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HIGH-PRESSURE METAL FORMING 

The use of extraordin::trily high prcssurcs offers 

a new approach to mctal-forming problems. 

ABSTRACT 

It has long been known that in an environ
ment cif very high pressure the ductility of 
most metals increases dramatically. In tlte 
past little practical use has been made of 
this remarkable phenomenon; however, re
cent developments today indicate that the 
forming and working of metals under high 
environmental pressures will soon become 
an industrial process of considerable im
portance. Specifically a pressure vessel cajJ
able of repeatedly generating fluid pressures 
up to 500,000 psi has been constructed, and 
economical techniques have been developed 
for using high pressures to perform extru
sion, tube expansion, deep drawing, tube 
flanging, and cutting operations. With the 
completion of current research an essentialfy 
new approach to metal-forming problems 
will be made available to the materials 
engzneer. 

HE WESTERN ELECTRIC Engi
neering Research Center is cur
rently exploring the nature of 

high-pressure metal forming. The 
work, which was undertaken in search 
of techniques for exploiting this com
paratively new process in regulal' 
manufacture, is still in its early stages, 
but the results to date have been grat
ifying. By the use of high-pressure 
techniques, ways have been found to 
make metal parts of improved qual
ity at reduced cost. Similarly, com
plex parts have been made in a single 
operation in cases in which several 
operations were previously required. 

Although in one sense all metal 
forming involves the use of high pres
sures (because high contact forces are 
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BROKEN UNDER ATMOSPHERIC PRESSURE 

BROKEN UNDER 150,000 PSI 

Figure 1. Increase in the ductility of 
steel under large hydrostatic pressure. 

needed to move the material plasti
cally), high-pressure metal forming is 
characterized by the use of high 
forces to alter the basic formability of 
the material. As described in the 
BACKGROUND on page 30, the fact 
that such alteration is possible has 
long been known as a laboratory 
phenomenon; however, until recently 
this phenomenon has not been devel
oped as an industrial process. Now as 
a result of recent developments high
pr~ssure forming includes a variety of 
processes that are designed to take 
advantage of the changes that occur 
in metals when they are subjected to 
enormous pressures. 

PROPERTIES OF 

METALS UNDER PRESSURE 

Of such changes the most dramatic is 
an increase in the ductility of the 
metal. As shown in the upper half of 
Figure 1, under normal atmospheric 
pressure a rod of 1112 steel pulled 
laterally in a test of tensile strength is 
subject to a certain degree of defor
mation before breakage occurs. As 
shown in the lower half of the same 
illustration, however, in an environ
ment pressurized (hydraulically) to 
150,000 pounds per square inch an 
identical rod tested in the same fash
ion is deformed to a much greater 
extent before breakage occurs.l 

The degree of deformation, or the 
measure of ductility, can be taken to 
be the ratio of the original cross-sec
tional area of the rod to the area of 
the neck of the deformed specimen. 
As shown in Table I, the increase in 
ductility so measured varies consider
ably with both the kind of metal and 
the pressure employed; however, in 
particular cases such as that of copper 
and certain types of steel the increase 
in ductility can be remarkable. 

At the same time the metal is not 
softened in any sense of the word; in 
fact, metal deformed under pressure 
can become harder and stronger than 
is usually the case. Again, as shown in 
Table I, the true stress at fracture in 
the test previously described is much 
higher under conditions of high pres-

1 The illustration pictures a y.(-inch tensile speci
men pulled at the Western Electric Engineering 
Research Center in 1964. 
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sure th::1l1 und er normal conditions. 
It would thus appear that under pres
sure the material follows the normal 
work hardening curve much farther 
before fracture OCCll rs. 

By elongating sam ples under pres
sure and the n retesting without pres
sure P. W. Bridgman found that the 
material retained the high strength 
developed under pressure and still ex
hibited greater ductility than speci
mens prepulled to the same hardness 
without pressure. 2 This effect gives 
rise to the suggestion that parts made 
by forming under pressure would 
have superior quality. The real sig
nificance of this idea is economic; 
parts made of inexpensive materials 
could become equivalent to parts 
made of more costly materials. 

