calculations. Analysis of additional loading effects is also presented, beyond
that in the previous study. In addition. the knowledge to date on the general
fatigue behavior of high-strength steels and the specific fatigue data available
on thick-walled cylinders {s reviewed. The employment of the autofrettage process
as a means of reducing the size of the containers is also discussed. The
previous study(14) was limited to five design concepts. In this report, an
additional container concept was considered. This was a sectored container with
no liner. .

Choice of Materials for Container Design

One of the important aspects of the container design is the choice
of material. 1In a previous study(14), the importance of a fatigue-strength
criterion was emphasized for production containers. Therefore, container
materials with high fatigue strengths would certainly be preferred for the
design of an ultrahigh-pressure hydrostatic extrusion press for production
purposes. However, there is a lack of triaxfal and biaxial fatigue data under
the combined stress states experienced at the bore of the liners of containers,
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What are more generally known are the more common uniaxial fatigue data from
rotating-beam or push-pull tests. A study of these data as related to the
heat~treated condition of the material has been made to enable a choice of
condition for the liner material that can also be expected to give similar
fatigue-strength capability under cyclic internal pressure.

Material Fatigue Strength Considerations

Most of the available fatigue data on a variety of materials have
been obtained on relatively small and simple laboratory specimens. The fatigue
strength of actual parts under service conditions is affected by many factors,
and it is often rather difficult to relate quantitatively the fatigue behavior
of actual parts to that of laboratory specimens. However, many trends observed
on laboratory specimens under various testing conditions do also apply to actual
parts, at least in a qualitative sense.

In the selection of the material and its heat treatment for a part
subjected to fatigue loading, the fatigue properties of the material are of
primary importance. Depending on the application, some other material
properties may also be important and it is often necessary to find a proper
balance between the fatigue strength of the material and its other desired
properties. 1In parts subjected to high loads, for example, high-strength
materials must be often used to provide the necessary static strength., However,
the fatigue strength of high-strength materials does not always increase in
conetant proportion to their static strength, and it may even decrease at rery
high static-strength levels.

Figure 25 (from Reference 30) {lluatrates results obtained from a
large number of R. R. Moore-~type rotating-beam fatigue tests on several alloy
steels heat treated to various hardness levels. All thesa tests were con-
ducted on unnotched speicmens at room temperature under similar test conditions.
Because the static strength properties, ultimate and yield strengths, of steels
do generally increase with the hardness, it can be stated from Figure 25 that
there 1s an optimum strength (hardness) level for each steel at which the
fatigue (endurance) limit reaches a maximum value. Using a steel at a strength
level higher than this optimum level in a part subjected to fatigue loading
would cause a decrease in the fatigue strength (1ife) of the part. It can be
also deduced from the figure that the optimum strength level might be different
for different steels and that the scatter in fatigue data increases with the
static strength levels, even for the same steel. To assure a safe design against
fatigue fasilure, the lower values of the Scatter band must be used as the design
criteria, which reduces somewhat the "useful" fatigue strength of high strength
steels as compared to their average fatigue strength.
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Literature sources(ao) provide several explanations for the decrease
in fatigue sttength of high-strength steels after reach.ng a certain maximum
value. For example, it has often been mentioned that the notth and surface
sensitivity, the susceptibility to flaws and defects, the d2t:imental residual
stresses (from quenching), and the effects of some metallurgical factors all
increase with the static strength level of steels. These factors are said
to be responsible for the decrease in fatigue strengths beyond a certain ultimate
strength level of steels. Two regions of different types of fatigue failure
have been identified in reterence to Figure 25. Failures to the left of the
maximum fatigue strength values in Figure 25 are ductile failures, and those
to the right are brittle failures.

Figure 26 illustrates further the general trends in the relationship
between the static and fatigue strengths of steels at relatively high-strength
levels. These data were taken from several sources (30-35), They represent
the results of rotating-beam fatigue tests conducted at room temperature on
unnotched specimens made of various heat-treated steels at various strength
levels. The fatigue limit was taken as the fatigue strength at 107 cycles.
For specific applications, 1t would be better to have such separate plots for
each steel grade obtained on specimens subjected to a fatigue loading that
corresponds to the loading conditions in the particular application. However,
there are not sufficient data of that kind avatlable and not all of the avail-
able data can be considered as compatible. The unnotched rotating-beam fatigue
data were selected for illustrative purposes in Figure 25 because these data
are more readily available than other types of fatigue data.

Two general trends are apparent from Figure 26: (1) the scatter in
fatigue data increases with the strength level of steels, and (2) the average
fatigue strength of high-strength steels increases considerably less than their
ultimate tensile strength. As was explained above, the fatigue strength of a
certain steel grade may even decrease with an increase in its ultimate strength
after reaching an optimum value. The fatigue data represented in Figures 25
and 26 were obtained on smooth, polished specimens. Because actual parts may
not have such smooth, polished surfaces and the parts may contain geometric
stress concentrations, fatigue tests conducted on specimens with surface finishes
corresponding to the actual applications and on so-called "notched specimens”
glve results that are more representative of actual conditions, Although there
have been many such tests conducted, it 1s difficult to correlate the results
because of the large variety of notches and surface conditions used in these
tests and because not enough data were obtained under each specific condition,
However, some general trends have been observed and these are represented
schematically in Figure 27. Although the shapes and relative values of the
curves shown in Figure 27 may change for different materials, specimen config-
urations, and testing condi{tions, the general trends appear to prevail in all
cases whenever there are sufficient fatigue data available. These trends are
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FLGURE 27. GENERAL TRENDS IN FATIGUE STRENGTH OF HEAT-TREATED STEELS AS A
FUNCTION OF ULTIMATE TENSILE STRENGTH

I - Smooth, polished specimens.
Il - Specimens with mild notches and/or medium smooth surfaces.
111 - Specimens with severe notches and/or rough surfaces.
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characterized by a decrease of fatigue strength and by a shift of the opt imun
ultimate tensile strength toward a lower value with increasing notch severity
and/or surface roughness. The decrease of fatigue strength with the notch
severity (and surface roughness) can be readily explained because notches
Cause stress concentrations, and the higher the stress concentration the lower
is the expected fatigue strength. The main reason for the shift (lowering)

of the optimum ultimate tensile strength is probably the higher notch sensi-
tivity of high-strength steels.

From the foregoing 'tscussion it should be apparent that materials
with the highest possible ¢ ate tensile strength are not necessarily the
bast fcr application in paL.. subjected to fatigue loading. This is particularly
true for parts that contain streas concentrations and that have less than
perfectly smooth surfaces at critical locations. Material selection from
among the many high-strength steels with their various available heat treat-
ments (static-strength levels), therefore, should be based in large part on
the available fatigue data. There are some indications, that high-strength
steels exhibiting good ductility and toughness have also relatively good
fatigue atrength. These should receive the first consideration.

It should be noted that the fatigue strength values obtained on small
laboratory specimens are se)dom fully rcalized in actual parts because of the
so-called "size effect", even if all the other conditions are similar. In
addition, there are many other factors that may affect the fatigue behavior of
an actual part in service and these must be evaluated for each i{ndividual
application. Such additional effects in the hydrostatic container applications
are discussed in the next section.

Yatigue Behavior of Thick-Walled Cylinders

The most extensive studies of the fatipue behavior of thick-walled
cylinders have been conducted by Mor. son, Crossland, Parry, Burns, and their
co-workers {n England. These studies ere recently summarized at the High (36)
Pressure Engineering Conference in Londen, September 1967 by Burns and Parry .
They have limited the study primarily to one English steel, En 25 (vibrac V-30),
All fatigue specimens had approximately the same chemical composition* and heat
treatment. The strength values were:

yield strength, oy = 103 to 112 ksi

ultimate strength, 9" 121 to 129 ksi.

% Chemical composition: 0.29 to 0.3 C, 0.14 to 0.17 Si, 0.64 to 0.69 Mn, 0.015 s,
0.013 P, 2,53 to 2,58 Ni, 0.57 to 0.60 Cr, 0.57 to 0.60 Mo.
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This is & relatively low strength level. This material is comparable
to AISI 4340 steel and therefore, at this strength level, it can be expected to
exhibit ductile fatigue failure corresponding to points to the left of the peak
of the endurance limit-hardness curve, Figure 25. The conclusion of the stgdiea
on En 25 steel was that the fatigue data correlates best with shear stress(34),
(This was the assumption made in Reference (14) and confirmed here.) Figure 28
shows a fatigue diagram for the semirange in shear stress S_ pilotted versus the
mean shear stress S , This figure is essentially the same ks Figure 28.6 in
Reference (36), exc@pt that here the semirange in shear stress is used instead
of the total range, and the stress units, ksi, are used instead of tons/in2. The
data points in Figure 26 were taken from the original publications, References
(36-42). Data for compressive mean stress for push-pull tests from Reference 40
are also plotted which were not included in Figure 28.6.

Figure 28 also shows data for torsion of tubes, push-pull of solid
round specimens, and internal pressure cycling of monoblock cylinders, shrinke
fitted cylinders, and autofrettaged cylinders, The shear stress in the torsion
tests is the applied stress. The shear stress in the pushepull tests {a:

[e]

s-Tz (¢3)

where ¢ = the applied axial stress. The largest shear stress in the cylinder
test occurs at the bore and is

S = 3 ) (2)

where 9g = the circumferential (hoop) stress and 0 = the radial stress equal
to the applied pressure at the bore. The semirangf in shear stress is

smax - smin
sr - 2 ? (3)
and the mean shear stress is
Smax 4 smin
S = . (%)

m
(Reference: Equations (6a, b) Reference (14).

Figure 28 also shows the line for R = 0. The stress ratio R i{s a common
fatigue parameter used in the U.S. It is defined as:

R = Sminlsmax
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Data in Figure 28 shows that hollow cylinders have a lower fatigue
stress for 107 cycles than obtained by torsion and push-pull tests. This
difference was also pointed out {n Reference (14), in connection with
discussion of the fatigue data reported by Watervliet Arsenal, Reference (43).
Attempts have been made to correlate the data, but overall correlation cannot
be obtained and is not spparent at this time. Apparently there are some other
effects involved. It may be that fluid under pressure has a detrimental effect
such as helping to propagate cracks by a wedge type of loading.

Autofrettaged cylinders also show the lowest fatigue strength, lower
than shrink~fitted cylinders. This is believed to be due to an effect of
cycling upon the residual stresses. The residual stresses result from plastic
deformation during the autofrettage process. This residual stress state may
not reach a lower and elastic repeatable value until after several pressure
cycles. The steel may exhibit a Bauschinger effect and hysteresis. These
effects would contribute to the lower fatigue strength for the autofrettaged
specimens, The autofrettage data point on the compressive side of Figure 28
is a corrected value. It apparently was mistakenly reproduced on the tensile
side of Figure 28.6, Reference (34).

The data all show an increasing trend for the semirange shear streass,
S _, when the mean shear stress, S , is decreased. The stress sr, is proportional
t6 the range of the applied pressure, p. Therefore, increasing S_ increases the
pressure capability. But this does not mean § < O is neceslnril§ desirable,
for as pointed out {in Reference (14), Sm =0 c8rreapondu to;

o

[]
@)y = - 3 (5)

where (c:re)‘u is the mean hoop stress. This means that the minimum hoop stress,
i = - P (6)
and the maximum hoop stress is ¢

© =0 )

e)max

when there is no residual bore pressure, i.e., the hoop stresses are entirvely
in the compressive range and (oe)mtn = - p is really the limitation imposed by
S =0,

m

Additional information and conclusions regarding Figure 28 and References
(36-42) are now summarized as specific points:
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(1) The torsional and push-pull data in Figure 28 are for specimens
with unprotected surfaces at atmospheric pressures.

(2) The cylinder data are for virgin specimens with surfaces unpro-
tected from the pressurized hydraulic oil, but with good, honed
internal surfaces.

(3) Runout cylinder specimens (tested below the endurance iimit),
when retested, show a higher fatigue strength(38). (This is
probably due to what is known as a '"coaxing" effect).

(4) Cylinder specimens that are honed (re-honed) after heat-treat-
ment show a higher fatigue strength(38),

(5) Cylinder specimens with a rubber Erotective film show higher
fatigue strengths, at least at 10° cycles and less(38), (There
are no data for longer life tests).

(6) The effect of anisotropy on the fatigue strength has been observed
in torsional tests(38),

(7) Compressive push-pull fatigue strength seems to decrease after
reaching a certain value of mean stress(40), However, additional
data does not show a marked decrease, Figure 28.

(8) Push-pull tests in oil under pressure (44.8 ksi) result in shorter
fatigue life than tests conducted in air, but if the specimen
surfaces are protected by a rubber film, then the fatigue life is
longer than in air with no pressure(4l). (For reversed loading,
the numbers for endurance limits are: (a) ~ #35 kei in air
(b) ~ 132 kei under pressure, and (c) ~ *37 ksi under pressure,
protected).

(9) Under fluid pressure of 44.8 ksi, there are no fatigue failures
at mean compressive stresses, but only yielding(4l),

(10) In torsional tests on solid specimens, the effect of liquid and
pressures is similar to those of push-pull tests: (a) for
reversed tests in air 44 ksi, (b) in oil bath (no pressure)
$39 ksi, (c) in oil under pressure (44.8 ksi) +38 ksi, and
(d) in oil pressure, protected *56 ksi(40), The same trends
have been alsoc observed for repeated loading.

(11) Nitrided surfaces increase the fatigue strength(42),

(12) FPor austenitic stainless steel the shear-stress correlation is
poor. This has been explained by the effects of "natural" auto-
frettage, etc.(42),

Thus, although the fatigue streng.a of ductile steel cylinders has been
extensively studied there are still some unresolved differences bettv.een cylinder
tests and other conventional tests, and many influential factors have been
uncovered. It must be emphasized that what ia yet needed is a fatigue study of
high-strength~-steel cylinders under cyclic internal pressure. Until such a study
is conducted, the best that can be done is to postulate the fatigue behavior of
high-strength-steel cylinders based upon the available uniaxial fatigue data.

96




Manu[acturing Considerations

The material tensile strengths and fatigue strengths determined on
laboratory specimens may not be realized in actual containers because of
manufacturing limitations. It appears that yield strength levels much above
¢ = 225,000 psi are difficult to achieve in H-11 cylindrical forgings in the
large diameters conasidered in this study(44), To obtain higher strength
liners of large diameter, an alternative is to use a maraging steel. A
250,000 psi yield strength, 18 percent nickel maraging steel cylinder, can be
manufactured in relatively small sizes. Non-uniform properties are produced
in rings manufactured from large ingots, the sizes of which are required to
make a 12-inch ID container. The maraging steels, moreover, have exhibited
appreciable notch sensitivity in fatigue tests(45),

Cylindrical forgings can also be expected to have appreciably different
longitudinal and transverse properties. For example, the transverse ductility
is normally expected to be only one-half that in the longitudinal direction.
These manufacturing limitations can be expected to reduce somewhat the expected
fatigue life of container designs.

The Autofrettage Process

The autofrettage process has found extensive use as a means of
producing compressive residual stresses at the bore of a cylinder. 1In particular,
it has been used on gun barrels(46). A cylinder is autofrettaged by an initial
over pressure beyond the yield pressure but below the plastic collapse pressure.
The autofrettage pressure produces yielding in an inner annulus of the cylinder
due to expansion of the bore. Upon release of the pressure, the inner annulus
tends to take a tensile permanent set (elongation) but is restrained from doing
so by the outer annulus of material which has remained elastic or in the extreme
case also ylelded but to a lesser extent. Thus, the outer annulus compresses
the inner annulus of material upon release of pressure, The compressive hoop
stresses near the bore are balanced by tensile hoop stresses near the outside
to satisfy the equilibrium condition under zero bore pressure. Thus, residual
stresses can be achieved at tne bore similar to shrinking the cylinder with a
hoop. This is the origin of the French word "autofrettage" meaning "self-
hooping'.

It is not intended here to review the theory of autofrettage. This
has already been very well done in a report by Watervliet Arsennl(46§. However,
some of the more important resulcrs are summarized here for'a perfectly plastic
material (no strain hardening). The application of the process to high strength
steels, the effect of strain hardening and limitations of autofrettage are also
discussed,
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The term "percent overstrain' 1s often used in connection with auto-
frettage to indicate the percentage of the wall thickness that yielded. One
hundred percent overstrain corresponds to plastic flow all the way to the out-
side diameter. The term "percent autofrettage" is also used. It is defined
as the ratio of the residual hoop stress at the bore, for a given percent over-
strain, to the maximum theoretically possible for a given wall ratio. It can
be shown that 100 percent autofrettage is achieved tor 100 percent overstrain
for a wall ratio K = 2.2. For K < 2.2, 100 percent overstrain produces less
~ than 100 percent, autofrettage, i.e., the residual hoop stress at the bore is
lower in magnitude than the compressive yield strength.

It can also be ghown for 100 percent overstrain and for 109 percent
autofrettage, the maximum autofrettage pressure is Ppax = 0.91 o, where o0, is
the yield stress for a perfectly plastic material. Thus, P is aiways ¥ess
than cy. max

In order to predict the successful application of the autofrettage
process to high strength steecls it is important to consider the ductility, The
ductility (100 ¢, where & is the tensile strain in inch/inch) of some steels
is given in Table IV. These data are for simple tensile tests on specimens
from small rods or bars. In large forgings, it can be expected that the
longitudinal ductility may reach these values but the transverse ductility
(in the hoop direction) at the bore may be only 1/2 the values in Table 1v,
Reference (44). For example, consider the D-6A steel in Table IV with an
expected transverse ductility of 152 = 3.75 percent. Compared with the maximum
hoop strains calculated for 100 percent autofrettage for ¢ = 250,000 psi,

+0375 {s found to be larger than (¢ Jnax This comparisof shows that, theoreti-
cally, autofrettage of these steels ?n Table IV should be possible because the
percent elongation is greater than (te)max

TABLE IV. DUCTILITY OF STEELS

Tensile Yield Elongation
Steel Strength qy, ksi (100 ¢), percent
AISI 4340 228 11.0
130 21,0
270 11.0
AISI H-11 (modified) 244 10.0
D-6A 250 7.5
18% Ni maraging 268 11.0
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However, caution is urged here; the ductility values are given for
a nccked down gspecimen. A better value may be the strain from a (conventional)
stress-strain diagram at the peak of the curve where the stress begins to fall
off. For example, for H-11 steel at the peak,

o = 300,000 psi at ¢ = 0,060
u peak

In the transverse direction, Jpeak might be 0.030. However, (.B)m‘x -
0.0275 at 0 = 250,000 psi and E = 2,0. Thus, the difference between (ce
during auto¥rettage and the fracture strain of the material may be smaller™*
than indicated by the ductility figures in Table IV.

This discussion indicated that autofrettaging of high strength steels
is a possibility. However, it should be ascertained whether the ductility in
the transverse direction is great enough to avoid fracture during autofrettage.
Further discussion of strain-hardening effects in autofrettage is given in a
later section.