In addition to the residual increase 
in strength, some of the historical 
data show that materials normally 
used for tools display a higher yield 
strength under pressure. The most 
noticeable such material is tungsten 
carbide, for which Bridgman notes an 
increase of about 3 to I in tensile 
strength under high pressure. 3 Since 
some of the useful materials for parts 
increase in strength to a lesser extent 
under the same conditions, it is evi
dent that tool life might be increased 
by conducting forming operations 
under pressure. 

Unfortunately, the fatigue strength 
of tool materials under pressure has 
not been examined; however, it would 
be rellBofHlblc to assume that this prop· 
erty is also improved. Such an im
provement would be very important 
in cold forming operations presently 
characterized by expensive tooling 
and frequent breakage. 

Under high pressure the torsional 
shear strength and frictional behavior 
of metals also change. As shown in 

2 P. W. BRIDGMAN, Large Plastic Flow and Fracture, 
McGraw-Hill Book Co., New York, 1952, pp. 
294-306. 
3 Ibid., p. 113. 
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TRUE STRESS AT INITIAL AREA 

MA'mRIAL PRESSURE (PSI) FRACTURE (Los) AREA OF NECK 

P. W. Brir~t;l/Ian: 

1045 Slcel Almospheric 176,000 2.2: I 
405,000 355,000 10.0:1 

1020 Sleel Atmospheric 112,000 2.5: I 
420,000 286,000 20.0:1 

Ketos' 82,000 351,000 1.3: 1 
Tool Sleel 334,000 640,000 4. 1:1 

Aluminum Atmospheric 22,000 5.7: 1 
410,000 63,000 20.0:1 

Copper Atmospheric 86,000 2.5 : 1 
410,000 100,000 20.0:1 

Brass Atmospheric 120,000 2.1:1 
390,000 194,000 3.7:1 

Tungsten Atmospheric 300,000 1.0:1 
Carbide 380,000 770,000 1.0: 1 

A . Bobrowsky: 

Tungsten Atmospheric 1.0: 1 
200,000 2.0:1 

Beryllium Atmospheric 1.1: 1 
390,000 5.0:1 

Molybdenum Atmospheric 3.0:1 
270,000 20.0:1 

L. F. Vereschagin: 

Brass Atmospheric 1.4: 1 
450,000 5.2:1 

Steel Atmospheric 2.3:1 
450,000 34.0:1 

H. L. D. Pugh: 

"Mild" Steel Atmospheric 3.4:1 
\ 

112,000 150,000 21.0: 1 

Copper Atmospheric 70,000 3.7:1 
44;800 115,000 33.0:1 

Table I. Tensile tests under hydrostatic pressure. 

MATERIAL PRESSURE (PSI) SHEAR STRESS (PSI) 

Indium 710,000 14,200 
142,000 3,550 

Aluminum 710,000 45,440 
142,000 ! 1,360 

Copper 568,000 69,580 

Nickel 710,000 123,540 
142,000 17,040 

Iron 710,000 142,000 
142,000 18,460 

Tungsten 710,000 163,300 
142,000 15,620 

Chromium 710,000 174,660 
142,000 45,440 

. Table II. Shear stress under pressure (after P. W. Bridgman). 
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Table II, when thin samples of dincr
ent metals are twisted between op
posing anvils, an increase in the pres-
ure exerted by the anvils results in 

increases in the torsional stresses re
quired to shear the samples ; however, 
the amount of increase in each case 
depends upon the specific metal in
voh·ed. This data can be of assis tance 
in the solution of metal-forming prob
lems. More particularly, the compar
atively low frictional increase exhib
ited by such materials as indium pro
vides a clue to the solution of high 
interface friction problems. 

PRESSURE 

GENERATING EQUIPMENT 

To take advantage of the unusual 
properties of materials under high 
pressure it is necessary to provide 
equipment capable of containing the 
tremendous forces required. At the 
same time-and this requirement is 
one of the more difficult aspects of 
high-pressure work-the equipment 
should also be capable of being cycled 
repeatedly. To these ends a number 
of methods are now available. 

The earliest form of high-pressure 
chamber, a piston and cylinder ar
rangement, continues to be the most 
useful for purposes of metal forming. 
Of such arrangements the simplest is 
a mono block design consisting of an 
open heavy-walled cylinder filled with 
suitable fluid and pressurized by pis
tons thrust in from either end. The 
pistons, which are made of material 
capable of withstanding heavy com
pressive stresses, normally include 
special sealing gaskets designed to 
prevent the leakage of fluid. 

This type of pressure vessel has a 
limited pressure-containing ability 
related to the yield strength of the 
fl'Httetial Elt the llurfaCe of the bore. 
Faupel has shown with good experi
mental agreement that the pressure P 
containable in such a vessel is given 
by 

P = S, (R2 - 1) 
-'V7-=3~R=4 =+~l 

where S, is the yield strength of the 
material and R is the ratio of the 
outer to the inner diameter. 4 

Figure 2. Use of a tapered bore jack
et provides added radial support. 

From this formula it can be seen 
that, even if the wall thickness of the 
vessel were increased indefinitely, the 
containable pressure would approach 
a limiting value equal to the yield 
strength divided by the square root 
of three. For the strongest available 
material, which has a yield strength 
of 300,000 psi, the maximum con
tainable pressure in this type of vessel 
is thus less than 173,205 psi. 

The situation can be improved 
considerably by making the vessel out 
of a series of shrunk rings such that a 
• J . H . FAUPEL, "Yield and Bursting Character
istics of Heavy-Wall Cylinders," TrallSaclions, 
American Society of Mechanical Engineers, July 
1956. 

BRIDGMAN ANVIL 

Figure 3. Conical anvils used for 
testing torsional shear strengths. 

tangential compressive prestress ex
ists at the bore before pressurizing. 
Yet even with this improvement lim
iting pressures are less than 250,000 
psi. 6 Furthermore, if the pressure ves
sel is to be used for production cy
cling, it is necessary to use fatigue 
strength in place of yield strength as 
the measure of strength. In this case 
the maximum usable pressure be
comes only about 150,000 psi for the 
best possible design. 6 

To attain higher pressures it is nec
essary to apply a radially supporting 
force to the outside of the pressure 
vessel. Bridgman found a way of sup
plying the required support by using 
a tapered bore jacket. As shown in 
Figure 2, the tapered jacket was 
forced down onto a pressure vessel 
designed with a matching taper on its 
outside surfaces. By coordinating the 
application of this support with the 
rise in pressure inside the vessel he 
was able to develop fluid pressures up 
to 450,000 psi. 7 

Although it is very useful, this type 
of equipment suffers from the diffi
culties involved in coordinating the 
increase in the radial pressure with 
that of the fluid pressure. In addition, 
variations in friction between the 
tapered members are hard to over
come. 

On the other hand, the application 
of high pressure need not utilize fluid. 
For example, for testing thin mate
rials under high pressure (as is nor
mally done in torsional shear or fric
tion tests) two opposing conical anvils 
are urged together by a press, as 
shown in Figure 3. While the sample 
compressed must necessarily be very 
thin to avoid extrusion out from be
tween the ends of the anvils, it is pos
sible to produce extremely high pres
sures by this method. 

The pressures are made possible 
because the compressive forces, which 

• The prestress provided at the bore by the 
shrunk rings can be added directly to the yield 
strength of the material. When a maximum pre
stress of 150,000 psi at the bore is added to a 
maximum yield strength of300,000 psi, Faupel's 
equation shows a limiting pressure of approxi
mately 250,000 psi. 

e This figure is based upon a fatigue strength of 
130,000 psi and a preslress compression of 
130,000 psi. 

1 P. W. BRIDGMAN, Op. Cit., p. 38. 
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are concentrated over a small area at 
the point of applica tion, spread out 
quickly thro ugh the conical configur
ation behind the sample; thus the 
overall stresses are not large. This 

BACKGROUND-The Discovery of High-Pressure Phenomena 

The eOcct of high pressure on the prop
erties of metal was first noted by P. W. 
Bridgman in 1912. H is early work, which 
was described in a paper published in 
The Ph)'J'icaL Review, dealt with the be
havior of steel and copper cylinders col
lapsed by immersion in high-pressure 
fl uid .1 T he pressures used ranged up to 
180,000 psi. One of the effects noted was 
that under these condi tions the plas tic 
flow was much more extensive than that 
normally encountered before rupture . 