Analysis of Multi-ring Containers

Multiwring Container Designs for 250,000 psi

A multiring container of shrink-fit assembly was first considered.
It was to have a 12,0-inch diameter bore and a pressure capability of 250,000
psi based upon a fatigue strength criterion. Both H-11 and Maraging 300 high-
strength steels were considered for the liner material. An compressive yield
strength of at least 250,000 psi was preferred because the liners were to be
designed with a prestress of this value. However, these steels were found to
be impossible to obtain in forgings of the size required, with guaranteed
properties at these high strength levels (correspunding to ultimate tensile
strengths, 280,000 to 300,000 psi), Higher-strensth steels with o > 300,000
psi such as a bearing steel, were not considered bezause they were expected
to be beyond the optimum point of the fatigue stringth versus ultimate strength
curve, Figures 24, 25, and 26. Also, more brittle failures and greater notch
sensitivity (Figure 26) under fatigue loading can be expected in steels at too
high a strength level. It appears that 250,000 psi is the maximum ultimate
tensile strength achievable in forgings with the large sizes of interest.
This corresponds to a tensile yield strength of about 225,000 psi and an
expected compressive yield strength perhaps, 10 percent greater.

It was decided that the maximum ultimate strength level to be
considered should be o, " 2,0,000 psi, From Reference (14), Equatioen (44)
gives:

pmax = Zarou (8)
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for large overall wall ratio, X. For p = 250,000 psf and o = 250,000 psi,
the semi-range fatigue parametcr o has™£5 be 0.5, From the average fat{gue
data for both H-11 and maraging stéels in Figure 42, Reference (14), pagze 165,
a_ = 0,50 can be expected to give about 104-105 cycles life (under ideal
cSnditions). However, lifetimes of 105 cycles and greater are indicated by
the fatigue data for H-11 in Table XLII, page 166 of Reference (14).

For the outer rings of the container, it was considered best to reduce
the strength levels required. High strengths are more difficult to achieve in
larger sizes and lower strength requirements correspond to more ductile conditions
and a safer design. Accordingly, with the selected strength levels shown in
Table V, it was found necessary to use 5 rings*, Table V also gives the
dimensions of the rings. The material of the liner and the second ring are
expected to be H-11 steel and the cuter rings an AISI 4340 or comparable steel.
The :ensile strength of the liner is given because this is the typically avail-
able data and fatigue predictions have been made on this basis,. However, the
liner must also have a compressive yield strength of 250,000 psi because the
liner bore is compressed (shrunk) to this value.

The dimensions of the design (Table V) have been calculated so ttat
the design is optimum for the material strength levels chosen. For an optimum
design, it can be shown that the wall ratios must be related as follows:

2
k o}
+ 1 1
-ﬂ—i-_ - _281__ 9
k n
n

where kn = OD/ID for ring number n, and on = strength of ring number n.

Calculations were performed using computer code MULTIR. The mean hoop
stress for the liner was preset to (0 ) = 125,000 psi. Thus, for p = 250,000
pel and (o) = 1/2 p at the limit, The maximum hoop stress is (oe,x =0
(Thie corrslsonds to a'Maximum shear stress of p /2 « 125,000 psi, Tffowing
(9] > 0 would increase the maximum shear stregs and may cause premature
f-?iEﬂﬁ failure). For the outer rings the shear fatigue criteria has been used.
(The outer ring can be considered as a safety ring. A factor of safety of about
1.6 on the fatigue strength was used on the outer ring.) The pressure capability
calculated is

P = 255,479 psi for the 5-ring container. (10)

* This is based upon available uniaxial fatigue data, Biaxial and triaxial fatigue
data for the cylinders under pressure are not available for high e.rength steels.
If higher strength levels than those of Table V could be used, then it would be
possible to design a 4-ring container.
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TABLE V. DIMENSIONS AND REQUIRED STRENGTHS OF RINGS FOR
THE 5-RING CONTAINER

Ring ip, oD, Ultimate Tensile Yield Tensile
Number inches inches Strength, ksi Strength, ksi :
i

1 12,0 21.0 300,000 260, 000 §
2 21.0 33.5 250, 000 215,000 :
3 33.5 47.8 200,000 170,000 ;
4 47.8 68,2 200, 000 170,000
5 68,2 91.6 175,000 150,000

The required manufactured interference-to-radius ratios (4 /r ) are
given in Tabie VI. Also included are the assembly interferences (8 ?r ? for
assembly of rings from the inside out and from the outside in. ForBulls for
the asgembly interferences were derived. The assembly interferences in Table
VI are found to be too high for differential temperature assembly,

TABLE VI. REQUIRED INTERFERENCES FOR THE 5-RING DESIGN

Manufactured

Interference Ratio, Assembly Interference Rati:,
Between A .
Rings - ’n/rn
Number Tn Inside~Qut Outside~In

i

1 and 2 0. 00406 0. 00406 0.00891
2 and 3 0, 00265 0.00388 0.00529
3 and 4 0. 00288 0. 00465 0.00315
4 and 5 0. 000434 0,00257 0.000434

Press forces were also calculated for assembly, It is assumed that
the rings will be manufactured with a slight taper. on this basis and with
lubrication, a coefficient of friction p = 0,1 was asgumed. The press force
P is

101




2n tn Li

P = _—5666-_ qn, tons (11)

where L = length of rings, inches, 21 r Lu = the lateral surface area, in2,
and where q_ is the interface pressure Buring assembly, corresponding to & .
For the calculations L = 120 inches. Results are given in Table VII. PreSs
forces above 30,000 tons are required to assemble the 5-ring container.

TABLE VII. REQUIRED PRESS FORCES FOR ASSEMBLY OF THE
5-RING CONTAINER

Assembly Inside-Out
Assembly of Rings Required Force P, tons
2 onto 1 11,300
3 onto 1 and 2 17,400
4 onto 1, 2, and 3 31,000
5ontol, 2, 3, and 4 22,400
Assembly Qutside-In
Assembly of Rings Required Force P, tons
4 into 5 2,60C
3 into 4 and 5 18,200
2 into 3, 4, and 5 27,800
1 into 2, 3, 4, and 5 34,300

Because the interferences are high and the required press forces
estimated for the 5-ring design are so high (based on u = 0.1), it was decided
to investigate a 7-ring design to determine how ruch less press force per ring
may be required if more rings were used. Tables VIII, IX, and X give the
dimensions, interferences and required press forces for the 7-ring design. The
press forces required are lower than the 34,000 tons for the 5-ring design, but
are still relatively high. Thus, the advantage from the assc..-ly forces stand-
point is small for the 7-ring design. However, it is important to note that the
OD is smaller for the "-ving design. The pressure capability for the 7-ring
design of Table VIII was calculated to be

P = 263,105 psi (12)
Results of the computer print out from MULTIR for these container calculations

are on file for future reierence.
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It should be kept in mind that the asserbly forces are based on
b = 0.1, It {s likely that the friction coefficient could be reduced by almost
one-half with good lubrication, and thus the assembly forces would be reduced
Proportionately,

TABLE VIII. DIMENSIONS AND REQUIRED STRENGTHS OF
RINGS POR THE 7-RING CONTAINER

Ring 1D, ap, Ultimate Tensile Yield Tensile
Number inches inches Strength, ksi Strength, ksi
1 12,00 18.62 300,000 260,000
2 18,62 26.38 250, 000 215,000
3 26.38 33.38 200,000 170,000
4 33.38 42.20 200,000 170,000
5 42.20 53.40 200, 000 170,000
6 53.40 67.€0 200,000 170,000
7 67.60 80.460 175,000 150,000

TABLE IX. REQUIRED INTERFERENCES FOR THE 7-RING DESIGN

Manufactured
Interference Ratio, Assembly Interference Ratio, .
Between An 5 /r
Rings T n n
Number n Inside-Qut Outside-In
|
1 and 2 0.00265 0.00265 V.00905 l
2 and 3 0.00194 0.00292 0.00679
3 and 4 0.00213 0.00379 0.00522
4 and 5 0.00212 0. 00436 0.00353
5 and 6 0.00213 0. 00477 0.00213
6 and 7 -0.00060 0.00232 =0, 00060
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TABLE X. REQUIRED PRESS FORCES FOR ASSEMBLY OF THEF
7-RING CONTAINER

Assembly Inside-Out

Assembly of Rings Required Force P, tons
2 onto 1 5,150
3 onto 1 and 2 7,420
4 onto 1, 2, and 3 12,500
5 onto 1, 2, 3, and 4 18,900
6 onto 1, 2, 3, 4, and 5 26,500
7ontol, 2, 3, 4, 5, and 6 15,000
Assembly Qutside-~In
Asgsembly of Rings Required Force P, tons
6 into 7 0
5 into 6 and 7 7,9"n
4 into 5, 6, and 7 13,80,
3 into 4, 5, 6, and 7 17,200
2 into 3, 4, 5, 6, and 7 23,900
1 into 2, 3, 4, 5, 6, and 7 26,900

Pressure Capability of Multixing Containers at Temperature

This discussion refers to the two multiring container designs described
in the previous sections., That analysis was based on room temperature strengths.
The reduction of pressure capability for higher temperature operation is now
considered for two conditions:

(1) Uniform change in temperature
(2) Change in temperature accompanied by thermai gradient through
the wall of the container.

Effect of Uniform Temperature Change. It is first assumed that t.e
container is preheated to t:mperature uniformly and slowly so that there is
negligible temperature gradient across the wall of the container. There are two
significant effects of the temperature change:

(1) The elastic moduli E_decrease with temperature. This in turn
decreases the shrink fit residual pressures 1, in proportion to
the change in the En'
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(2) The strengths of the rings dccrease with temperature. Both of
these effects reduce the pressure capability. For high-strength
steels, the latter effect (2) is greater. Figures 29, 30, and 31
from Reference (47) show the decrease in strength versus temper-
ature for the three steels considered. At 500 F, the strengths
are reduced as follows:

g
T _ 183,000 _
(8) AISI 4340 - 5 - = 205,000 0.915

o]

°r _ 256,000 _
(b) AISI H-11 - o 230506 = 0915

o
(¢) 18% Ni maraging - 51— " %;%‘%%% = 0,880
RT ’

Consequently, the internal pressure p must be reduced by the
minimum ratio for the steels used, i.e., if maraging steel is
used, p must be reduced to:

p = 0.880 (250,000) = 220,000 psi* (13)

for 500 F operation. At 800 F, the strengths are further
reduced as follows:

o
T__ 136 000
(a) AISI 4340 - 3;; Eaafaaa = 0,68

G,

T _ 233,000
(b) AISI H-1l1 - A 780,000 0.833
o
T _ 223 000 _
(¢) 18% Ni maraging - 3;; 373?655 0.813

Using the smailest ratio, the pressure p must be reduced to
p = 0,68 (250,000) = 170,000 psi (14)
for 800 F operation.

Exposure of AISI 4340 stcel to temperature above 800 F is not recom-
uended, of course, because a reduction in room temperature properties will result.
Maraging steels are aged at 900 F and would not generally be used above 800 F for
long times. Therefore, operation above 800 F is not possible unless the container
could be made entirely of H-11 steel. In this ‘case, the reduction in pressure
capability from Figure 30 is:

p = %,_g_g% (250,000) = 173,000 psi , 1s)
b

% It is assumed in this calculation that the fatigue strength-to-ultimate strength
ratio is the same at elevated temperature as it is at room temperature.
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for 1000 F for short time exposurc. It is noted from Figure 30 that long time
at temperature may result in creep rupture unless the pressure is reduced stili
further, i.e.,

160,000

p= 536*666 (250,000) = 143,000 psi , (16)

for 100 hours at 1000 F for a container made entirely of H-11 steel,

Effect of Temperature Gradient. If a temperature gradient is produced
through the wall of the container, the pressure capability is reduced still
further, because of the resulting thermal stresses. For steady-state heat
transfer from the inside to the outside, compressive stresses develop on the
inside and tensile on the outside* according to the formulas in Reference (46).
It is found that a 100 F temperature differentfal, from the ID to oD, produces
stresses of about ~19,500 psi and +6,500 psi at the [D and OD respectively for
wall ratios 6 <K <7 (in the range of the container designs, Tables V and VIII).
A 100 F temperature differential is the maximum that can be allowed. Anything
greater will substantially change the residual stress distribution and may cause
compressive yield at the bore and tensile yield of the oOD.

A container designed to operate with a temperature differential AT >
100 F should have less shrink-fit residual stresses than the room-temperature
designs. A design incorporating a tem erature differential would be successful
however, only if the temperature differential and thus the compressive residual
stress at the bore could be accurately controlled and maintained. For example,
consider a 500 F design with also a 500 F temperature differential. From
Equation (13), p = 220,000 psi at 500 F. A thermal hoop stress of O, = =195 (500) =
-97,500 psi 1s calculated at the ID from AT = 500 F. The manufactured interferences
required now are smaller, i.e.,

220,000) [-220,000 - (-97,500)

A = 355000 220,000

where A = the interference in Tables VI and IX. (A total compressive prestress
(ce) mif = -p is desired for (0,.) max. = 0). Thus, the interference and also the
préss forces, are approximately 1/2 those for the RT design. Of course this
design could not be used at RT.

] bo=0.49 0 (17)

The above calculation assumes that all rings of a multéring container
are the same material, i.e., @, € and v are the same for each ring. For rings
of different materials, a more detailed analysis would have to be made. However,
the above calculations give a good indication of what can be expected with moat
steel materials.

* Por the opposite condition--heating from the outside in, the stresses are
reverged. AT becomes negative in the appropriate formulas in Reference (48).
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Aptufrettaged‘!yltifing Container for 250,000 psi

In Tables V through X, the design requirements for 5-ring and 7-ring
shrink-fit designs were given. These requirements were severe; large outside
diameters were required, and consequently, large assembly forces (25,000 to
35,000 tons), were predicted.

Compressive prestress at the bore of a container can also be provided
by using che autofrettage process. This process could reduce the size of
containers because fewer shrink rings would be needed to provide the requiread
prestress. Less shrink-fit also means lower assembly forces would be neaded.

The autofrettage process has been used extensively on low-strength
ductile steels. It has also been used on higher strength strain-hardening
steels at relatively low pressures where a factor of safety could be used.
However, the successful use of the autofrettage process for high-strength
cylinders for high-pressure applications, at low factors of safety, has been
impossible to predict heretofore because of lack of confidence in theoretical
predictions,

Battelle now has a computer program (FEELAP, finite element elastic-
plastic analysis) that has the capability of analyzing the elastic-plastic
behavior of bodies of revolution made of strain-hardening materials. This
program has been applied to the autofrettage problem or. the present design
study,

As a check of the program, a strain-hardening calculation of an AISI
4340 cylinder was performed, Stress-strain data from Reference (47) were used.
The stress-strain curve at 80 F was representud by:

).
g = 354,000 V16 for ¢ > Ty (18)

where Oy = 152,000 pai at the elastic limit, and ¢ = total strain.

The computer results for the strain-hardening solution are shown in Figure 32
along with the experimental data from Reference (49). There is very good
agreement as indicated. Therefore, it was believed that the computer program
FEELAP could be used for accurate calculation for autofrettage of higher strength
AISI H-11 steel cylinders as well.

A container design using an autofrettaged H-11 steel liner of wall ratio
k, = 2.0 was analyzed, A sufficiently large wall ratio for the liner is needed
1% order for the autofrettage process to be successful. It is assumed that the

* Since this calculation was made, it was learned that large H-11 forgings of this
strength level cannot be obtained(44). However, this analysis indicates also
the benefits that may be possible for autofrettaged 18% Ni maraging steel liners.
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liner could be autofrettaged by overpressure, finish machined by grinding to
final dimensions, and then shrink-fit assembled into two outer rings. A
single ring nnit of large OD and a 12-.inch-diameter bore is not considered
practicable because of heat treatment difficulty of large sections. A large
overall wall ratio, K, is necessary to keep the total range in hoop stress
small, {.e.,

g = p K: +1 (19)
K: -1
vhere, K = 0D/1D.
Thus, T = 250,000 (%) = 416,000 psi, for K = 2.0,
Sg = 250,000 (1—3 = 313,000 pst, for K = 3.0,
O = 250,000 (%%) = 283,000 psi, for K = 4,0,

and p = 250,000 psi. An overall wall ratio, K = 4.0, s sufficiently larpe;
Oe = 283,000 < 300, 000 psi, the maximum ultimate tensile strength of H-11 stcel*.

Reference (50) gives « stress-atrain diagram for H-1l1 steel of 300,000
psi ultimate tensile strength. The strain-hardening characteristics of this
steel were represented by

0.10

g = 406,000 ¢ for o > T (20)

where O = 251,000 psi at the elastic limit.

Results for autofrettaging a liner of this steel are shown in Figure 33. The
autofrettage pressure is P = 202,000 psi. The residual stress at the bore
from autofrettage is -200,566 psi. The cylinder was not autofrettaged 100
parcent, but only about 80 percent (a8 noted in Figure 33 at the peak in the
O, curve at r/r ~ 1.8). Autofrettaging to 100 percent (making the cylinder
entirely plnatig at the autofrettage pressure), is not recommended because of
control problems; i.e., at this limit the OD begins to expand rapidly and has
to be restrained to avoid failure by bursting.

A total hoop prestress of -250,000 psi is desired at the bore. The
additional -50,000 p3i can be provided by shrink-fit assembly of two outer
rings. The dimensions and required srrengths for this 3-ring container are
given in Table XI. The strength required in the outer ring is only 175,000 psi.
Use of a higher strength level, e.g., 200,000 psi, will provide a factor of
safety on ‘he outer ring.

* The total range in hoop stress ¢, = 7 = 300,000 psi is equivalent to o =
(where a = (ce) r/cu) for 103 cycles“iife. t
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TABLE XI. DIMENSIONS AND REQUIRED STRENGTHS O RINGS FOR THE
3-RING CONTAINER WITH AN AUTOFRETTAGED LINER

Ring ID, oD, Ultimate Tensile Yield Tensile
Number inches inches Strength, ksi Strength, ksi
1 12,0 24,0 300,000 260,000
2 24,0 36.0 210,000 180, 000
3 36.0 48.0 175,000 150,000

Calculations for the shrink-fit of the 3-ring container were performed
using the computer code MULTIR. The required interferences calculated are given
in Table XII and the required assembly forces are given in Table XIIL. Much
smaller assembly forces are now required--8500 tons maximum for the 3-ring
container. Also, the OD is much smaller, 48.0 inches. This mesns the press
frame can also be smaller to accommodate a smaller container.

TABLE XII. REQUIRED INTERFERENCES FOR THE 3~-RING DESIGN

Manufactured
Interference Ratio, Assembly Interference Ratio,
Between A
Rings ;E 6n/tn
Number n Inside-Out Outside-In
1 and 2 0.00190 0.00190 0.00208
2 and 3 0. 00031 0, 00094 0. 00031
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TABLE XIII. REQULRED PRESS FORCES FOR A3SEMBLY OF
THE 3-RING CONTAINER

e e ST FeRoTIE srmEnms ==
Assembly Inside-Qut
Assembly of Rings Required Force P, tons
2 onto 1 6,000
3 onto 1 and 2 3,970
Assembly Qutside-In
Assembly of Rings Required Force P, tons
2 into 3 1,025
1 into 2 and 3 8,500

& E RNy S == ez

The growth of the 1iner {rom autofrettage has also been calculated
with use of the computer code FEEIAP. The residual hoop strains after auto-
frettage are

(‘G)res. = 0.0075 at the bore,

(¢.) = 0.0023 at the oD.
’'res,

Thus, the change in diameter is predicted to be
4D = 0.0075 (12) = 0.090 in. at the ID,

4D = 0.0023 (24) = 0,055 in. at the oD.

The autofrettage container design presents many advantages as already
pointed out. There are some possible disadvantages, however. Burns and Parry(36)
show that the fatigue strength of autofrettaged cylinders is 20 to 25 percent
lower than that of shrink-fitted cylinders; i.e., less fatigue life can be
expected for autofrettaged cylinders than for completely shrink-fitted ones, [t
is believed that the residual stresses in autofrettaged cylinders tend to shake
down to lower values with continuous cycling. This warrants further investigation.
For example, the change in residual strain during the first few cycles may be
easily determined by use of strain gages on an experimental cylinder. Also, the
possibility of a Bauschinger effect and, consequently, hysteresis effects should
also be investigated because thesc could also contribute to earlier fatigue failure.
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The total operating (maximum) stresses and residual (minimum) stresses
(autofrettage residual stress + shrink-fit stresses) are given in Tables XIV and
XV. The stresses for Rings 2 and 3 were based on shrink [itting only.

The stresses for Ring 1 include the computer results for shrink-fit plus the
autofrettage residual stresses.

6 A fatigue life of 105 cycles is expected for the liner and a life of
10 -10" cycles is expected for the outer two rings for these residual stresses.
However, reduction of the autofrettage residual stresses during cycling may
result in a lower fatigue life than 10 cycles for the liner.

TABLE XIV. MAXIMUM OPERATING STRESSES IN AUTOFRETTAGED
MULTI-RING CONTAINER

===

Radius, Radial Stress, Hoop Stress, Shear Stress,
inches psi psi psi

Maximum Stresses in Ring No. 1

6.0 -250,000 31,210 140,600
12.0 - 68,380 119,460 93,920
Maximum Stresses in Ring No. 2
12,000 - 68,375 108,542 88,458
18. 000 - 19,231 59,399 39,215
Maximum Stresses in Ring No. 3
18.000 - 19,231 68,682 43,957
24,000 0 49,451 24,726
T
TABLE XV. MINIMUM RESIDUAL STRESSES IN AUTOFRETTAGED
MULTI-RING CONTAINER
Radius, Radial Stress, Hoop Stress, Shear Stress,
inches psi psi psi
Minimum Stresses in Ring No. 1
6.0 0 -250,000 -125,000
12.00 -18,750 36,750 27,750
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TABLE XV.

(CONTINUED)

Radius, Radial Stress, Hoop Stress, Shear Stress,

inches psi psi psi
Minimum Stresses in Ring No, 2

12.000 -18,750 25,835 22,292

18. 000 - 6,365 13,450 9,908
Minimum Stresses in Ring No. 3

18. 000 - 6,365 22,733 14,549

25,900 0 © 16,368 8,184

Fluid-Support Container Design for 450,000 psi

A ring-fluid-ring container design with only one ring in the inner

unit was considered. (See Figure 6).
pressure p and a support pressure p

assumed to be proportionate

and to vary from 0 to t
and p, respectively. 1t is presupposed that if the maximum hoop stress

at thé bore is kept at zero, then a long fatigue life will be achieved. Two
conditions of axial stress are considered: zero axial stress, ©
P for the case when the pressure P, also acts over the ends of the liner.

A fluid-supported liner with a bore
is assumed.

The pressure cycles are
he maximum values cf p

= 0

and O

If the hoop stress at the bore of the liner 18 to be kept at zero,
then the external pressure p; on the liner must be

o

-
Py =7

where Py, = bore pressure, and the maximum hoop stress {is

(Ue)max =P

for an elastic stress state.

SKZ +1) >
2 =
K

o=

2
K°+1_,

KZ

k-1 P1 k

The maximum shear stress at the bore is
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-a
6 _r _0-(pd) o
smax " 2 - 2 T2 (22)

For p_ = 450,000 psi, S = 225,000 psi. Therefore, a high-strength material
cnpnbfc of wir,hutundingmﬁu high shear atress is required. If it i{s assumed
that a hydrostatic pressure p, does not increase the vield strength¥, then a

material like H-11 for exampll will yield at pressures below p_ = 450,000 psi.
Thers fore, it is necessary that an elastic-plastic analysis be’conducted. It
is expected that the liner will be autofrettaged (shake down to ~lastic stress
cycling) after initial plastic yielding on the first application of pressure.

It {s desired that the fluid support pressure be p, = 250,000 psi.
Equation (21) shows that a wall ratio of K = 3 {s then required for o, = o if
the stress state was entirely elastic. An alternative is chosen. A wall ratio
K =2 is tried corresponding approximately to the proposed deeign with a 6-inch
ID and a 11.75-inch OD liner. This means that the liner will have a shorter
fatigue 1ife (because of higher stresses for smaller K), but a fluid-supported
liner can easily be replaced when it fails, However, whenever possible in
design, it is recommended that Py and K be chosen to satisfy Equation (21).

The elastic-plastic autofrettage analysis was performed using the
computer code FEELAP, previously described. Two problems were solved:

Problem I P, ™ 0 to 450,000 psi,
P - 0 to 250,000 psi,
o, = 0,
= 2.0,
Problem II P, = 0 to 450,000 psi,
Py~ 0 to 250,000 psi,
z - 'Pl)
K = 2,0,

The pressure cycle is illustrated in FPigure 34. The strain~hardening properties
of H-11, Reference (50) were used. (Any effect of hydrostatic pressure on the stres:

strain curve was neglected).

The important results of the analysis are given in Table XVI. It is
evident that fluid end pressure, 0= -p. for Problem II, is beneficial, i.e.,
for 0. = 0 the percent overstrain s 96 ercent, whereas for 0 = -p_, the percent
overstrain is 82 percent, The corresponding residual strains &re 0.64068 and
0.00823 respectively at the bore. These amount to a growth in a 6-inch ID of

% It 18 known that a hydrostatic pressure does increase the ductility. References
(43), (44), and (45) of Reference (14).
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Pressure

Po = 0 to 450 ks
Py = O to 250 ks

FIGURE 34. ASSUMED PRISSURE CYCLES ON A
FLUID SUPPORTED LINER
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AD = 0.04068(6) = 0,2°408 inch, and
AD = 0.00825(6) = 0.04938 inch, respectively.

The dismeter changes at the OD are

AD = 0.00354(12) = 0.04248 inch, and
& = 0,00186(12) = 0.02196 inch, respectively.

From these results, it {s evident that the all-around hydrostatic condition

(p, = 250,000 psi) of Problem II is to be preferred. For the first case I,

any slight reduction in material strength could result in gross plastic
deformation beyond the 96 percent predicted, whereas for II a margin of safety
above 82 percent is available.

TABLE XVI, RESULTS OF COMPUTER CALCULATION FOR FIRST PRESSURE
CYCLE OF FLUID-SUPPORTED LINERS(a)

Problem I Problem II

(zero axial (axial stress,
Condition stress, o, = o) cz = -pl)
First yteld pressure, (po) , psi, 231,862 250,989
(pl)i, psi 128,800 139,400
Maximum hoop strain LPY in/in, at ID, 0.04813 0.01721
at 0D 0. 00215 0.00286
Residual hoop strain Py in/in, at ID, 0.04068 0.00823
at 0D 0.00354 0.00186
Overstrain, percent 96 82
Maximum hoop stress 06’ psi, at ID, -125,000 -120,000
at OD - 5,000 - 60,000
Residual hoop stress Og» psi, at ID, -205,000 -200,000
at 0D 120,000 55,000

(a) P, = 0 to 450,000 psi, P, = 0 to 250,000 psi, K = 2,0.
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It is difficult to predict the fatigue life of the fluid-supported
autofrettaged liner. It is well to be reminded here that autofrettaged cylinders
are wesker in fatigue than are shrink-fitted cylinders, but the fluidesupported
autofrettaged liner will be easier to remove and reglgce than a liner of a
shrink-fitted container. Thomas, Turner, and wa11 (31 report that pressures,

P, up to 290,000 psi have been applied many times to & monoblock autofrettaged
cylinder of 285,000 psi ultimate tensile strength. Assuming that the effective
cyclic pressure in the present case (II) is 450,000-250,000 = 200,000 psi, it
may be expected that appreciable fatigue life can he achieved. However, experi-
ments are needed to determine the fatigue strengths of liners under these
conditions.

Analysis of Additional Loading Effects in Liner

Pressure Discontinuity on Bore

If a seal is located at the end of the stem, the container bore will
have a discontinuous pressure applied to it. A portion of the bore length will
see the full fluid pressure, while the remaining length will be unpressurized.
The stem seal will mark the point of pressure discontiauity, and during the
extrusion stroke this point will move down the length of the container bore.

It was felt that axial tensile stresses could be present in the liner fn the
region of the seal® Such stresses are not accounted for by the Lame' equations
used for container design. Therefore, these addit{onal stresses have been
calculated so that their effect on the fatigue life of the container liner could
be considered.

The configuration studied is shown in Figure 35. This represents a
long cylinder of wall ratio 2.0. Thus, container end effects were not included.
The results, however, indicate that such effects will be significant only when
the pressure discontinuity (or stem seal) is less than about one bore diameter
from the end of the container. The bore pressure is shown in Figure 35 to
decline rapidly over a small distance (0.05) to zero. This is believed to
closely approximate the pressure distribution at a stem seal.

The stress distributions, calculated with Battelle's computer program
for axisymmetric bodies, are shown in Figure 36. Axfal stresses, O_, are present
near the point of the pressure drop, and on the bore surface these approach 0.5
times the fluid pressure at the pressure discontinuity. The significance of
these stresses on fatigue life was evaluated by considering the maximum shear
stresses in this region., These shear stresses are relatively moderate and the
analysis indicates that these .local stresses in the seal region should not linft
the fatigue life of a liner, since they are less severe than thcse predicted by
the nominal container stress calculations.

% A liner without axial fluid end-pressure is assumed here.
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Pressure Disccatinuity on OD of Liner

During the asscmbly of a multi-ring container (as onc ring is pressed
onto another), axial stresses will appear in an inner ring, where the end of an
outer ring bears on its outer surface.

Such stresses may result in a tensile failure of a brittle line: during
agsembly. Also in the design of side-bore containers, a set of outer s“..nk rings
may be separated in the axial direction, If the rings, are not closely spaced,
axially critical local stresses could appear where the ends of the outer rings
bear on the liner. There is also the question of how close the rings must be
spaced to maintain the compressive hoop stresses at the liner bore.

The configuration considered is that shown in Figure 35, but with the
constant pressure of 1.0 psi* acting on its outer surface. The band of pressure
represents the shrink-fit pressure of an outer ring.

The calculated stresses are shown in Figure 37 with the axial stress
O_ approaching a value of about 0.5 times the applied pressure. Thus, the liner
terial in this case must be capable of withstanding a tensile stress ¢ = 0.5 P, .
This may limit the press fit assembly of liner materials such as tungsten carbide
if the required shrink-fit pressure p, is too large,

Consideration cf the shear strcsses showed that the maximum values were
not at the point of the pressure discontinuity but at the bore of the pressurized
portion of the cylinder. This maximum shear stress is the same as in a uniform
shrink fit of two rings of equal length.

Stresses in Rugion of Notch (Seal) in Liner

If the stem seal is set into the liner, a notch must be cut in the liner
bore. The queation arises whether a large stress concentration will occur at this
notch which will reduce the liner fatigue 11fe.

To answer this question, stresses were calculated for the notch config-
uration shown in Figures 38 and 39, This geometry was suggested by a design used
by ASEA in Sweden; where possible, sharp corners in the notch were rounded to
reduce stress concentration. A liner of wall ratio 2.0 was assumed and the effect
of outer rings was not considered in the analysis. The loading was a hydrostatic
pressure of 1.0 psi which was taken to act on the container bore and on the surface
of the notch,

The contours of maximum shear stress are shown in Figure 40 and 1t can be
seen that the maximum stress is not at the notch, but within the pressurized portion
of the container, and corresponds to the stress predicted by the nominal container
design calculations, This indicates that a notch of the design shown in Figures 38
and 39 will rot reduce the liner fatigue life,

* The pressure is normalized to 1.0 Psi. Stresses at any other presgsure are
Proportional to the pressure.
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Analysis of Other Contalner Designs

Scctured Contalner with no Lincer

In Reference (14), it was shown that a ring-segment container, was
inferior to a multi-ring container. This comparison was based upon the fatigue
strength of the liner.

Recently, in a paper at the High Pressure Engineering Confetence(sz),
Wilson and Skelton show that a sectorcd vessel is superior to the multi-ring
container, if the sectored vesse! has no liner, or if it has a liner of zero
stiffness that can withstand large strain. Their evaluation is based upon
comparing the strength of the liner, Component 1 in the multi-ring container,
with the strength of the first backup ring, Component 2 of the sectored container.
(They ignore the strength of the liner.)

If a3 liner is used to seal the pressure at the bore from entering
between the segments, the analysis in Reference (14) shows that the liner will
fail first-~thus, it is necessary to consider a high strength liner. However,
if it is assumed that some other means of sealing between the segments is
employed, the use of a sectored vessel then may be worth considering. This
possibility is now considered on the following basis; it is assumed that sectors
replace the liner of a multi-ring container as shown in Figure 41. Therefore,
the sectored vessel may be thought of as a multi-ring container with N-1 rings
‘but with a bore pressure on Component 2 (the first ring) of

p1 = po/kl

In Reference (52), the maximum burst and maximum autofrettage pressures
were calculated. Here, however, the fatigue pressures of shrink«fitted containers
are calculated. Using Equation (40) of Reference (14) for the shear fatigue
strength of a multi-ring container with all rings of the same material (Ou <
200,000 psi), the following ratio is obtained:

m N K2/N K2/(N-1)

S Ky ) =
Py N-1 ' 2/N K2/(N-1)_k12/(n-1) ky

o+

(23)

where P 18 the maximum pressure for the multi-ring container, p is the maximum

pressure for the sectored container, N {s the total number of components in each

container, K is the overall diameter ratio of each container, and K, {s the liner
wall ratio of the multi-ring container and the segment wall ratio o% the sectored
container.
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b) Sectored Container
FIGURE 41, MULTI-RING AND SECTORED CONTAINER DESIGN CONCEPTS ANALYZED
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The following calculations are made for the optimum geometry K = klN:

by~

N=2,K=3,0, k1-1.732.32-1.15
]
prn
N =2 K=5.0 k =2.23%, 5o = 0.895
8
pm
N =3, K=4.0, k =1.590, -2 « 0.945
1 P,
pm
N3, K=5.0,k =1.710, 5o = 0.878.

Thus, it is found that for large overall wall ratios, and consequently
larger wall ratios for the sectors, that the pressure capability of the sectorad
vessel exceeds that of the multi-ring--if the sectored container has no liner or
has a liner of zero stiffness (e.g., a rubber liner). However, the multi-ring
container is yet superior for the case when the liner (or sector) wall ratio, k
1s relatively small compared to the overall wall ratio K, for example above whe
N = 2. Furthermore, for & multi-ring container with a high strength liner, the
fatigue pressure capabiiity Pp will be even greater,

It was believed that the sealing probleme for a sectored vessal with
no liner, and its less rigidity did not warrant further consideration in the
‘Present study.



Stem Analysis

Since the stem in hydrostatic extrusion press must withstand high
coupressive streseses, a material with a compressive strergth at least equal to
the extrusion fluid pressure is required for this application. For 250,000
psi fluid pressure this requirement can be met by varlcus tool steels; however,
for 450,000 psi pressure one must consider tungsten carbide or a similar mate-
rial. However, the design of a stem for hydrostatic extrusion cannot be baged
solely on the compressive strength of the material. In this study, severai
other potentially critical factors have been evaluated to determine possible
limitations on stem load-bearing capacity. Foremost among these is buckling.

In hydrostatic extrusion there {s no limitation on billet length since there

is essentially no billet/container friction, the billet is uniformly supported
by the fluid, and buckling of the billet cannot occur. The maximum billet length
is thus determined primarily by the length-to-diameter ratio (L/d) of the stem
at which buckling of the stem occurs. This critical length~to-diameter ratio is
quite dependent on the compressive stress-strain behavior of the stem material.
This includes not only the nominal value of Young's modulus of the material but
also the tangent modulus at high compressive stresses. Other factors considered
in this study have been the sensitivity of the stem stresses and buckling loads
to press misaligmment, and the required rigidity of lateral support for the stem
1f such support is needed to increase the stem-buckling resistance.

In addition to the above factors which have rather general application
to hydrostatic extrusion stems, several additional questions have been considered
which relate more specifically to the press design evolved during this study.
These factors include the possible stress concentration at the notch at the end
of the stem, axial surfaces stress produced by a pressure discontinuity on the
lateral surface of the stem, and limitation on concentric stem deaigns.

Stem Buckling

As the stem iength-to~diameter ratio increases, the possibility of
column-type bucklins, becomes greater. The elastic buckligg)load of compreassion

mewbers as given by the classical Euler buckling formula( is
2
P - n EI
cr 3
vhere P.. = buckling load

E = Young's modulus
I = moment of inertia of cross section

Le = effective length,
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The stem-buckling loads predicted by this relation are shown by
the solid curves in Figure 42 ug a function of the length-to-diameter ratic
L/d. 1t is assumed that the uppev end of the stem is prevented from rotating
(i.e., is fixed). At the lower end, two limiting end conditions (hinged and
fixed) are considered for which the effective lengths are 0.7{ and 0.5L, re-
spectively. A value of 30 x 10 pai for Young's modulus is sssumed for steel.

The proposed 12-inch-diameter stem design for 250,000 psi fluid pressure
s indicated on Figure 42, It is about 108 inches long and has an £/d ratio of
9. The 6.0-inch-diameter stem design will be discussed in greater detail in a
following section, and is not ind{cated on Figure 42. Experience at Battelle
shows that, due to frictional drag at the stem seal, the stem pressure can be
as much as 15 percent higher than the fluid pressure. The design stem pressures
for the two stems, therefore, have been taken as 300,000 psi and 500,000 psi,
rather than 250,000 psi and 450,000 psi. Figure 42 indicates that the 12.0-
inch design does not egceed the theoretical elastic Euler buckling load for
steel with E = 30 x 10° psi. The design pressure of 500,000 psi for the 6.0-
inch stem means that a materfal such as tungsten carbide with a very high com-
Pressive strength must be used for thig application.

At high stress levels, stress-strain curves commonly become nonlinsar.
Consequently, the effective elastic modulus which governs buckling behavior de-
creases. The so-called tangent-modulus theory(53) accounts for this effect by
using the Euler buckling formula with Young's modulus replaced by the compressive
tangent modulus at the appropriate stress level. On the linear portion of the
stress-sgtrain curve, the two modul{ are equal and, thus, the predicted buckling
load is unchanged, However, at higher stress levels, the modified value of the
buckling load can be much lower. The dashed curves in Figure 42 sre the buckling
load curves based on stress-strain dats for a steel with an ultimate compressive
strength of 504,000 psi. The curves indicate that the buckling resistance de~
creases rapidly as the stress-~strain curve becomes nonlinear for the small £/d
ratios.

Compressive stress-strain data are limited for the very high~strength
materials that are required for the high stem pressures, and the tangent moduli
of these materials are not known with any certainty. However, for high-strength
steels the linear portion of the compressive stress~strain curve typically extends
to about 50 to B0 percent of the ultimate strength. The results shown by Pigure 42
are based on high temperature bearing steel whose ultimate compressive strength of
504,000 pai seems to be as high as for any available steel, and is sufficient for
the 250,000-psi fluid-pressure design. Data from Allegheny Ludlum(54) gave detailed
stress-strain information to about 350,000 psi; above this level, the shape of the
curve was assumed. For higher stress levels a tangent modulus which varied linearly
with stress and decreased to zero at the ultimate strength was assumed. The buck-
ling pressures from the tangent-modulus theory and this stress-strain curve are
shown in Figure 42. The buckling pressures of cylindrical compression members as
reported vy Allegheny Ludlum are also indicated in Figure 42, Although the end
conditions for these tests were not reported, the buckling pressures appear to be
consistent with the tangent-modulus curves. These results indicate that the 250,000
psi stem design should not buckle, assuming a steel such as HTB-3 at Re 60. is used.