The same year Bridgman also pub
lished a paper dealing with the fracture 
of rods subjected to rad ia l pressure along 
portions of their leng ths .2 In this work 
the peculiar effect termed "pinch-off" 
was fi rst revealed. Pinch-off is the phe
nomenon by wh ich a radial hydraulic 
pressure of sufficient intensity causes a 
rod to sever with a tensile type of frac
ture, even though the rod ma y be com
pressed axially. 

Continuing his research into high
pressure physics, Bridgman concentrated 
on methods of generating high fluid 
pressures, with which he performed ex
periments in many areas-such as com
pressibil ity, electrical resistance, and 
phase changes under high pressure. In 
the course of this work he developed 
p iston a nd cylinder equipment useful 
for laboratory experiments at pressures 
up to 450,000 psi.3 During the period 
from 19 12 until 1940, however, most of 
the work had li ttle specific bearing on 
problems of metal forming. The one ex
ception was a series of experiments 
measuring the torsional shear of speci. 
mens compressed between carbide an
vils a t pressures up to 750,000 psi; these 
experiments provided coefficient-of-fric-

1 P . W. BRIDG~IA N. " The Compression of Thick 
Cylinders under Hydrosta tic Pressures," Physical 
Review, Vol. X X XIV (19 12), pp. 1-24. 

2 P. W. BRIDGMA:-.1 , " Breaking T ests under Hy
dros ta tic Pressure and Conditions of Rupture," 
Philosophic M agazine, Vol. XXIV ( 1912), pp. 
63-80. 

3 P. W. BRIDGMA:-.', Large Plastic Flow and Fracture, 
:'vfcGraw-Hill Book Co., New York, 1952, p: 38. 
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tion and shear-strength da ta that are 
extremely useful in the a na lysis of cer
tain metal-formi ng situations.' 

At the outbreak of World War II re
sea rchers a t the Nava l R esearch Lab
oratories observed inexplica ble behavior 
associa ted with the im pact of projectiles 
against armor plate . As a result Bridg
man was consul ted a nd subsequently 
given research contracts to conduct fur
ther studies into the effect of high pres
sure on metal deforma tion. During this 
period he developed his celebrated ten
sile tests under pressure (see Figure I) 
and proved the dependence of ductility 
on pressure.5 

Having already developed piston-cyl
inder equipment for generating fluid 
pressures up to 450,000 psi, Bridgman 
found it re latively simpl e to incorporate 
a tensile testing setup in which move
ment of the high-pressure piston en
countered one of the grips holding the 
test specimen a nd moved it so as to 
cause elongation. By measuring the 
pressure in rela tion to the stroke of the 
piston he could determine the final plas
tic behavior of the part a t a given pres
sure. It was characteristic of Bridgman's 
test that the environmental pressure was 
not constant but rather increased line
arly with the extension of the part. This 
condition obtained because he depended 
upon the compressibility of the fluid to 
allow the piston to move sufficiently to 
elongate the specimen. 

In addition to the simple tensile tests 
under pressure Bridgman also made uni
axial compression tests and tensile tests 
on hollow cylinders. Most of this work, 
and particularly the tensile tests, dealt 
with alloys of steel. Also, in his search 
for better piston materials, he made 
compression tests under pressure on ma
terials such as tungsten carbide, dia
mond, and sapphire rod. Finally, Bridg
man conducted experiments in the use 
of pressure to punch holes in steel plate,6 

• Ibid., pp. 279-292. 
• Ibid., pp. 39-86. 
8 Ibid., pp. 134-141. 

concept is the principle of "massive 
support" developed :'very effectively 
by Bridgman. Although the particular 
equipment described is not used in 
metal-forming operations, it docs 

and he made attempts to draw wire 
under pressure.? In general , this period, 
which culminated in Bridgman's receipt 
of a Nobel prize in 1946, was extremely 
fruitful in that it provided much funda
mental data relating material behavior 
to pressure. 