* Allegheny Ludlum Steel Corporation designation.
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Small eccentricities in the axial load or superimposed lateral loads
could possibly lead to premature buckling, In hydrostatic extrusion, the load
is applied as & uniform pressure to the end of the stem and, chus, there appears
to be lictle chance of the axial load being applied off-center. However, due
to press or stem misalignment, laterel loads could rusult from contact of the
stem with the container bore. This problem is analyzed in a foilowing section
to determine the magnitude of the problem and to determine the alignment toler-
ances which will have to be built into the production extrusion press.

Lateral Support of Stems

By providing lateral support at the midpoint of the stem length, the
theoretical buckling load can be increased from

P . 4 n? g1

cr L

. 8.18 n? EI
to cr ™ 7

assuming that both ends of the stem are fixed. The lateral support serves to
decrease the effective length of the stem. 7o achieve this increase f{n buck~
ling load, however, the support must have sufficient stiffness. The critical
support stiffness, @ s in this case is

EL
acr = 208 ;3 (1b per inch) .

No benefit is gained with e greater stiffness, while a less stiff support will
not be as effective. This critical support stiffness can be compared with
stiffness of the stem to lateral deflections due to a load applied et {ts mid-
point, which is

a =192 E% (1b per inch)
L

Thus, the support should have about the same stfffness as the stem.

Besides being sufficiently stiff, any lateral support must be able to
retract so the stem can fully enter the container. The rupports aust also be
maintained in precise alignment with the stem and the container bore.

Lateral supporc will not be required for the 12.0-inch-diameter stem
since its length-to-diameter ratio should not be critical. However, for the
6.0-inch-diameter etem in the concentric stem arrangement, buckling is predicted
if no lateral support is present. With this arrangement the lateral support is
provided by an outer concentric stem which clearly is considerably more stiff
(because of its larger dismeter) than the inner stem which it supports.
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Analysis of Composite Stems

As the stem is constructed of a high-strength but hrittle material,
its fracture 1s likely to be explosive in nature. The surrounding of a hard,
stiff, high-strength {nner core with 4 more ductile lower-strength sliove could
safely contain britele failure of the core. Analysis, however, indicates that
the stem losd-bearing capacity would be larpely limited by the strength of the
sleeve material and that the additional strength of the core paterial would not
be fully utilized.

Under axiol loading, a composite stem will deform so that the axial
strain in both materials is the same. Thus, the stresses in the two materials
#ill be unequal, but proportional to their elastic moduli. Ideally, the mate-
rials should have their moduii proportional to their respective strengths, so
that both msterials would reach their tailure stress at the same axial strain.

The amount of reduction in stem ioad-bearing capacity versus s solid
stem of the core material is shown in Figure 43 as a function of the core and
sleeve diameters and elastic moduli ratio. These curves are for the ideal
situstion with the moduli~to-strength ratios being the same for both materials,
and 1t is assumed that buckling does not occur. The corresponding reduction
in the Euler buckling load is indicated in Figure 44. The reduction in the
buckling load {s quite severe, since the bending stiffness, EI, of the stem is
more sensitive to the outer material. Figures 45 and 46 present the relative
strength of a composite stem in a somevhat different light; the comparison is
made between a composite stem and a 80lid stem made of the weaker sleeve material.
Again, the results assume the moduli and strength are proportional. One possi-
bility would have a tungsten-carbide core and a high-strength steel sleeve, for
which the moduli ratio is about 3.0, Assuming an ultimate compressive strength
of 650,000 psi for the tungsten carbide, the corresponding strength of the steel
should be at least 216,000 psi. Taking a core-to-sleeve, outer radii ratio of
0.73, compressive failure would occur (Figure 45) at an dverage stem pressure
of 465,000 pai ({.e., 2.15 x 216,000 psi). This would be accompanied by an in-
crease in the buckling losd by a factor of 1.65 (Figure 46). 1In this case, both
the core and stem would fail at the same time. If a steel of strength greater
than 216,000 psi 1s used, the compressive failure will occur first in the core
mtterial, and thus the added strength of the sleeve will not be utilized.

Plagtic deformation of the relatively ductile sleeve material could occur
during extrusion if it is exposed to the fluid pressure. A critical situation will
exist at the seal where stress concentrations arise from geometric and loading dis-
continuities. Another critical situation would result if the fluid pressure were
to penetrate the interface between the sleeve and core materials, and separate
the materfals. These considerations seem to exclude the use of a ductile outer
sleeve Lf the seal 1s set into the wall of the container, since contact with the
fluid i{s unavoidable. However, if the seal is positioned at the end of the stem,
contact with the fluid pressure could be avoided with a design that terminated
the sleeve just short of the seal, as shown in Figure 47.
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FIGURE 47. COMPOSITE DESIGN FOR THE 12-INCH-DIAMETER STEM

In summary, except posaibly for safety considerations, application
of Lomposite stems does not appear promising. Use of solid stems offers ad-
vantages of both greater strength and less chance for undesirable plastic
deformation.

Localized Stresses st Seal Location
Sk citesdes st Seal Location

One possible seal arrangement has the seal set into a recess in the
container bore. This means that only the portion of the stem below the seal is
exposed to lateral fluid pressure. At the seal, thig pressure rapidly drops to
zero, and a complex, elastic stress state results. The surface variation in
the axial stress in the stem in the region of the pressure di.continuity is
indicated in Figure 48 which has been replotted from Reference (48). At the
surface, the axial compressive stress increases to 1.5 times its nominal value
(L.e., 1.5 times the stem pressure). Below the surface, the stress rise is less
severe. Similar behavior is exhibited by the radial, tangential, and shear
components of the stress. The solid and dashed curves in Figure 48 indicate the
effect of both an ideally sharp pressure drop and a more gradual drop in fluid -
Pressure across the seal.

Study of the local stress state in the seal region indicates thut the
maxfmum shear stress docs not significantly exceed one-half the stem pressure.
Thus, there 1z no {ncrease in the maximum shear stress over that in the upper part
of the stem which also equals one-hall the stem Pressure¢. The variation of the
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stress components in the seal region from their nominal values is largely
hydrostatic in character and, condequently, little Increase in shear stress
occurs.

The results shown in Figure 48 are valid when the pressure dis-
continuity {s a distance of one stem diameter or more from the end. End effects
are influential if the discontinuity is closer to the end. However, in this
case, they are helpful because they make for a less severe {ncrease in the axial
surface compression.

If the seal is located at the end of the stem rather than in the con-
tainer bore stress concentrations may appear due to the notch in the stem needed
to accommodate the seal. These stresses are consldered in a following section.

Stem Misalignment

If the stem and container bore are not in precise axial alignment, side
loads cen be imposed on the end of the stem. These side loads besides producing
bending stresses in the atem may also decrease its buckling resistance. The sensi-
tivity to wisalignment has been evaluated by considering the idealized case shown {
in Figure 49, Here, the stem is represented as a cantilever beam supporting an
sxial load, P. The free end of the beam is deflected an amount, 6, through con-
tact with a smooth rigid wall (e.g., the container bore). It is assumed that
this contact results in a side load, Q, at the end of the beam, but no restrain-
ing bending wovement.

For the above conditions, the resulting bending stresses in the beam
have been determined through a beam-column type of analysis.(53) guch an analysis
accounts for the effect of the axial load, P, on the bending of the beam, and
yields relations which give the bending stress in the beam for a given axial
load, P, and lateral deflection, §. These relations have been programmed for
evaluation on Battelle's CDC 6400 digital computer. Numerical results were
generated for the solid 12.0-inch-diameter stem of this design study, and are
shown in Pigure 50. These indicate, for example, that, at an extrusion pressure
of 250,000 psi and for a relatively large misalignment of 0,25 inch, the bending
stress is about 12,000 psi. A stress of 12,000 psi 1is relatively small compared
to 250,000 psi, and thus it does not seem that the misalignment significantly
reduces the stem load-bearing capacity in this case.

The effect of a decreasing tangent modulus at higher stresses is not
accounted for in the curves of Figure 50. A decreasing tangent modulus would
shift the point at which the curves of Figure 50 begin their rapid rise to a
lower stress level. The bending stresses due to axial misalignment again will
be significant only {f the stem is loaded nearly to its buckling load (i.e., 80
to 90 parcent) and then only if the misalignment is fairly large (i.e., 0.25 inch
for the 12.0-inch stem).
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Note:
(a)
(b)

Seal Position

a0 /!
=) oo TN

Axial Distance from Pressure Discontinuity, z/2a

Dwitritdion of Aubal Sirass on Surfoca, Trig

Solid curve corresponds to sharp pressure discontinuity on surface.
Dashed curve corresponds to gradual pressure drop over distance of
about 0.1 along the surface

a = gtem radius

z = distance along stem axis

P = fluid pressure

0z = surface axial stress.

FIGURE 48. AXIAL STRESS RISE ON STEM SURFACE DUE TO PRESSURE
DROP AT SEAL POSITION
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Analysis of Notch at End of Stem

With the seal at the end of the stem rather than in the container bore,
there is a notch in the stem. This notch is a possible source of stress con-
centration, which could cause cracking or plastic deformation (mushrooming) .

To investigate this question, the elastic stress state at the end of a notched
stem was analyzed. The configuration considered is shown in Figure 51.
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FIGURE 51. ASSUMED LOADING AND CALCULATED MAXIMUM-SHEAR-
STRESS CONTOURS FOR ANALYSIS OF A STEM SEAL

The stem diameter is rormalized to 1.0 inch and the notch is normalized to g
depth of 0.1 inch. A small fillet (0.05-1{nch radius) was placed at the base of
the notch to reduce the stress concentration there. The loading corresponds to
a extrusion fluid pressure of 1.0 psi. This pressure was assumed to be trang-
mitted hydrostatically through the seal to glve a uniform pressure on the entire
surface of the notch. In practice, friction between the seal and container bore
would, no doubt, result in some variation from this constant distribution.

‘
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The calculated contours of maximum shear stress are shown in Figure 51,
The nominal value is 0.50 times the axial compressive atress and at notch the maximum
shear is less than this. The greatest value of shear stress occurs away from
the notch and in the fnterior of the stem, and is about 0.57 times the fluid
pressure. The results of the stress calculations thus indicate that the notch
does not producg a significant stress concentration.

Design of Concentric Stems

The stem arrangement evolved in this design study for extrusion at
450,000 psi uszs a 12,.0-inch-diameter hollow outer stem to pressurize the
250,000 psi fiutd, and & 6.0-inch-diameter inner stem to pressurize the 450,000
psi fluid. Also, it has been proposed to use concentric stems for extrusion at
250,000 psi. Here, the inner stem will apply a positive load to the end of the
billet and aid in the handling of the billet during loading. This section dis-
cusses this concept from the stress analysis viewpoint and presents some analysis
which apply to this design. The following discussion will concentrate primarily
on the 450,000 psi design.

Ragquired Length of Inner Stem

Since the inner stem is only 6.0 inches in diamete: and is required to
support 450,000 psi of fluid pressure, it is important to determine its length
for buckling considerations. The concentric stem arrangement is shown con-
ceptually in Pigures 52 end 53. The outer hollow stem is quite short so that
the highly stressed inner stem can be as short as possible. The required lengths
of the stems have been determined, and these lengths are based primarily on the
estimated travel of the outer stem in compressing the supporting fluid to 250,000
psi, and that of the inner stem needed to compress the 450,000 psi fluid and dis-
place the billet.

A total length of about 96 inches is needed for the inner stem. Of this,
60 inches must be of 6-inch diameter, while the remaining 36 inches can be of
larger dismeter (10 inches to 12 inches). Figures 52 and 53 indicate the con-
figuration considered. The outer stem must travel 12 to 15 inches to compress
the fluid, depending on whether fluid-to-air or fluid-to-fluid techniques are
employed. These lengths plus an sllowance for seals and a tapered section on
the outer ram determined that the outer stem must have a unifurm bore 25 inchen
long, as shown in Figure 52. The determination of the lengta ~f the 6.0-inch
ioner stem is based on the configuration of Figure 53. The lergth of 60.0 inches
is accounted for as follows:
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FIGURE 52. CONCENTRIC STEM CONFIGURATION SHOWN WITH OUTER STEM FULLY EXTENDED
AND INNER STEM F'LLY RETRACTED
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(a) Distance that the 6.0 inch stem must enter
the 6.0 inch container to extrude the
billet and to eject the die and butt = 32.0 inches

(b) Length of 6.0 inch stem that is needed to
pass through bove of outer stem = 25,0 inches

(c) Allowance for scparation of end of outer

stem and end of 6.0-inch container = 3.0 inches
Total length 60.0 inches

In addition, the larger-diameter portion of the ram must extend back about
36 faches to reach the press head. 1In all, this accounts for a total length
of 96 inchas.

By expanding the diameter of the inner stem from 6 inches to 12 inches,
the axial compressive stress can be reduced from 450,000 psi to only 112,000 psi.
This means that steel could be used for this 12-i{nch-diameter length.

Buckling of loner Stem

With the above estimate of the length of the 6.0-inch-diameter inner stem,
buckling of this stem can be considered. A design pressure for the stem design
is taken as 500,000 psi to account for friction at the seals. To support this
stress, tungsten carbide or a similar material with high compressive strength will
be required. In addition to its high compressive strength, tungsten carbide hag
a high value of Young's modulus which increases buckling resistance. To estimate
the critical length for a 6.0-inch~-diameter stem, the Euler buckling formula for
8 cylindrical column with one end fixed and one end hinged can be applied:

# b} -2
L] LY
=% -'L—r—\} E{Tn’

For P /A = 500,000 psi, d = 6.0 inches, and E = 80 x 105 py (i.e., tungsten
carbiﬁe), the critical length is 85.3 inches. Although the total length of the
inner stem is 96.0 inches, the effective length for buckling considerations
should be much less. The fact that part of the length s of 12-inch diameter
will increase the buckling resistance. In addition, the outer stem can provide
lateral support to the inner stem to further increase its buckling resistance.
The maximum unsupported length (Figure 52)is 35.0 + 36.0 = 71.0 inches, and
since about half of this is of 12.0-inch diameter, the effective length based

on a 6.0-inch-diameter stem should be significantly less than 71.0 inches. Thus,
with the critical length being 85.3 inch, the i{nner stem should have sufficient
buckling resistance. A more precise but more lengthy buckling analysis to account
for the variable diameter could be used to check this conclusion.
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Stress calculations shos that ti is not advisable, with the concen-
tric stem arrangement, to locate the geal for the outer hollow stem in the
container bore. This is because the outer surface of the hollow stem is then
exposed to 250,000 ps{ of fluid Pressure and this results in a large compressive
hoop stress, which could lead to imward collapse of the outer stem. For a solid
stem such as the 6.0 inch inner stem, this large hoop stress does not occur, and
the seal may be placed the container bore. The large hoop stress in the outer
stem does not occur if . seal {is placed at the end of the stem.

The standard l.ame relations, when applied to the concentric stem srrange-
ment of the present design study, give for the imward displacement and hoop stress
at the bore of the outer stem

u = -0.067 inch
% = 667,000 pet |,

where the f&uid pressure p, = 250,000 psf, Op = 12 inches, ID = 6 inches, and

E = 30 x 10° psi. This means that if the ID of the outer stem is inicielly 6.000
inches, chen 250,000 psi of external fluid pressure reduces it to 6.000 - 2 x 0.067
= 5.8666 inches.

If the sllowable compressive strass of the stem material ig 300,000 pet

(about the ccapressive yield strangth of HIB-3), the allowsble external pressure
. 18 113,000 psi, for which the radial displacement at the bore is 0.030 inch. 3y

manufacturing a clearance of exactly 0.030 inch between the inner and outer stems,
the two can be made to contact at this pressure. As the pressure on the outer
surface is increased beyond 113,000 psi to 250,000 psi, yield at the bore of the
outer stem couid be prevented by supporting it with the inner stem. This, however,
will result fn large contact stresses, which, in turn, will result in friction to
oppose relative movement of the concentric Stems. At 250,000 pesi fluid pressure,
a radial concact stress of 250,000 - 113,000 = 137,000 psi will exist at the
interface of the inner and outer stems. The axial force required to overcome
this friction is

F = u x (contact stress) x (ares in contact) .
Taking the coefficient of friction # = .1, the length of contact as 6 feet = 72
inches, and diameter of contact as 6 inches, the friction force is F = 9,300 tons.

This force is quite large. Thus, the stems would be effectively "locked" together
and relative movement would not be possible.

Piﬁmullmmﬂw

With the inner and outer stem made of different materials, and loaded
axially by different fluid Pressures, differential lateral Poisson expansion of
the two members will occur. Considering the concentric stem arrangement of the
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present design study with steel for the outer stem and tungsten carbide for
the inner stem, so that E, = 30 x 106 psi, vy = .25, E) = 80 x 10° pgi, and
vl = .25. Then, for Py = %50,000 psi, ?; = 450,000 psi, the change in clear-
ance is calculated from standard elagticity relations as

8dy - 8d) = .0041 fnch.

Thus, a gap appears between the stems, and Lhis is a result of the relatively
high modulus of the carbide inner stem. In contrast, if both stems are steel,
an interference will develop and binding will occur 1{f proper cluarance is not
provided.

Tungsten Carbide as a Stem Material

The stem for extrusion at 450,000 psi will require a material with a
high compressive strength to resist crushing and a high elastic modulus to re-
sist binding. On both these counts, tungsten carbide appears to be suitable
aateriasl. However, tungsten carbide cannot be recommended at this time without
qualification, mainly becsuse much miterial property data of potential import-~
&nce to the design of stems .re not availabie.

The above calculations for the critical length for buckling of a 6.0 inch
dismeter tungsten carbide stem were based on an assumed strictly linear stress
strain curve. If the actusl stress strain curve deviated significantly at high
-Stress levels frow linearity g8iving a decreasing tangent modulus, the calcula-
tions could be in gerious error. It is felt that for tungsten carbide the curve
is quite linear, but this {s not documented as no stress-strain curves could be
obtained. Tests were reported to be in progress(55) to measure the buckling
loads of tungsten carbide column specimens of various slenderness ratios. When
these resulcs become svailable, they should reflect any tangent modulus effect and
indiclfe whether buckling calculations based on a nominal value of Young's modulus
are valid.

Two other faciors that could be of importance in design of stems are size
effect and scatter in compressive strength data. Both these factors are impor-
tant in design and are known for tensile applications, but data are lacking for
compressive applications. However, the indications are that these factors are
relatively minor for compressive loadings. The above mentioned tests hould
provide some data on these factors.

Another behavior of tungsten carbide which needs further study is its
reported spontaneous cracking after removal of high compressive stresses. The
indication is that this cracking occurs only if the compressive stress is
nearly equal to tie ultimate compressive strength. Since the design stem
loadings are up to 450,000--500,000 psi while the ultimate compressive strength
of tungsten carbide is about 650,000 psi, the stresses at which such spontaneous
cracking can occur should be known rather precisely.

146



Die Design

The dies used in hydrostat{c extrusion are locally subjected to
billet pressures in excess of those exerted sclely by the flutd. At 250,000
psi fluid pressure, dies made of AISI M-50 tool steel have been generally
satisfactory in experimental work done at Battelle(ll). When pressures of
the order of 450,000 psi are considered, however, the die stresses zre expected
to be very near to the limit of material strength, even {f the die were con-
structed from tungsten carbide. In view of these considerations, a theoretical
analysi. was made of the stress state which may exist in a die during hydro-
static extrusion.

The results of the following analysis indicate the required strength
of die materials for extrusion at the design fluid pressures of 250,000 pet
and 450,000 psi. In addition, the results show li{nftations on maximum feasible
die openings and clearly show the benefit of fluid pressure support in reducing
hoop stress in the dfe.

The analysis centered on the die design 1s shown in Figure 54. This
particular design has been used successfully at Battelle to extrude various
materials at fluid pressures up to Z 60,000 psi in a 2-3/8-inch diameter bore
container. To make the analysis general, the CD of thr die was. norwalized to
one inch as indicated in Figure 54 (geametrically similar dies oF larger 0D
all have the same stress state). The die stress analysis was pe -formed using
Battelle's computer program for elastic stresses in bodfes of revolution. This
program is designed to calculate stresses for arbitrary cross sections subjected
to arbitrary axisymmetric loadings and is ideally suited for the analysis of
extrusion dies.

Assumed Die Loadings

The pressures and other loadings that act on a die during extrusiom
are not precisely known. Figure 55 shows the pressures that were assumed.
For generality, a hydrostaric extrusion pressure of 1.0 psi was considered.
To obtain the results for any other pressure, one must only increase the
stresses proportionally. The assumed die loading 1s described as follows:

(1) a fluid pressure of 1.0 psi acting on the top and exterior
of the die above the seal.

(2) a constant normal vressure of 1.0 psi acting on the seel

land to support the seal ring forced against it by the
fluid pressure.
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(3) the outer die surface below the seal is unloaded, which
assumes that there is no contact between the die and
container bore.

(4) a uniform contact stress on the base of the die of magnitude
sufficient to support the die. A simplification is involved
in this assumption since the actual contact stress would be
non-uniform and related to the elastic deformation of the
backup tooling. However, this non-uniform behavior would have
an important influence on the die stresses only at relatively
small distances fram the base.

(5) on the die face the pressure of billet was taken to decrease
from the entrance towards the exit of the die. This variation
is discussed .. detail below.

(6) a uniform pressure vas assumad to act on the die land of
magnitude equal to the billet pressure at the exit of the die.
The analysis below estimates this pressure to be equal to the
billet yield strength.

The distribution of the billet pressure on the die face should be
considered in calculating the die stresses. The stresses that exist in a biilet
during extrusion through a conical die have been investigated by Shabaik,

Lee, and Xobay- i (56) and Shabaik aud Kobayashi (57) using the visio-
plasticity method. This method unfortunately does not give highly accurate
results for the stresses at the billet/die interface. The results do, however,
clearly indicate that the billet pressure is highest at the die entrance and
lowest at tho exit.

Pugh and Ashcroft (58) have applied a theoretical solution formulated
by Sachs and REisbein (59) to the deformation of the billet in hydrostatic
extrusion. It is assumed that proper lubrication would reduce the friction on
the die face, 8o that the shear stresses on the die face will be small and
can be neglected. Data compiled by Pugh (60) supports this assumption. The
following relation between the biller/die pressure distribution and the fluid
pressure was obtained.

o(r) pf{l + 1/1n(§;) Ll . 1n(§;)]} (26)

where pr is the fluid pressure, a is the billet radius at the entrance of the
die, b is the billet radius at the exit of the die, and r is the radial distance
from the centerline of the die to a point on the die face. The above relations
give o= pe + Y for the pressure at the entrance of the die (r = a) and

o=Y at tga exit of the die (r = b). The assumed pressure distribution of
Figure 55 used for the die stress analysis was calculated using Bquation 24,



Galculated Repults for Particular Djie Designe

Die Deeisn |

The deformation as computed for the loadings previously described
is presented in Figure 55. This particular die is designated Design 1 to
distinguish 1t from variations from it to be designated Designs 2, 3, 4, and
5. Asauming the fore-mentioned loading, Figure 56a shows the computed
deformation of the die (greatly exaggerated in scale) superimposed on the
wdeformed shape., As indicated, the die is actuaily deformed inward, due
to the fluid support acting on the outside. 1In contrast, Figure 56B shows
the resulting computed outward deformation of the same die, if the fluid
support were absent (as in conventional extrusion without shrink rings on
the die). The distribution of hoop stress corresponding to the deformation
of Figure 564 almost entirely compressive, and this clearly indicates the
benefit of fluid support. In contrast, the hoop stress distribution of the
unsupported die (Figure 56b), shows tensile hoop stresses, which are as high
a8 2 - J times the extrusion pressure.

When the stresses in the die are entirely compressive, the failure
of the die can result from streasses other than tensile hoop stresses. Ome
criterion for failure of brittle materials in compression with some experi-
mental basis, is that of maximum shear stress. That is, the material fails
when the maximum shear stress exceeds the maximum shear stress at failure in
. @ simple axial campression test. This shear stress in the simple compressive
test is one-half the compressive strength of the material. For the deformation
of the fluid supported die shown in Figure 56a, the overall maximum shear
stress vas calculated to be sbout 0.8 times the extrusion pressure, pf. Basing
the design stress on a maximum shear stress criterion, a material with an
ultimate compressive strength of about 1.6 times pg would be required. It is
significant to note that the maximum shear stress occurs at the base of the
die. The base of the die must always support a compressive stress greater
than the fluid pressure, since the total force over the annular area of the
base must equal the total force developed by the fluid pressure acting over
the entire arsa of the extrusion chamber. In effect, Die 1 will be limited
by compressive failure at the base.

Rie Design 2

Dic Design 2 is the same as Design 1, but with a larger die opening.
The loadings were equivalent and the included die angle of 45 degrees was
preserved . TFigure 57a shows the deformation of Die Design 2 and indicates
that during extrusion considerable outward expansion of the die occurs. This
can be related to the increase in the ratio between billet/die interface
pressure and fluid pressure, and the thinner wall section of Design 2, Tensile

150 ’



130ddlS QINTd LNOHIIM QNY
HLIM NOISMILXA OIIVISOMQAH ONI¥NA T NOISIA IIA 40 HOIIVIO43d J11SVIE °9¢ FWNOId

330ddns pretd Inomara {q) 3z0ddng PINTL WItH (®)
[— - . -
| 1 r
I ' | |
| [ |
i ]
! | 1
l | _
! . |
] I |
L 1 [
| | _ _
* i
/ !
i
|
i
" |
i
- _
_ "
!
ip o h ._..__ ap o _-
: . ' uEH T a0
:E_u_._.._.ﬂ_-.-_....\. HJDE N g ag _._uL.__u_.__”__.m _H
¥
arapgg | G, O * % _-
1
Hoag n.._.-_r_uhﬂ_ | |
L T o
i .p:qi_n_:.__ L =T 10 7 "|

151




1404dNs QIN1d HLIM NOISMEIXR DILVISONGAH SNI¥NQ SNOILVINOIINOD 14 SNOI¥VA 40 NOILVWMOJIQ DIISVIA

% uBysag 91q ()

9025 uo1 oW 048]
—
u3Ut,_OIX O

81035 buimosg
P——————
Lo di

. ¢ udisaqg 1@ (q)

4

»p 0
U011 DW 043D
5013 -9

== aJd

|
1 uo

Z u81saq @1q

(®)

p j0

'
i
1
|
'
|
'
|
¥

oWIORD 4

Ms013 —

“LS AAN914

152



AR ARy
A s ¢ ST YN (B

hoop etresses &ppear in this design with the maximm value about 1.1 times
the fluid pressure. The maximum shear stress was calculated to be about 1.5
times the fluid pressure. For a material such as steel where the tensile and
compressive yield strengths are roughly equal, the pressure capability of
Design 2 would be about 50 percent that of Design 1. For a material such as
tungsten carbide with a compressiva strength roughly 4 times its tensile
strength, the pressure capability of Design 2 would be only about 35 percent
that of Design 1.

Die Design 3

Die Design 3 {s the same a8 Design 1, except that the die seal g
placed closer to the base of the die, which gives fluid support over a greater
length of the die. The assumed loadings were again as described for Design 1.
The die is forced inwards as shown in Figure 57b, and the compressive hoop
stress at the die base is quite large (up to 2 to 3 times the fluid pressure).
The corresponding shear stresses are sbout 1,2 times Ps and this indicates that
& die of this design would require a material with a compressive strength of
about 2.5 times the fluid pressure. It is, thus, seen that too much fluid
support can be detrimental in certain cases. The additional fluid support
a8 compared to Design 1 has effectively resulted in a die with only about 65
percent the fluid pressure capacity.

Die Design 4

Die Design 4 is a modification of Design 2. This arrangement has
a single rubber O-ring at the base of the die as a seal, A greater die-wall
thickness is possible and fluid support extends to the very base of the die.
The deformation of this is shown in Figure 57c. Large compressive hoop
stresses are produced at the base or the die by the fluid pressure on the
outside of the die, and the rotation or twisting of the cross section gives
tensile hoop stresses of about 4.0 P at the top of the die. This s in
contrast to a tensile hoop stress of 1.1 P¢ for Die Design 2, which had an
identical internal geometry (i.e. die opening). Additional fluid support has
in this case resulted in a drastic reduction in pressure capacity.

This problem can be alleviated by locating the die orif:ce bearing
in line with the O-ring at the die base. This arrangement, which should reduce

the twisting of the cross section and consequently the hoop tensile stresses,
has worked satisfactorily in actual practice.

Die Design 5

The dimensions and assumed loadings for Die Deisgn 5 are shown in
Figure 58. This die represents a tentative design based on consideration of
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previous die configurations, billet handling, and seal arrangements. This
concept places the die seal in a groove in the container bore, with the
position of the seal being apparent in Figure 58 by the extent of fluid
pressure on the outside of the die. In the analysis, the dimensions were
normalized to a one-inch container bora diameter, with the billet dimension
corresponding to a ll-inch diameter billet in 12-inch bore container.

The calculated deformation is shown in Figure 59, The results indi-
cate that the fluid support maintains compressive hoop stress in the exit region
of the die, but that tensile stresses appear in the thin leading edge, where the
hoop stress is calculated to be about 2.2 times the fluid pressure, wvhile the
corresponding maximum shear stress is about 1.8 times the fluid pressure.

Since the high stress levels at the leading edge of the die would
limit the pressure capability of the die severely, die design modifications
were investigated to reduce these stresses. These die modifications are
designated as A, B, and C in Figure 58, and Table XVII. Three approaches were
used. The first approach was to reduce the billet diameter (Modification A),
in order to increase the die wall thicknzss. The second approach was to
increase the die angle from 22.5 degrees to 30.0 degrees (Modification B).
Modification C combines both of these modifications. The computed values of
the critical stresses at the leading edge are listed in Table XVII for each of
the modifications, and it is seen that significant stress reductions are
achieved.

TABLE XVII. SUMMARY OF CALCULATED STRESSES IN LEADING EDGE OF DIE DESIGN §
AND MODIFICATIONS A, B, AND C FOR LARCE BILLEY/BORK
DIAMETER RATIOS

Billet Billet
Bore Half Reduction Maximum  Maximum

Diamster Die  in Ares, Tenstle sm-f Pressure Limitat{ons Mwﬂ
Ratio Angle percent Stress(®) seresa(®) Isposed by Die Material M-50 Stael  Tungstea Carbide

Design No. 5 1z 2.5* 8.2 2.2 1.8 0.45 x tensile strength 112,000 peilc) 67,500 peg(d)
0.55% x shear strength

Modification A s/ 22.%* 17.0 0.8 1.0 1.25 x tensile strength 200,000 pst(c) 187,000 pus(d)
1.0 x shear streagth

Modificatfon B 11/12 30.0° 87.2 1.1 1.0 0.91 x censfle vtrength 200,000 pei(®) 137,000 pat ()
1.00 x shear strength

Modification C 5/6 10.0° 717.0 0.1 0.7 10.0 x tens{le strength 285,000 petfc) 460,000 pet(c)
1.43 x shear streagth

() Based on a fluid pressure normalized to 1.0 poi.
(b) Limits imposed only at the relacively high billet/bors diameter ratios indicated.
(c) Pressure limitation due to shear stress most severe,

(d) Pressure limitation dus to tensile stress most savera.
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From the foregoing analyeis, the pressure capability of the Die
Design 5 was estimated for two materials; M-50 tool steel and tungsten carbide.
The strength values sssumed for M-50 tool steel were:

tensile yield strength = 350,000 psi
ultinate tensile strength = 410,000 psi
ultimate compressive strength = 540,000 psi

The maximum allowable die tensile stress was taken as 350,000 psi, the tensile
yield strength. The naximum allowable shear stress was taken as 0.5 times the
compressive yield strength which was estimgted to be 400,000 psi. The strength
values for tungsten carbide were taken as:

ultimate tensile strength = 150,000 psi
ultimate compressive strength = 650,000 psi

A meximum allowable s!ear stress was taken as 0.5 times the compressive
strength.

The estimated pressure capabilities of the four dies are listed in
the final column of Table XVII. The eelatively low tensile strength of tung-
sten carbide limits its use for the first three designs. However, for Modi-
fication C, with the maximum hoop tensile gtress reduced to 0.1, the high
compressive strength can be utilized.

The calculations show that there is a limitation on the maximum
billet diameter for a 8iven container bore diameter. In particular, for a
11.0-1inch billet in & 12.0-inch chamber (and for a billet reduction of 87
percent), the fluid pressure is limited to about 200,000 psi. Pressures up
to 250,000 psi may be poasible for this billet diameter if the billet
reduction is somewhat greater, or if the die half angle is increased beyond
30 degrees. Based on the data of Table XVII, an estimate of the maximum
billet diameter for extrusion at 250,000 pei has been made. With an included
angle of 30 degrees, the maximum billet diameter for a carbide die is 10.5
inches, and for a M-50 tool steel die 10.25 inches. It should be emphasized
that _hese estimates of die-pressure capabilities are based on such factors as
assumed die/billet pressure distributions and allowable die stresses., Thus,
the stated pressure capabilities could be either conservative or optimistic,
and precise die limitations can only be determined through experience.

In the die calculations, one further aspect considered was the effect
of allowing the die to have a sharp leading edge rather than the small flat
as shown in Figure 58. It was found that this addition of material was not
detrimental and, in fact, a slight reduction in stress at the leading edge was
observed,

Approximate Die Analysis

The results of the computer stress calculations for the various die
designs illustrate the sensitivity of the die stress-distribution to variations
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in design parameters. However, to show the factors which 11e behind the die
response, and to determine limitations on extrusion, an approximete analysis
has been formulated. The die was represented as a thick-walled ring as shown
in Figure 60. It was assumed that the ring thickness, t, approximates the
mean die wall thickness. If a fluid pressure, p., acts on the outer radius
To and a billet pressure p, acts on the inner radius r{, and A; and A, are the
original and extruded cross sectional areas of the billet respectively. The
hoop strese, Ogs can then be expressed as a ratio to the fluid pressure as
follows:

2 _t .,
% 2A1 ro (2 t/"‘o)
= - Ty , (25)

2
t/to(Z - t/ro) Q- rl')

where t = r, - ry is the wall thickness of the ring. The hoop stress as
predicted by this relation is plotted in Figure 60 as a function of percent
reduction in area, (1 - A3 /Al) x 100 for a range of wall thickness. While
these curves cannot be expected to give accurate qQuantitative results, they
do show qualitative behavior which is consistent with the results of the
computer stret: calculations. For large reductions in area, the hoop stress
is compressive even when the wall thickness {s small and this results from
the fact that the billet pressure on the die face very nearly balances the
fluid pressure. For smaller reductions, the hoop stress is many times the
fluid presrure even for a very thick-walled die.

The fact that high hoop stresses result from small reductions, is
balanced by the fact that pressures for small reductions are relatively low.
The pressure required for extruiion can be estimated as

A
I’f = Ym In E , (26)

where Yy is the mean yield strength of the metal. Equation (26) can then be
rewritten as a ratio of Oy to the yield str_agth as follows:

A

2 t
2= -==(2-t/r)
ce Al Al to (o]
Y—=1n—
m 2

ry 27)

2
t/ro @ - t/ro) a- Al)
This relation {s plotted in Figure 61. It is seen that for small reductions in
area, the die hoop stress approaches the metal yield strength for a very thick

walled die. On the other hand, for a very large reduction the hoop stress can
have compressive values much higher than the metal yield strength.
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FIGURE 60. MAXIMUM CALCULATED HOOP STRESS IN RINC DIE COMPARED
TO BILLET YIELD STRENGTH AS A FUNCTION OF PERCENT
REDUCTION IN AREA AND WALL THICKNESS
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FIGURE 61. MAXIMUM CALCULATED HOOP STRESS IN RING DUE COMPARED
' TO FLUID PRESSURE AS A FUNCTION OF PERCENT
REDUCTION IN AREA AND WALL THICKNESS
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Summary

The purp.se of this analysis wis to calculate the
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stresses that exist

in dies during hydrostatic extrusion and to relate them to die presaure capsbilities

and material strength requirements. The results show that die stresses are

highly dependent on other factors in additicn to the fluid extrusion pressure, °

such as, percent reductfon in area, the extent of fluid support on the outside

of the die, die wsll thickness, and other complex geometric factors. Some
of the important conclusions of this study are:

1)

)

3)

%)

¢))

Fluid pressure support can in many cases complately
eliminate tensile hoop stresses during extrusiom. It
appears that this always will occur when the percent billet
reduction in area ig relatively large (say, greater than
707%).

Excessive fluid support can in SOme cases result {n wvery
large compressive stresses, so that failure of the die
material in shear can occur. In other cases, fluid prassure
acting at the base of the die causes twisting of the

cross section, and this produces large teneile stresses

in the top portion of the die. The amount of flutd

support should thus be controlled by positioning the

die seal so that it is in line with the die orifice

bearing surface.

In cases of relatively large area reductions with the proper
smount of fluid support, the limiting factor in die design
will be the compressive stress which can be supported at

the base of the die. This stress is alvays greater than

the fluid pressure.

For small area reductions (say, less than 50%) there will
be a limitation on the maximm fluid pressure capability
vhich is determined by the tensile hoop stresses in tha
die. This limitation can be made less severe by increasing
the die wall thickness.

While the analysis performed herein applies strictly only
to dies with circular orifices, similar conclusions
concerning the proper amount of fluid support would also
be generally valid for other die orifices (such as tee
sections).



ECONOMIC ANALYSIS OF HYDROSTATIC F<TRUSION

The puipose of this section is to evaluate the economics of the
hydrostatic extrusion process and to relate the findings to more conventional
processes. The hydrostatic extrusion process can manufacture certain products
in competition with conventional extrusion, drawing, and shear forming.

While combining many features of these conventional metalworking processes,
hydrostatic extrusion does not completely displace any one process. Therefore,
economic comparisons must be considered on the basis of making a particular
product. The features of the hydrostatic extrusion process will be described

and the basic assumptions of the economic analysis given. An economic analysis
will then be made and applied to pProcessing of conventional materials, refractory
materials, difficult-to-extrude materials, and to the production of tubes and
shapes.