Since that time a number of other 
workers have duplicated and improved 
on the ·Bridgman techniques of deform
ing metal under pressure. In Russia 
L. F. Vereschagin duplicated the tensile 
test apparatus and repeated the Bridg-' 
man tests on steel. 8 Vereschagin carried 
the work up to slightly higher pressures 
and included other metals such as cop
per, brass, and aluminum. In addition, 
he was one of the first to extrude round 
and shaped rods under high pressure. In 
Scotland H. L. D. Pugh , using similar 
apparatus, performed both tensile testing 
and wire drawing. 9 Pugh's tensile appa
ratus was a decided improvement over 
Bridgman's in that Pugh found a way to 
keep the pressure constant throughout 
extension of the part. He was also suc
cessful in photographing the neck region 
of the specimen during the test. In this 
country A. Bobrowsky has been per
forming tensile tests under pressure on 
difficult materials such as tungsten, 
beryllium, and molybdenum.1° He has 
also made compression, bending, and 
extrusion tests under pressure. As de
scribed in the article, much of the data 
compiled by these researchers is of fun
damental importance to the metal
forming field . 

1 Ibid., pp. 174-1 79. 

8 E. 1. BERESNEV and L. S. VERESCHAGIN (trans
lation by Morris D. Friedman), Large Plastic 
Deformation of Metals at High Pressures, AKAD. 
MAUK Press, Moscow, 1960, pp. 1-11. 

• H. L. D. PUGH, "The Mechanical Properties 
and Deformation Characteristics of Metals and 
Alloys under Pressure," NEL Report No. 142, 
Mechanical Engineering Laboratory, Glasgow. 

10 A. BOBROWSKY, E. A. STACK, and A. AUSTEN, 
"Extrusion in Drawing Using High-Pressure 
Hydraulics," Technical Paper No. SP65-33, Amer
ican Society of Mechanical Engineers, 1964. 
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serve to poin t the way toward eOcc
tive designs utilizing this principle. 

Another type of pressure-generat
ing cquipment that mighl possibly be 
applied to metal forming is the l1lu lti
pie-anvil press introduced by H. T. 
Hall.S This apparatus, which was used 
in the early work to sYl1lbesize dia
mond, is used extensively today in 
materials investigations, particularly 
those in which high tempera tures as 
well as high pressures are required . 
As shown in Figure 4" the equipment 
consists of four or more t runcated 
pyramidal anvils that can be driven 
together by hydraulic cylinders to 
enclose and apply pressure to a cen
tral volume in the shape of a tetra
hedron or cube. Initially, the anvils 
are separated by a pyrophyllite gas
ket shaped to line the closure space 
and enclose the test sample. Pyro
phyllite has the ideal properties of 
becoming compressible and ductile 
under high pressure and also of hav
ing an extremely high coefficient of 
friction-the latter property allowing 
it to maintain its sealing position 
without extruding outward. In addi
tion, pyrophyllite is machinable and 
an excellent insulatOr of heat. 

Very similar to the multiple-anvil 
press is the General Electric "belt ap
paratus", which consists of two coni
cai high-pressure pistons surrounded 
by a cylinder having a matched taper 
at its ends .9 With this design and the , 
use ofpyrophyllite gaskets, the action 
of the pistons entering from either 
end can subject the enclosed cylindri
cal volume to enormous pressure. In 
fact, both the press and the belt ap
paratus are capable of generating 
pressures in the neighborhood of 
2,000,000 psi; however, the fact that 
expensive ga~keting is employed and 
diseanled aftet each operation makes 
it difficult to find appropriate metal
forming applications. 

Fortunately, most metals enjoy a 
great increase in ductility without 
being subjected to more than 200,000 

8 ALEXA"'DER ZEITLIN, "Equipment for Ultra
high Prcs~ures," IvlechanicaL Engineering, October 
1961, pp, 37-43, 

• H, T, HALL, "Ultrahigh Pressure, High-Tem
perature Apparatus, The Bel t", Review of Scien
/ific Ins/rumen/s, Vol. XXXI, No.2 (February 
1960), pp, 125-131. 

PYROPHYLLITE 
GASKET 

TEST 
SAMPLE 

ANVILS 

Figure 4, Multiple-anvil press 
first used to synthesize diamond, 

psi; in fact, the more commonly 
formed materials such as copper, 
brass, and aluminum reach maximum 
ductility at pressures below 100,000 
psi. For this reason the shrunk-ring 
eylinder, despite its limitations, is by 
far the most widely used for metal 
forming. 