Hydrostatic extrusion offers the following advantageous features:
(1) There is no contact between container and billet

(2) Long billets with high L/D ratios may be extruded

(3) Billets may be of any cross-sectional shape

(4) Long liner and die life

(5) Small die angles can be used because the hydrostatic
fluid supports the dies

(6) Tungsten-carbide dies may be used for exceptionally
long life

(7) Because of the low die wear, excellent dimensional
control can be maintained over the length of the
extruded proiuct

(8) Hard-to-work or brittle materials may be hydrostatically
extruded without cladding.

(9) Heavier reductions are possible relative to a conventional
drawing operation

(10) Increased strength due to cold working.
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The limiting features of the hydroatatic extrusion process are:

(1) Dimensions of tha: stem, liner, and die must be maintained
within close tolerances to effect sealing

(2) The billets must be nosed to conform to the die angle so
that a high~pressure seal can be estublished. This may be
costly in the case of re-extrusion of shapes,

(3) Manipulation of seals and fluid could raise the processing
costs,

(4) Hydrostatic extrusions have a cold-worked structure which
may require annealing for some materfals and applications.

(5) Smaller extrusion ratios are possible compared to the hot
extrusion process,

As with most new processcs, hydrostatic extrusion is subject to soms
unknowns, such as the life of seals and tooling {container, stem, and die),
which have not been completely eveluated at chis point, Thus, the analyeis
of hydrostatic extrusion is necessarily more uncertain than would be a similar
economic analysis of conventional extrusion,

Using empirical equationa(”) relating pressure and extrusion ratios
for the hydrostatic extrusion of several materials, th- following maximum
extrusion ratios were calculated for fluid pressures of 250,000 psi and 450,000
pai:

Estimated Extrusion

Ratios for a Given Pres.urs
e el

—laterfal
Beryllium (hot pressed)

40:1
TZM Molybdenum (recrystallized) 7:1 40:1
A-286 Iron Base Superalloy (hot worked
and golution treated) 6:1 32:1
Inco 718 Nickel Base Superalloy (hot
worked and solution annealed) 4:1 12:1
T1-6A1-4V Titanium Alloy (mill anncaled) 5:1 16:1
AISI 4340 Steel (mill annealed) 7:1 32:1

7075~0 Aluminum Alloy (annealed) 2100:1 .-
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These values are rounded-off to the nearest whole number and are meant only
as guides, The extrusion ratios indicated for 450,000 psi were extrapolated
from data obtained up to about 250,000 and therefore are very approximate,

No limiting value is shown for aluminum at pressures of 450,000 psi, since the
large reductions predicted may be neither very accurate nor practical,

In this economic study, it is assumed that both hydrostatic extrusion
and conventional extrusion would be done on the same 17,000 ron press with
appropriate changes in tooling. Most of the economic analyses were based on
uzing a 250,000 psi contairer because many of the appropriate parameters have
been established in experimental programs at this pressure level. Some general
analysis of hydrostatic extrusion was performed to establish approximate
conversion costs on the same press using fluid pregsures of 450,000 psi.

Press an era onvers osts

The cost of the basic hydroetatic extrusion press and a variation
of the original design were determined using standard industrial techniques.
The basic press will meet the design goala of this program and has been
described in a previous section, The press variation referred to as a dual
Purpose press would have a ram stroke of 150 inches so as to be adaptable to
couventional extrusion and could have either a ram speed of 100 ipm or 720 ipm,
depending on the hydraulic pumping systom selected.

Estimated press costs were obtained by determining the cost of:
(1) enginsering, (2) manufacturing press components and tools, and (3) commercial
items which would be required to build the basic hydrostatic extrusion press.
Thase figures were then modified to determine the cost of the design variations.
The estimsted costs of the basic hydrostatic extrusion press and the dual purpose
press capable of extruding at "0 ipm are shown on Table XVIII.

These estimated costs for a press of 17,000 ton capacity can be used
to obtain approximate costs for similar presses of different tonnages, by using
the following factor:

Jonnage of Precs A>0'7
Tonnage of Presas B

The factor is applied to the known cost of one press to estimate the cost of
another press. For example, a 14,000 ton basic hydrostatic extrusion press
would cost approximately:

0.7
({%—:—8%5)- 0.8729
$5,989,152 x 0.8729= $5,228,000

This factor should only be used to compare presses with tonnage ratings within
about 50 percent of the press for which thc cost is known.
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TABLE XVIII, SUMMARY OF THR COSTS TO CONSTRUCT A HYDROSTATIC
EXTRUSION PRESS AND A DUAL PURPOSE PRESS OF

17,000-TON CAPACITY

Basic Hydrostatic Dual Purpose
Items (®) Extrusion Press Press

Hydraulic Pumping System (b) 41,090,600 $1,878,850
Press and Materials Handling System 3,672,602 3,965,102
Tooling (containers, stems, mandrel, etc.) — 385,950 _Lm
Cost at the Construction Site $5,149,152 $7,062,377
Installation Costs 540,000 —240,000
TOTAL COST $5,989,152 $7,902,377

(a) These costs are a sumnary of a detailed cost breskdown made of all
major press components. Standard commercial estimating techniques

vere employed to determine these values,

(b) The hydraulic pumping systems are designed to permit

extrusion in

the basic hydrostatic extrusion press at 100 ipm and in the dual

purpose press at 720 1pm,
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A 17,000 ton extrusion press cannot functfon efficiently without
proper support equipment. The amount and size of the support equipment
required by a 17,000 ton press makes {t unlikely that this equipment would
be available in an existing industrial plant. Therefore, in order to obtain
& realistic estimate of conversion costs for both hydrostatic and conventional
extrusion an entirely new extrusion plant was postulated as necessary and
used in calculating conversion costs. Tr. estimated extrusion plant costs for
& hydrostatic extrusion press and a dual-f rpose extrusion press are shown in
Table XIX. The major differences between the two proposed plants are in the
construction costs, press costs, and biilet heating facilities,

Estimated conversion costs for both hydrostatic and conventional
extrusion on a dual-purpose press are given in Table XX. For this dual-
purpose plant, the cost per hydrostatic extrusion was calculated to be $46.29
and a corresponding value for conventional extrusion was found to be $77.50.
Assuaing the typical billet sizes shown in Table XX, it is seen that the
volume of a conventional extrusion can be more than twice the volume of a
hydrostatic extrusion. On this volume basis then, the conversion cost per
cubic inch for hydrostatic extrusion ($0.00528) is 25 percent more than the
comparable cost for conventional hot extrusion ($0.00417). Hydrostatic
extrusions made in a plant designed exclusively for this operation would have
a slightly loweir conversion cost per cubic inch of extrusion (50.00490) .,

This lower cost would be due to the reduced capital outlay required to build
a single purpose hydrostatic extrusion facility. Conversion costs for
conventional extrusion would not appreciably change if the plant was designed
soley for conventional extrusion. This is because, in this case, the only
major reduction in capital expense would be in the cost of hydrostatic
extrusion tooling and this cost amounts to lesg than 2 percent of the total
plant cost.

There are many deviations from average cost values which can change
the relative costs between the two processes. Purther there are many
commsrcial processes in which costs are related to the product dimensions or
shape rather than the theoretical weight output of the process, Several of
these cases will be illustrated and discussed in the following sections,
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TABLE XIX. TOTAL ESTIMATED COST FOR AN EXTRUSION PLANT WITH
A HYDROSTATIC EXTRUSION FRESS OR A DUAL-PURPOSE

EXTRUSION PRESS OF 17,000-TONS CAPACITY

Hydrostatic Dual
Extrusion Purpose
Items Plant Plant
Land (40 acres) $ 30,000 $ 40,000
Construction (land improvements, buildings,
and cranes) 3,743,000 4,715,000
Equipment:
Extrusion Press 3,985,000 7,902,000
Stretch-straightener (2500-ton capacity) 2,000,000 2,000,000
Billet heating furnaces - 1,500,000
Heat treating furnaces 1,500,000 1,500,000
Materials handling (not related to the 758,000 880,000
press)
Miscellaneous (accessory tooling, etc,) 350,000 350,000
Service equipment (maintenance, shipping, 1,215,000 1,215,000
laboratories, etc,)
TOTAL PLANT COST $15,585,000 $20,102, 000
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TABLE XX. ESTIMATED ANNUAL OPERATING COSTS FOR BOTH HYDROSTATIC EXTRUSION
AND CONVENTIONAL EXTRUSION ON THE 17,000-TON DUAL PURPOSE PRESS (8)

Total Annual

Hydrostatic Conventional Costa for Both
Extrusion Extrusion Operations
Personnel $ 874,800 $ 901,800 $1,776,600
(85 salaried and 122 hourly employees)
Maintenance 320,000 388,140 780,140
(4% equipment + 2% buildings)
Depreciaticn (5% equipment + 2,5% buildings) 397,000 488,170 885,170
Miscellaneous supplies (20% direct labor) 82,000 82,000 164,000
Major tooling (containers and stems) 134,000 151,000 285,000
Liquid make-up and seals 62,500 - 62,000
Water 5,000 5,000 10,000
Electric power 114,000 114,000 228,000
($0.015/kwhr)
Building heat 24,750 24,750 49,500
(141,000 sq ft)
Industrial heat 300,000 1.720,000 _2,020.000
(billet heating and heat treating)
TOTAL ANNUAL OPERATING COST $2,314,050 $3,874,860 $6,188,910
Operating cost/hr $1,157 $1,937
Number of extrusions per year 50,000 50,000
(71% efficiency)
Cost per extrusion $46.20 $77.50
(without die and mandrel costs)
Cost per extrusion $48.20 $85.27
(including a prorated die and mandrel cost)
Typical billet size 11 in. OD x 20 in, OD x
96 in. long 65 {n, leng
Typical billet volume 9123 1n.3 20,420 1n.3
Conversion cost/in.3of extrusion $0.00528 $0.00417

(8) It vas assumed that each process is used 2000 hr/yr.
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Kconomi: Analveis Applied to Varioys Materisle

An analysis was made of the relative merits ol the hydrostatic and
conventional extrusion processes as applicd to the extrusion of rounds and
simple shapes from steel, aluminum, titanium, refractory metals, nickel alloys,
and beryllium. This analysis was based upon the operating costs estimated for
the dual-purpose extrusion press designed during this program. Only direct
conversion costs were calculated. These conversion costs indicate how much it
Costs to process a particular metal through an extrusion operation. The cost
figures shown in these scctions should not be confused with selling prices
which would also include material costs, profit, selling expenses, packing and
shipping charges, corporate overhead, etc. Each of the conversion costs
entimated here is subject to modifications reflecting expected process yields,
The yield figures vary greatly depending on the alloys extruded, the shape of
the extruded product, and tolerances. As a general guide, the process yield
would be in the range of 70 to 90 prrcent A

AlS] 4340 Steel

An analysis was made of the extrusion of AISI 4340 steel into
relatively simple shapes by hydrostatic and conventional techniques., Steels
are normally hot extruded in the temperature range from 2000 to 2300 F. In
this temperature range, high extrusion ratios are possible, but both glass
iubricants and high extrusion speeds must be employed to obtain reasonchle tool
life., Hydrostatic extrusion and conventional hot extrusion processing purameters
for AISI 4340 steel can be compared from the data in Table XXI. These parameters
assume that the 17,000-ton dual press developed in this study would be used for
both types of extrusion. Using these parameters, the conventional hot-extrusion
process can outproduce the hydrostatic extrusion process more than 2 to 1l on a
weight basis. Further, the hot extrusion process can produce a product with a
smaller cross-section than can the hydrostatic extrusion process except when a
drawing force is applied to the product (HYDRAW).

One of the important factors which significantly influence conversion
cost per pound, however, is die cost, Die life is relatively short in hot
extrusion, especially in the production of shapes where the die can only be
reworked a few times before it must be scrapped. Because di: life can only be
roughly estimated for each method, the conversion cost per pound was calculated
over a probable die life range for each process to indicate the general trends.
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- TABLE XXI. CONDITIONS USED IN ECONOMIC COMPARISON OF CONVENTIONAL
AND HYDROSTATIC EXTRUSION OF AISI-4340 STEELS

Conventional Hydrostatic
Item Extrusion Extrusion
Billet: .
Diameter, in. 20(2) 11(¢)
Leagth, tn. 65(b) 96(¢)
Weight, 1b 5779 2580
Production rate, billet/hr 35 35
Potential output, lb/hr 202,260 90,300
Maximum practical extrusion ratio 50:1 7:1
Extrusion eize:
Mini{sum cross section, 1n.2 6.24 17.35
Minimum diameter, in. 2.82 4.7
Maximum extrusion ratio practical with
BYDRAW (100,000 psi drew stress) - 17.9:1
Extrusion size with HYDRANW:
Minimum cross section, 1n.: - 5.307
Minimm diameter, in. - 2.59

(a) This billet diameter was based on an assumed pressure requirement of
110,000 psi developed by 17,000 tons of press force.

(b) This billet dimension represents the longest length that could be
conventionally extruded on the dual-purpose press.

(c) It was assumed that these are the maximum billet dimensions for the
12=inch bore x 120 inches long hydrostatic extrusion container.
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xtyus + The die costs to produce a sisple
shape using the hydrostatic extrusion process were calculated in the following
manner :

Starting Blank Size: 12-inch diameter x 9.8 tnches long

Welight: 315 pounds

Die Material: M-50
Material Cost: $ 95
Machining Cost (relatively simple shape): 350
Scrap Value (15 percent original cost): 141
Net Die Cost: $1154

The 1ife of hydrostatic extrusion dies is expected to approximate the
life of conventional cold extrusion dies, since the stress levels, reductions,
and Jubrication systems are similar for both processes, Cold extrusion dies
may be used to make 50,000 to 100,000 pieces that way be 2 to 4 inches long.

(A die life up to 1,000,000 plececs have been reported for carbide dies but these
dies will not be considered in this study although there is no technical reason
not to use carbide dies in a production operation.) On this basis and assuming
each hydrostatic extrusion is 56 feet long (billet length, 8 ft x extrusion

ratio, 7), a die life from 150 (50,000 pieces each, 2-inches long) to 600 (100,000
Pleces each, 4 inches long) extrusions is predicted. As with conventional
extrusion dies, however, these hydrostatic extrusion dies can be reworked,

perhaps four times, tc obtain a die life in the order of 2400 extrusions. To
keep the economic comparison on a conservative basis, however,

was assymed and s die 1ife range of 150 to GOO extrusions was used in this study,

XLxu c « The die costs for the conventional
hot extrusion process were calculated in a similar manner to those for hydro-
static extrusion:

Starting Blank Size: 20-inch diameter x 12-8/8 inches long

Weight: 1070 pounds
Die Material: H-11
Material Cost: $1070
Machining Cost (relatively simple shape): 500
Scrap Value (15 percent original cost) 160
Die Cost: $1410
Rework 4 times at $150/rework: 600
Net Die Cost: $2010
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Hot extrusion dies have been reported to have a die life which may
vary from 1 to 75 extrusions before the die must be reworked. The life depends
on the die material, billet material, amount of reduction, and the shapes
required. Despite the reported long die life, a die life of 25 extrusions per
die before reworking is generally considered very good. Conversion costs were
estimated for a total die life range of 40 to 100 extrusions, based on a die
life range of 10 to 25 extrusions before reworking and upon reworking four
times., Conversion costs were also calculated for a total die life of 25 and
150 extrusions to illustrate the cost trends in these ranges,.

With these estimated net dic costs, the billet weights shown in
Table XXI, and the conversion cost data given in Table XX, Table XXII was
coustructed. This table shows the influence of die life on the conversion
cost per extrusion and on the conversion cost per pound of extruaion, based
on the assumptions used in this analysis. It is seen that 1f the die life of
40 extrusions is assumed for conventional extrusion, the cross-over point for
roughly equal conversion costs per pound is a die life of 100 extrusions for
hydrostatic extrusion. As pointed out earlier, hydrostatic extrusion die life
is estimated to be in the range of 150 to 600, If this range would be
achieved, the conversion costs per pound for hydrostatic extrusion w.uld be
less. However, if & conventional extrusion dic life of 100 is obtained, the
conventional extrusion process would be cheaper, regardless of the die life
achieved in hydrostatic extrusion. However, it should be kept in mird that
the two processes produce diffrreat quality products. Hydrostatic extrusion
will produce a product having mechanical properties and surface finish
- comparable to a cold-drawn shape and have tolerances of the order of +0,002
inch, The hot-extruded product, on the other hand, would be relatively soft
and would have tolerance of the order of £1/16 inch. To get a comparable
surface finish, the hot-extruded product would have to be machined or cold
drawn, both of which would add appreciably to the conversion cost.

In order to produce a hydrostatic extcusion equivaleiit in size to
one obtainable from hot extrusion, the HYDRAW technique would have to be used.
In this case, however, the extrusion length would be limited to the draw stroke
of the pulling apparatus,

A calculation of conversion costs from the 450,000 psi liner illustrates
that this container would be used only for very special products. A billet
for the 450,000 psi chamber may measure up to 5 inches diameter x 24 inches
long and would weigh 133 pounds, if made from ateel. Roughly, the conversion
costs for this billet would be:

$46.29/extrusion - 133 lb/extrusion = $0.347/Ib
To this value must be added a dic¢ charge. Since this conversion cost is at
least an order of magnitude greater thun moat conventional primary metalworking
processes, it is apparent that this container and pressure level, while capable
of making large reductions, will find use only in very special applications
which cannot at this time be considered commercial items,
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TABLE XX1I. HYDROSTATIC AND CONVENTIONAL EXTRUSION COSTS
FOR 4340 STEEL AS A FUNCTION OF DIE LIFE

Ltem Hydrostatic Extrusion —Conventjonal Extrysjon
Cost Paramcters
Cost per die $1154.00 $2010.00
All other conversion costs
per extrusion(a) $46.29 $77.50
Weight per extrusion(}) 2580 1b 5780 1b
Conversion Conversion Conversion Conversion
Cost Per Cost per 1b Cost Per Cost per b
Extrusion of Extrusion Extrusion of Extrusion

Rie Life (Total Number

of Extrusions)

25 - - $157.90 $0.0273
40 - - $127.75 $0.0221
100 $57.83 $0.0224 $97.60 $0.0168
150 $53.99 $0.0209 $90.90 $0.0157
600 $48.21 $0.0186 - ' -
2400 $46,77 $0.0181 - -

(a) From Table XX,

(b) From Table XXI.



The economic analysis of hydrostatic extrusion compared to conventional
hot extrusion as developed in the foregoing can be applied, with only slight
modifications, to a wide variety of materisls as will be shown in subsequent
sections.

Aluxious and Aluminum Alloys

Aluminum and aluminum alloys are generally considered to be easy to
extrude. In conventional processing, these metals flow at relatively low
pressures when heat~d between 650 and 950 F and are generally extruded without
lubricants thrcugh flat-face dies. Aluminum and its alloys are also easy to
hydrostaticelly extrude. These metals can be reduced by large amounts at room
temperature using only modest fluid pressures, (100,000 to 150,000 psi). Hydro-
static extrusion and cenventional extrusion will be compared on the basis of
the conditions shown in Table XXIII.

The production output for conventional extrusion of aluminum and
aluminum alloys are restricted by metallurgical factors, Aluminum and aluminum
alloys are sensitive to the extrusion exit speeds, At high exit speeds, these
materials tend to develop surface cracks due to incipient melting. Commercial-
purity aluminum is extruded at exit apceds up to 50 fpm. Relatively soft alloys
such as Al-Mn, Al-Si, and Al-Mg;S1i requirc that the exit speeds be limited to
30 fpm which 7075 aluminum z&&gy and other high-strength structural alloys exit
the die at only 3 to 4 fpm. Experimentally, Fiorentino, et al,(11) have

" demonstrated that 7075 aluminum alloy can be hydrostatically extruded at exit
speeds of 250 fpm. Such a large spread in exit speed is a majcr difference
between hydrostatic ani conventional extrusion of this metal and its iniiuence
on process sconomics was examined in deuvail,

Production output measured in lb/hr was determined as a function of
exit speeds for each process using the following formula:

D d. fomi x (5 BE) = pyerusion output, 1b/hr
(Billet Length, ft) x (Extrusion Ratio) xtrusion put, *
The extrusion outputs are summarized in Table XXIV for a variety cf exit speeds.
The hydrostatic extrusion process using exit speeds of 250 fpm, can outproduce
the conventional extrusion process when the conventional extrusion exit speed

is less than 30 fpm, The cross-over point is approximately 30 fpm; at higher
exit speeds, conventional extrusion results in the hig..r production rates,

If the exit speed for hydrostatic extrusion is assumed to be as high as 300

fpm, the theore.ical extrusion output would be 34,080 lb/hr. However, the
actual output is limited by the capacity of the materials handling system,
which 1> about 35 billets/hr or 31,850 1lb/hr,
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TABLE XXIL1I. CONDITIONS USED IN ECONCMIC COMPARISON
OF CONVENTIONAL AND HYDROSTATIC EXTRUSION
OF ALUMINUM ALLOYS

Conventional Hydrostatic
Icem Extrusion Extrusion
Billet:
Diameter, in, 32(a) 11€c)
Length, in, 65(b) 96 (¢)
Weight, 1b 5228 910
Maximum practical extrusion
ratio 60 60
Extrusion size:
Minimum cross section, in.2 13.40 1.58
Minimum diameter, in, 4.13 1.42

(a) This billet dimension wes based on using a 32-inch diameter liner.
This linetr size is practicel only for relatively soft materials
such as sluminum which can be extruded at relatively low unit
pressures.

(b) This billet dimension represents the longest that could be
conventionally extruded on the dual-purpose press.

(c) It was assumed that these are the maximum billet dimensions for the
12-inch bore x 120-inch long hydrostatic extrusion coutainer. This
billet diameter could be much larger in a container designed exclusively
for aluminum,



TABLE XX1V,

HYDROSTATIC AND CONVENTIONAL EXTRUSION COSTS FOR
ALUMINUM AND ALUMINUM ALLOYS AS A FUNCTION OF
EXTRUSION EXIT SPREDS

Item Hydrostatic Extrusion Conventional Extrusion
Press operating
st /hr $1157€8) $1937(a)
Weight per 910 3228
extrusion, 1b
Conversion Corst Conversion Cost
Extrusion per 1b of Extrusion per 1b of

mm_mm__mm_m.:m_mm_mnum_

Extrusion Exit

4
30
40
30

150
200
250
300

- - 3,840 $0,504
- - 28,800 $0.067
- - 38,400 $0,0504
5,680 $0.2036 48,200 $0.0407
17,040 $0.0679
22,740 $0.0509
28,440 $0.0406
31,850(b) $0.0363

(a) These operating costs were obtafned from Table XIX.

(b) This is limit of
for the proposed

output as restricted by maximum extrusion rate of 3, billets/hr
press. The theoretical output would be 34,080 lb/hr.

174



vy

The conversion costs shown in Table XXIV were determined by dividing
the hourly press operating cost for each process by the hourly extrusion out-
put at each exit speed. Hourly operating costs shown in Table XIX wers
determined on tho basis of a two-shift operation (2000 hr/yr/shift) with the
press time divided equally between the two extrusion processes. An hourly
press cost was then determined by dividing the total annual costs by 2000 hr/hr.
Values of $1157/hr and $1937/hr were obtained for hydrostatic and conventional
extrusion, respectively,

For tke extrusion of aluminum and aluminum alloys the cost of dies
were found to cortribute little to the conversion cost. The low dia cost is
due to the fact that the life of a die used for aluminum is long; a die life
of 2000 extrusisns is quite common for these alloys., A die that cost $2100
would add $1.05 to the cost of each conventional extrusion, but on the basis
of weight this additionsl cost amounts to less than $0.0002/1b, The hydro-
static extrusion billet 1is relatively small compared to the conventional
extrusion billet; therefore, a higher die cost was calculated for the hydro-
static extrusion process. This die cost, based on a die cost of $1154 (same
as that for steel), would add $0.0006/1b of extrusion. These die costs are
considered negligible and are not included in the conversion costs shown in
Table XXIV. PFrom the tsbulated data, it may be concluded that s hydrostatic
extrusion operation using an exit speed of 250 fpm is cheaper than a conventional
operation employing an extrusion speed of 40 fpm or lass. Por an exit speed of
300 fpm in hydrostatic extrusfon the exit speed for conventional extrusion must
exceed 50 fpm to be competitive. .

It is also noteworthy to compare the two extrusion processes for the
« For example, conventional extrusion is

limited to a minimum extrusion cross-sectional area of 13,40 square inches
(See Table XXIII.) for an extrusion ratio of 60:1. If the same product were
made in the proposed hydrostatic extrusion tooling, the extrusion ratio would
be only 7:1. From the previous formula, it 1is seen that the extrustnn output
is inversely proportional to extrusion ratio; thus, for an extrusion ratio of
only 7:1 the theoretical extrusion output for hydrostatic extrusion could be
increased by a factor 60/7 or 8,5. (This assumes an increase in ram spesed to
maintain a given exit speed at the lower extrusion ratio.) With this in mind,
consider the case for hydrostatic extrusion at 50 fpm in Table XXIV. The
extrusion output for this case 1s 5680 1b/hr. Theoretically, the output could
be increased by 8.5 times to 48,300 1b/hr. However, as mentioned before, the
maximum output for the proposed press is only 31,850 lb/hr. Even at this lower
output, however, tne production rate at 50 fpm (5680 1b/hr) would be increased
almost 6 times and the corresponding conversion cost would be reduced by a
similar factor to $0,0363/1b. Under these conditions, hydrostatic extrusion
is the cheaper process even when limited to only 50 fpm, the maximum exit
speeds attainable in conventional extrusion. Thus, for aluminum alloys it would
appear that reducing the extrusion ratio is a vary effective means of increasing
output and reducing conversion cost.

In summary, it has been shown that aluminum and aluminum alloys can
be processed at lower conversion costs by hydrostatic extrusion over a wide
range of exit speeds,
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Zitanjum and Ticanium Allovs

Titanium and titanium alloys are conventionally hot extruded between
1850 and 1950 F using glass lubricants. Lubrication of titanium is a very
eritical parameter, since titanium will gall dies severely whenever the lubri-
‘cation film fails. Care also must be taken not to embrittle the titanium with
pickup of oxygen and hydrogen during heating to the extrusion temperature.
Titanium can be hydrostatically extruded at room temperature. Room temperature
processing minimizes emirittlement from gas pickup and facilitates good lubrica-
tion. Hydrostatic extrusion was compared to conventional hot extrusion using
the parametere shown on Table XXV. The high yield strengths at room temperature
of titanium metal and alloys restrict the practical extrusion ratio obtainable
in hydrostatic extrusion to values 1/5 of those obtained in conventional hot
extrusion. Both processes can make extrusions comparable in sice only if the
conventional process is limited to reductions of less than 16:1 and a draw-force
is assumed to be applied to the hydrostatic extrusion,

Titanium metal and alloys are notorious for galling dies whenever the
lubrication systems fail and the titanium contacts the die. This galling
results in & very short die life. The lubrication asystems developed for the
hydrostatic extrusion of titanium generally prevent galling and thus the die
life and costs can be assumed equivalent to those derived previously for the
hydrostatic extrusion of steel, Hydrostatic extrusion conversion costs will
be estimated using those die costs ($1154 per die).

In conventional extrusion the lubrication of hot titanium is a problem.
Several commercial extrusion companies in the titanium industry have determined
that using precision-cast dies for one to five extrusions, and thon remelting
the dies, results in the lowest die cost per extrusion. The dies are coated with
a ceramic prior to each extrusion. This coating usually must be repaired or
replaced after each run, Costs based on cast dies will be estimated for
conventional titanium extrusion and the resultant conversion costs calculated.

a Costs, The cost of a cast die was
determined by calcullting the volume of a typical die and applying factors for
the casting cost, machining cost and ceramic coating. These calculations are
shown below:

Rie S1ze: 20-inch OD x 12-7/8 inches long. The inside

configuration of the die was assumed to be a
10-inch high cone having a 20-inch diameter base.,

Dis Welght: 774 pounds
Ris Materiel: H-11

Material Copt: $387.00 (based on a finished casting cost
of $0.50/1b)

176



TABLE XXV, CONDITIONS USED IN ECONOMIC COMPARISON OF CONVENTIONAL
AND HYDROSTATIC EXTRUSION OF TITANIUM ALLOYS

Conventional Hydrostatic

Extrusion Extrusion

Billet:

Diameter, in, 20(‘) ll(c)

Length, {in, 65(b) 96(c)

Weight, 1b 3267 1458
Production rate,

billet/hr 35 35
Potential output,

1b/hr 114,340 51,090
Maximum practical

extrusion ratio 50:1 5:1
Extrusion Size:

Minimum cross section,

in.? 6.24 19.

Minimum diameter, i:. 2,82 4.92
Maximum extrusion ratio

with HYDRAW (100,000 psi

draw force) - 10,
Extrusion size with HYDRAW

Minimum cross section, in.? - 9.50

Minimum diameter, in. - 3.47

(a) This billet diameter was based on an assumed pressure requirement
of 110,000 psi developed by 17,000 tons of press force.

(b) This billet dimension represents the longest length that could be
conventionally extruded on the dual-purpose press.

(c) It was assumed that thesc are the maximum biliet dimensions for
the 12-inch bore x 120 inches long hydrostatic extrusion container.
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Machiging Cost: $100.00

Scrap Value (20 percent of the
original cost) $ 77.40

Ceramic Coating Cost per extrusion
Net Die Cost $424.60

The value of $0,50/1b for material cost represents the average
salling cost of alloy castings. The machining costs represent the cost of
finishing the cast dies and thus are much lower than the machining coats for
wrought die. The scrap value for a casting is generally a higher percentage
of the original cost than a similar value for wrought products, For this
reason, the scrap value in this example was estimated at 20 percent rather
than 15 percent of the initial cost. Coating and recoating the dies with a
ceramic was estimated to cost $15.00 per application and it was assumed that
this would have to be done prior to each extrusion.

The converaion costs which resulted from this analysis are shown on
Table XXVI. Hydrostatic extrusion can produce titanium extrusions at a lower
cost than conventional extrusfion when relative die life is considered. As
ment ioned previously, cast dies are used only a few times before they are
remelted, A die life of five extrusions for conventional titanium extrusion
is exceptional and it is unlikely that a longer die life would be achieved.
Longer die life was listed only for compariscn with hydrostatic extrusion costs,

Titanium becomes embrittled when exposed to hydrogen and oxygen at
elevated temperatures., Despite precautions to prevent contamination during
heating, a layer of embrittled metal commonly forms on the surface of titanium
extrusions. This layer must be removed either by pickling or machining.
Either operation will add to the conventiocnal processing costs shown in
Table XXVI. No additional surface conditioning is required on titanium
produced by hydrostatic extrusion.

Befractory Metalo

Refractory metals are broken down at te-peratures from 2000 F to
3000 F. These materials are hot extruded only on a limited basis, because
of very short tool 1ife. 1In the case of refractory materials, not only do
dies wear out rapidly, but the extrusion liners also have a very short life.
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TABLE XXVI, HYDROSTATIC AND CONVENTIONAL EXTRUSION COSTS
FOR TITANIUM AS A FUNCTION OF DIE Lire

Item Hydrostatic Extrusion Conventional Extrusion
GCost Parameters

Cost per die $1154.00(a) 3&24.60(b’°)

All other conversion

costs per sxtrusion(d) $ 46,29 $ 77.50
Weight per extrusion(®) 1458 1b 3267 1b

Conversion Cost Conversion Cost
Conversion Cost per 1b of Conversion Cost per 1b of

-ber Extrusion.  __Extrusion = _per Extrusjon —JBxtrusicn
QLeL“g

(Total number
of extrusions)

1 - - $502.10 $0.1537

2 - - $297.30 $0.0910

3 - - $229.03 $0.0701

4 - - $194,90 $0,0596

5 - - $172.42 $0.0528

10 - - $133.46 $0,0408

25 $92.45 $0,0634 $108.88 $0.0333
50 $69,37 $0.0476 - -
100 $57.83 $0.0397 - -
150 $53.98 $0.0370 - -
200 $52.06 $0.0357 - -
600 $48.21 $0.0331 - -

(a) As previously described in section on AISI 4340 steel.
(b) Cost for a cast die derived in this section,

(c¢) $15.00 for a ceramic coating was added to the die cost for each extrusion
after the first one.

(d) From Table XX.

(e) From Table XXv.
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Since refractory metals can be hydrostaticaily extruded at room
temperature, the life of hydrostatic tooling is not greatly influenced by
the materials being extruded. TZM molybdenum alloye have been successfully
hydrostaiically extruded at room temperature. Special dies are required to
produce a crack-free product at room temperature, but in all other aspects
of behavior, this alloy is hydrostatically extruded much like steel.
Consequently, the economic analysis of the hydrostatic extrusion of
refractory metals was based on the die costs derived for steel,

The conventional extrusion processing costs muat be modified to
reflect the expected reduction in extrusion liner life. The conventional
extrusion cost of $77.50 per extrusion contains a factor of $1.00 per
extrusion for the cost of a liner. This cost was based on a $50,000 liner
which had a life of 50,000 extrusions. The temperatures used to extrude
refractory metals could easily reduce the life of a liner to 5000 extrusions
and a life as short as SO0 extrusions would not be unexpected. Based on the
life of 5000 extrusions a net charge of $9.00 would have to be added to the
cost of each extrusion., The cost of a conventional extrusion would then be
$86.50 rather than $77.50.

Because of the short die life expected extruding refractory
materials, a cast die would likely be used. The cost of a cast die would be
the same as derived for titanium, $424.60., The hydrostatic and conventional
conversion costa for TZM molybdenum alloy as a function of die life as shown
in Table XXVII.

The conversion costs for each process are comparable at a die life
of 4 for conventional processing and a die life of 25 for hydrostatic
extrusion. 1If a conventional liner life of only 500 extrusions had been
assumed, the conversion costs would be comparable at dic lives of 10 and 25
extrusions for conventional and hydrostatic extrusions, respectively, The
conversion costs per pound can be adapted to any refractory metal by applying
the relative density factor compared to the density of molybdenum.

Nickel-Base Sypegralloys

The nickel-base superalloys are extruded at high speeds using glass
lubricants much in the same manner as steel, Nickel alloys must be worked
Oover a very narrow temperature range to prevent cracking, Despite billet
heating techniques designed to produce temperature gradients which will
prevent the tail end of the billet from chilling below the desired extrusion
temperature, only relatively small short billets can be hot-~extruded successfully.
In contrast, hydrostatic extrusion can cold work long billets of these materials
significant amounts. Cold working these alloys entirely eliminates the problems
associated with billet heating.
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TABLE XXVII. HYDROSTATIC AND CONVENTIONAL EXTRUSION COSTS
FOR MOLYBDENUM AS A FUNCTION OF DIE LIFE

1tem Rydrostatic Extrusion Conventional Extrusion

Cost Parameters

Cost per die $1154.00(a) $424.60(b)
All other conversion

costs per extrusion 346.29(0) $ 86.50(d)
Weight per extrusion(e) 3366 1b 7535 1b

Conversion Cost Conversion Cost

Conversion Cost per 1b of Conversion Cost per 1b of
per Extrusion Extrusion per Extrusjon _Extrusion
Pic Life

(Total Number
of Extrusions)

1 - - §511.10 $0.0678
2 - - $306.30 $0.0406
3 - - $238.03 $0.031%
4 - - $203.90 $0.0271
5 - - $183.42 $0.0243
10 - - $142.46 §0.018»
25 $92.45 $0.0275 $117.88 $0,0156
50 $69.37 $0.,0206 - -
100 $57.83 §0.0172 -
150 $53.98 $0.0160 -
200 $52.06 $0,0155 -
600 $48.21 $§0.0143 - -

(a) As previously determined in the section on AISI 4340 steel

(b) As previously determined in the section on titanium alloys,

(c) From Table XX.

(d) From Table XX as modified in this section to reflect a short liner life,

(c) Based on the billet dimessions shown on Table XXV and the density of
molybdenum, 0,36¢ 1b/in.
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A close estimate of conversion costs as a function of die life for
nickel-base superalloys is shown in Table XXII, While the calculations
susnarized in the table were formulated for steels, therc are no significant
differences between the two metals with respect to the economic analysis,

The calculated conversion costs per pound of extrusions, however, would be
about 5 percent less for nickel alloys than those shown in Table XXII for
steel. This factor is simply determined on the basis of the relative density
between the two metals (density of steel/density of a nickel-1iron-chrome
alloy = 0.943),

The same assumptions and restrictions stated for the two extrusion
processes for steels are applicable to nickel alloys. Thus, for nickel-base
alloys as in the case of steel, it was concluded that the hydrostatic extrusion
process can in many cases produce a high quality extrusion at a lower cost than
the conventional extrusion process.

Bervllium

Beryllium is normally clad in steel jackets to prevent cracking during
extrusion at temperatures from 1800 to 1950 F. The cladding required to
conventionally extrude beryllium prevents attaining piecise dimensions on rod
or tubes, makes exceptionally difficult the production of shapes having uniform
close-tolerance dimensions, and incre-ses the processing costs. The steel cladding
does eliminate lubrication problems since only steel, and not beryllium surfaces
need be lubricated. In other aspects, the hot extrusion behavior of clad beryllium
is quite similar to that of steel,

Hydrostatic extrusion techniques have been ugsed to extrude crack-free
beryllium rods at room temperature without cladding.(11 Reductions up to 7:1
are theoretically possible with hydrostatic fluid pressures of 250,000 psi.
Special dies are required to produce crack-free beryllium using unclad billets
but this is the major item in which the hydrostatic extrusion of beryllium
differs from that of steel,

Clearly, the results of the economic analysis for steel is generally
applicable to beryllium for both processes. The cost per extrusion remains
the same for both materials but the conversion cost per pound of beryllium will
be 4.2 times that for steel shown on Table XXI1I. This factor represents the
relative densities between beryllium and steel, The effect of using cast dies
on the conventional processing costs of beryllium can be shown by applying a
titanium/beryllium density factor (2.40) to the conversion cost shown in Table
XXvI.

The results of these analyses 1llustrate that the magnitude of con-
version costs reflect changes caused by the processing of various materials,

but the relative merits between hydrostafic extrusion and conventional extrusion
are consistent over a wide range of extrusion conditions,
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Iubing sad Thin-Section Shapes

Hydrostatic cxtrusion techniques may be used to produce long parts
with very accurate dimensions. This ability could be applied to the production
of items such as gear blanks, An extrusion would be made with the desired
tooth form around the circumference and gears sliced off the extrusion. By
Proper die design, spiral gears could be produced. Helixes for twist drille
could be produced in much the same manner. These applications, while feasible,
tend to be quite specialized; therefore hydrostatic extrusion processing costs
were determined only for the production of parts having broader applications.
The capacity of the hydrostatic extrusion process was analyzed with respect to
manufacturing large diameter tubes and moderately complex shapes and comparison
made to conventional production techniques.

Production of Large-Dismeter Thin-Walled Tubing

Hydrostatic extrusion techniques have been used successfully to produce
thin-wall tubes. The analysis of hydrostatic extrusion of tubes as compared
to the conventional process is generally similar to that made for 4340 steel,
in that, hydrostatic techniques could produce a cheaper high-quality product
when the longer tooling life possible with hydrostatic extrusion is considerad,
Conventional tube extrusions, however » are limited by available Pres cuapacity
to a wall thickness-to-diameter ratio of approximately 0,03 for aluninum and
0.05 for steel or titanium and tubes of these sizes are often made by a combina-
tion of hot extrusion followed by either hot or cold draving.

The costs of making thin-wall large-diameter tubes 10-inch OD x 1/2
wall and 10-inch OD x 0.l-inch wall will be determined for t'e hydrostatic
extrusion process and compared to the cest of conventional Frocessing. These
tube dimensions were selected to represent in the first case, the limit of
conventional extrusion capability and the second case, to represert a part
that could not be made by conventional extrusion techniques, but wuld have to
be made by shear forming.

The selling costs for aerospace parts made from 7075 Al, Ti-6Al1-4v,
and 4130 have been veported by Evans, Strohecker, Olofson, and Clu‘k“”.
This reference is a source of cost information for both machining and ‘‘orming
operations and will be used several times in this report, The authora claim
the cost information to be accurate within 270 percent of the actual price,

In the following sections, the cost of producing 10-inch OD x 1/2-
inch wall tubes from various materials was calculated and compared to the
selling price of simi'ar tubes produced by conventional processing. Next,
a cost for shear forming tubes 10-inch OD x 0.1-inch wall was determined and
compared to processing cost for identical parts made by a hydrostatic
extrusion,
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Hydrostatic Extrusion Costs for Producing

~inc X - ~Wall Tube

The cost for producing hydrostatic extruded tubes, 10-inch 0D x 1/2-
inch wall tubes were determined using the following parameters and tooling
costs:

Extrugion Conditiong:

Billet dimensions: l1-inch OD x 1-inch wall x B8 feet long
Extrusion ratio: 2:11:1
Extrusion dimensions: 10-inch OD x 1/2-inch wall x 16 feet long
(allows 5 percent loss)
Die Costs:
Die blank size 12-inch diameter x 4 inches long
Die blank weight 128 1b
Die material: AISI-M~50
Materfal cost: $384
Machining cost: 225

Scrap allowance

(15 percent material cost): 57
Net die cost: $552
Expected die life:

150 extrusions (minimum)

Die cost per extrusion $3.68
Mandrel Cost:
Mandrel blank size 9-inch OD x 120 inches long
Mandrel blank weight: 2160 1b
Mandrel material: AISI-D7
Material cost: $2160
Machining cost: §2245
Scrap allowance (15 per-
cent material cost) $ 324
Net mandrel cost: $4081

Expected mandrel life: 100 extrusions
Mandrel cost per extrusion: $4.08

Total Conversion Gosts:

Die cost per extrusion $ 3.68
Mandrel cost per extrusion: $ 4,08
All other costs per extrusion: $46,29

TOTAL COST PER EXTRUSION: $54,05
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In order to determine the manufacturing costs for these tubes, the
starting material costs must be considered. The material costs for tubes
measuring 1l-inch OD x l-inch wall are:

7075 Al: $87.83/ft
4340 steel: $23.80/ft
Ti-6A1-4V: $296/ft

The manufacturing cost to produce tubes were determined as follows:

Starting Materials Cost + Conversion Costs _ $/ft
Length of Material Produced X

For example, for 4340 steel:

1€ feet = 815,28/ .
These manufacturing costs of hydrostatically extruding the tubes are shown on
Table XXVIII with selling price of the same tubes produced commercially.

The manufacturing cost for hydrostatic extrusion of these tubes allow
price markups from 59 to 112 percent, based on the selling price of commercial
tubes. These percentages for markups are generally considered ample in many
industrial operations and especially in the metals processing industry. These
data indicate that hydrostatic extrusion techniques may be able to produce
close-tolerance, large-diameter tubes at costs perhaps significantly below
those by conventional processing methods.

Hydrostatic extrusion techniques can produce large diameter seamless
tubing which have very thin walls which cannot be produced by conventional
tube making techniques. Ratios of wall thickness to diameter of 0.0l are
considered practical using hydrostatic extrusion techniques. An example of
this product would be a tube 10 inches OD x 0.100 inch wall x 60 inches long.
The only other common technique that could make this size tube would be shear-
forn ‘ng. The conversion cost of shear forming a tube of these dimensions will
be determined and then compared to making the same tube by hydrostatic extrusion.
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TABLE XXVIII. SELLING PRICE OF COMMERCIALLY PRODUCED 10-INCH
OD BY 1/2-INCH-WALL TUBES AND THE MANUFACTURING
COST OF A SIMILAR TUBE PRODUCED BY HYDROSTATIC
EXTRUSION TECHNIQUES

Selling Price Manufacturing Costs Potential Markups

of Commerically of Hydrostatically Using Hydrostatic

Material Produced Tubes Extruded Tubes Extrusion Techniques
7075 Al $ 75.00/ft $ 47.29/ft 67%
4340 steel(®) $ 26.47/ft § 15.28/ft 59%
Ti-6A1-4V titanium alloy $321.00/ft $151.38/ft 1127

(a) Price for this steel was assumed to be equivalent to that for 4130 steel which
was evaluated by Evans.
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Shear-forming costs were estimated from cost equations derived by
Evans, et al.(62) Equations were derived for shear-forming which separate
the material costs, tooling costs, material preparation costs and forming
costs. The material costs per pound would be the same for both shear-forming
and hydrostatic extrusion. The tooling costs for shear-forming are insignificant
for quantities in excess of 1000 pieces. Thus, only the equations dealing with
material preparation and forming costs were evaluated. Each of these equations
will be described and evaluated for production of a tube 10-inch OD x 0.l-inch
wall x 60 inches long.

. Material preparation consists of machining
the blank to obtain a good surface finish. These costs were evaluated fron the
following formula:

Cp = (0.00353 DG T) Ly

where,
Cp = processing costs in collars

D = tube OD, in.

H = tube length, in.

Y = machinability factor
= 0,333 for 7075 aluminum alloy
= 4,54 for Ti-6A1-4V titanium alloy
= 2,22 for AIST 4340 steel

L, = labor rate, $15.00/hr.

. The actual cost to shear form a tube was determined
from the following formula:

Cg=0.093DHXL q+ 000314 D¢t eHL
where,
Cg¢ = forming costs in dollars

X = forming factors
= 1 for mild steel
= 1,25 for aluminum and low alloy steel
= 4,0 for titanium
q = learning curve factor 0.3499
t = wall thickness, inch
e = material density
Ly = labor rate, $12.00/hr

All other terms are as previously deiined.
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The preceding cquations were evaluasted for producing tubes 10-1inch
OD x O.l-inch wall x 60 {inches long from Ti-6A1-4V itanium alloy, AISI 4340
steel, and 7075 aluminum alloy. The results of th {individual equations and
the sum of the equations which equals the total conversion cost are shown in
Table XXIX.

Hydrostatic Extrusion Costs for Producing
-Inch b ~Inch Wall Tubes

The hydrostatic extrusion processing costs of producing 10-inch OD
x 0.1-inch wall tubes were estimated from the following parameters and
tooling comsts:

Extrustion Cond{itions

Billet dimensiors: 10.75-inch OD x 9.80-inch ID x 8 feet long
Extrusion ratio: 5:1
Extrusion dimensions: 10~inch OD x 0.!-inch wall x 38 feet long
(allows 5 percent loss)
Dle Costs

Die blank size: 12~inch diameter x 4 inches long
Die blank weight: 128 1b
Die material: AISI-M-50

Material cost: $384

Machining cost: 225

Scrap allowance (15 percent material

cost) 57
Net die cost $552
Expected die life: 150 extrusions
(minimim)
Die cost per extrusion $3.68
Man oS

Mandrel blank size: 9.8~inch 0D x 120 inches long
Mandrel blank weight: 2560 1b
Mandrel material: AISI-D7

Material cost: $2560

Machining cost: 32664

Scrap allowance (15 percent

material cost) $ 384

Net mandrel cost: $4838

Expected mandrel life: 1000 extrusions

Mandrel cost per extrusion $4.84
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TABLE XXIX. COSTS FOR CONVERTING VARIOUS MATERIALS TO 10-INCH
0D X O.1-INCH WALL X 60-INCH LONG TUBES BY SHEAR-~
FORMING AND BY HYDROSTATIC EXTRUSION(a)

Material
Operation Ti-6A1-4V 4340 Steel 7075 Al

Shear-Formiog Copt

Materials preparation(a) $ 144.00 $ 70,50 $ 10.50

Forming (b) 11./2.00 367.00 366,00

Totel conversion cost/pc $1316.00 $437.50 ' $376.50
Hydrostatic Extrusion Cost

Material preparation(b) $1154,00 $564,00 $ 85,00

Extrusion 54,81 54,81 54.81

Total conversion cost (<) $1208.81 $618.81 $139,81

Total conversion cost/pc $ 172,68 § 88,40 $ 19,97
Conversion Cost Reduction/pc
by Hydrostatic Extrusion 87% 80% 95%

(a) The cross-section of the starting materisl for both processes measured
10.75 op x 9.8 ID,

(b) These costs were calculated from equations developed by Evana.(ez)

(¢) In hydrostatic extrusion 7 lengths of tube each 60 inches long are produced
in one operation.
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Total Conversion Cost

Die cost per extrusion: $ 3.68
Mandrel cost per extrusion: 4,84
All other costs per extrusion: 46,29
TOTAL COST PER EXTRUSION: ' $54,81

Hydrostatic extrusion conversion costs per 60-inch long tube would be:

$54,81 < 7 pc = §7.63/tube,

One hydrostatic extrusion would make 38 feet or seven tubes each 5 feet long,

To obtain the desired extruded tolerances it may be necessary to machire
the starting hydrostatic extrusion tube billet all over, much like the shear-
forming billet. The starting length of a hydrostatic extrusion billet was
assumed to be B8 times that of a shear-forming blank and therefore the machining
cost was estimated at eight times that for shear~forming., Adding this material
preparation factor to the hydrostatic extrusion conversion costs, the total
conversion costs for various materials were calculated and are shown in Table
XX1X.

Hydrostatic extrusion techniques are shown to be potentially capable
of producing large-diameter, thin-wall tubing at 80 to 95 percent less than
- cost of similar parts produced by shear-forming.

ody n [o)
of 2 Moderately Complex Shape

There are requirements in the aerospace industry for thin-section
extrusions of large circumscribed sizes., These sections are currently
produced by hot extruding relatively thick sections and then machining all
surfaces of the parts, The technical feasibility of drawing some shapes to
size using draw benches has been demonstrated elsewhere on various developmental
programs, but this operation apparently is not economically justifiable at
the present time. The hydrostatic extrusion process could use hot-extruded
sections as preformed billets and hydrostatically extrude the preform to
produce a finished thin-section part. This technique will be evaluated and
compared to & mechining cperation.
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There are infinite combinations of shapes and sizes that could be
compared; therefore, an arbitrary cize, shape, and material was selected as
a typical aerospace part. The part selected was a channel section of Ti-6Al-4V
titanium alloy, circumscribed by a 9-inch circle and assumed to measure 8
inches across the flat, have legs each 4 inches long, a total length of 30
feet, and have a uniform section thickness of either 1/4-inch or 1/8-inch.
Conventional extrusion techniques can produce such a shape which could have
E a section thickness from a minimum size of 3/8 inch up to 1-1/2-inches.

i The minimum section thickness of 3/8-inch is a function of the billet size
‘ needed to extrude a shape circumscribed by a 9-inch circle and is not an
absolute minimum for titanium alloys.

The processes that will be compared are:

(a) Conventionally hot extrude to a thick cross
section; straighten; machine lighvly all
over, and hydrostatically extrude 4:1 to
size (either 1/4 or 1/8-inch thick).

(b) Conventionally hot extruds to the minimum
section thickness (3/8 inch); straighten;
and machine to finish cross section (1/4-
or 1/8-inch thick).

osts drostatic
~6A1-4V Channels

An extrusion ratio of 4:1 was used for hydrostatic extrusion of
Ti-6A1-4V titanium alloy in this analysis although a 5:1 extrusion ratio is
theoretically possible. The reduced extrusion ratio will allow for a shape
factor which tends to increase the extrusion forces for given extrusion ratio.
The manufacturing costs of this channel would be:

Starting! -~ |Hydrostatic
Material| + lStraightening.]+ [Machining‘+ Extrusion
Costs l Costs J Costs Costs

= Cost/ft 1
Extruded Length

These costs were estimated as follows:
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(a) Sterting material cost

Base cost: $6.50/1b in an extruded shape

Finish Section
1/4 din. 1/8 in,

Starting material section thickness, in, 1-1/8 5/8
Starting material cost, $/ft 34.56 19,20
Starting billet weight per 8 feet, 1b 276,40 153,00
Starting billet cost $1824,77 $1013.76

(b) Straightening costs

It was 2ssumed that: (1) straightening is done immediately af .er
extrusion on a 35-ft stretch-straightener, (2) it requires 5
minutes of machine time, and (3) the labor required would be two
helpers each at $12/hr and one operator at $15/hr. Straighten-
ing cost per starting billet would then cost:

(2) ($12,00) + (1) ($15,00) . 3 min/hr _ $0.81

4 billets per operation 60 min

(¢) Machinipg Costs

Machining costs were estimated from the following formula developed
by Evans%ez) for milling costs:

C= 0.0166Zy Y(w,1,t) + 0.5755 nLpQ 0152

where:

0.0166 = a conversion factor between xminutes and hours
w,1,t = width, length, and thickness of cut (equivalent to volume removed)
Zm = reciprocal metal removal rate for B 1112 steel, 0,831 min/in.3
Y = machinability factor for Ti-6Al1-4V 4,54
0.5755 = allowance for novproductive time and inspection
L, = labor rate assumed to be $15/hour
Q = quantity

n = number of operations.
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Application of the preceding formula to remove 1/16 inch all over the
hvdrostatic extrusion blank results in a machining cost of $88.63.

{(d) Hvdrostatic Extrusion Conversions Cost

The hydrostatic extrusion conversion costs were calculated as

follows:
Die Cest
Die blank size: 12-inch diameter x 1-1/2 inches long
Die blank weight: 48 pounds
Die material: AISI-M50
Material costs: $143.90
Machining costs: 375.00
Scrap allowance (15 percent material cost): _ 21,58
Net die cost: $497.31
Expected die life: 150 extrusions (minimum)
Die cost per extrusion: $3.31
Total hydrostatic extrusion conversion costs:
Die cost per extrusion: $ 3.31
All other costs per extrusion: $46.29
(as shown in Table XX)
Net cost: $49.60
Costs fo ntional P ssi
s B - 8

The conventional hot extrusion proce’ss can produce a section thickness
as thin as 3/8-inch. This section would have to be straightened, and machined
all over to the final size. The manufacturing costs would be:

1
Starting f y

Material|+ [Straightening]-f [Machining
Costs s

(Extruded Length)

= Cost/ft

These costs were estimated as follows:
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Starting material cost:

Bast cost: $6.60/1b in an extruded shape:

Starting material section thickness, in, 3/8
Starting extruded weight, 1b/ft 11.5
Starting extruded welight per 30 feet, 1b 345.6
Starting extrusion cost: $2277.00

Sgraightening costs:

It was assumed that: (1) the straightening is done on a 35-foot
stretchstraightener, (?) it requires 5 minutes, and (3) the labor
required would be two helpers each at $12/hr and one operator at
$15/hr, Straightening cost per 30 foot section would then cost:

2) (512,000 + (1) ($15.00) 5 min/hr

1 extrusion 60 min

Machining costs:

Coste were determined to machine section thickness of 1/4 and 1/8-
inch from a 3/8-inch extrusion using the same equation applied to
the hydrostatic extrusion billet. These costs were found to be:

= $3.25

Finish Section Size

~1/4 1/8
Machining costs: $332.39 $670.15

Summarizing and adding the processing costs In Table XXX illustrate
that hydrostatic extrusion techniques can produce this channel from
40 to 75 percent cheaper than the conventional processing., This
analysis should be a typical comparison between the two processes,
since neither process was unduly restricted,.

e Ecol ic Analysis

Based on the assumptions stated in the preceding analysis, it may be

concluded that hydrortatic extrusion techniques can economically produce close-
tolerances, high quality products from « variety of materials. Examples of
these products and potential cost savings are as follows:
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TABLE XXX, PROCESSING COSTS OF T1-6A1-4V TITANIUM ALLOY CHANNELS

PRODUCED BY HYDROSTATIC EXTRUSION TECHNIQUES AND
CHANNELS MACHINED FROM HOT EXTRUSIONS

inish Section ze

Operation 1/4-inch  1/8 inch
hydrostatic Extrusion Costs
Starting material (8 ft billets) $1824.77 $1013.76
Straightening 0.81 0.81
Machining 88,63 88.63
Hydrostatic extrusion conversion 49,60 49,60
Total conversion cost $1963.81 $1152,80
Cost per foot $ 65,46 $ 38.43
Cost per pound $ 8.52 $ 10,00
Conventional Processing Cost
Starting material (30 ft extrusions) $2277.00 $2277.00
Straightening 3.25 3.25
Machinirng 332.39 670,15
Total cemversion cost $2612.64 $2943.40
Cost per foot $ 87.09 $ 98.11
Cost per pound $ 11,34 $ 25,55
Cost Savings per pound by
Hydrostatic Extrusinn 257 607
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(a)

(b)

(c)

@

(e)

Thin-wall, large-diameter tubes (10-~inch OD x 0,1 inch

wall) could be made from aluminum, steel, and titanium

at a respective potential savings of 95, 80, and 87 percent,
compared to tubes produced by shear forming.

Large-diameter tubes (10-inch OD x 0.5-inch wall) could
be produced from aluminum, steel, and titanium at a cost
that would allow potentisl markups of 67, 59, and 112
percent, respectively. These markups were based on the
market selling price of tubes made by conventional hot
extrusion followed by conventional tube drawing., These
markups are believed to be appreciable for the metal-
working industry and indicate that perhaps a potentially
significant cost saving may be possible by hydrostatic
extrusion,

Titanium hot extruded channel shapes may be re-extruded into
finished channel shapesby hydrostatic extrusion techniques
25 to 60 percent cheaper than hot-extrusion and machining
techniques currently employed.

Simple shapes of steel, titanium, molybdenum, nicke™based
alloys, and beryllium may be produced at a lower cost by
hydrostatic extrusion when the long die life achievable

in hydrostatic extrusion is related to that obtained in
the conventional extrusion operation. Die life in hydro-
static extrusion is predicted to be 10 to 30 times greater
than that in the conventional process.

Aluminum alloys can be hydrostatically extruded atr a lower
cost than conventional processing, independent of relative
die life, “ecause of the high extrusion exit speeds
obtainable 1. the hydrostatic extrusion proczssing of these
materials.
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Moaths

12
15

18

21

24

27

Milestone Points

El‘lg Lnge r L!B

Layout completed
Structural portion
Plate rolled
Material handling
completed

Foundation design
completed

200

Manufacturing

Forgings forged

High pressure con-
tairer finished

All Tittings
completed

5

k at Site

Foundation
completed

Press erection
completed, All
work completed
Press start-up

Test runs completed
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