A NEW PRESSURE VESSEL 

To form the more difficult materials 

Figure 5, A self-sealing high-pressure 
vessel capable of repeated cycling, 

• 11 -1 ; -_ .. _ .... _._ ... -_ ...... 

it is desirable, nevertheless, to have a 
vessel capable of cycling repeatedly 
up to 500,000 psi. Such a vessel has 
recently been developed at the West
ern Electric Engineering Research 
Center. Incorporating many of the 
outstanding features of the higher
pressure equipments, the new vessel 
can also be as easily loaded and un
loaded as the simple piston-cylinder 
devi ce . . 

------

As shown in Figure 5, the new pres
su re vessel is primarily a relatively 
thin-walled cylinder made of hard 
material. The particular cylinder di
agrammed has a two-inch bore and a 
seven-inch working length. To sup
port this chamber a number of radial 
segments are mounted to its outer 
surfaee a'nd held in place by a thin 
press-fit ring. The whole assembly in 
turn is enclosed by a shrunk-ring 
jacket that will contain a pressure of 
60,000 psi without fatigue. In addi
tion, to support the ends of the cham
ber and prevent high fluid pressure 
from "pinching off" the chamber 
wall conical members are provided 
at the top and bottom. The lower one 
is threaded into the outer jacket, and 
the upper one is made to act as a hy
draulic piston. Finally, passageways 
are drilled through the upper cone to 
allow fluid to pass from the region 
just above the high-pressure chamber 
out to the large jacket. 

In operation of this pressure vessel, 
the inner chamber, into which the 
part or test sample is placed, is filled 
with fluid, and a hydraulic press is 
used to force the upper piston into 
the top of the chamber. As the action 
of the piston increases the pressure of 
the fluid, the chamber tends to ex
pand and thereby permit fluid to leak 
pa~t the close-fitting piston. This 
fluid flows through the special pas
sageways out to the containingjacket, 
where the fluid applies pressure to 
the outside of the radial segments and 
to the top of the conical end support. 
The segments and the end support in 
turn transmit the pressure inwards to 
the inner chamber, which closes down 
on the piston to stop further leakage. , 

Since the supporting fluid pressure 
in this design aets over a large area 
while the high-pressure fluid within 
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the working chamber acts on a com
paratively small surface, equilibrium 
can be maintained with small jacket 
pressures. For the particular appara
tus shown, for example, the jacket 
pressure does not cxceed 60,000 psi 
when the working pressure is 500,000 
psi. Furthermore, the inner cylinder 
expands and contracts by only a 
slight amount that is well within the 
elastic limit of the material. The lim
iting L'lctor in the design is thus the 
compressive strength of the piston. 

SEALS AND FLUID 

The seals used in high-pressure form
ing are quite simple. As shown in 
Figure 6, a typical seal consists of a 
beryllium copper anti-extrusion ring 
mounted against a tapered seat and 
supported by a soft cup packing. 
When pressure is applied through the 
packing, the ring, which is pressed 
against the tapered seat, moves so as 
to seal the interface of piston and cyl
inder. For repeated cycling it is best 
to use th e minimum possible shoulder 
angle. In addition, it is much better 
to mount the seal in the cylinder wall 
than in the piston. In the former posi-

TYPICAL SEAL 

CYLINDER SEAL PISTON SEAL 

Figure 6. Typical high-pressure seals. 
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tion less extrusion and flexure of the 
beryllium ring occurs, and it also be
comes unnecessary to fill the chamber 
to a precise level. 

Another major area of concern is 
selection of a suitable working fluid. 
For a given form ing operation the 
ideal fluid would be one that pos
sessed a reasonably high viscosity at 
the beginning of the pressure cycle 
and a much higher viscosity with still 
reasonable mobility at the height of 
the pressure cycle. The increasing vis
cosity is helpful because it makes seal
ing easier. This consideration very 
often turns out to be the deciding fac
tor determining the success or failure 
of high-pressure forming, because the 
seal is necessarily at a tool and work-

I piece interface where gaskets cannot 
be used. In addition, the fluid should 
possess good lubricity. 

At present castor oil, kerosene, and 
gasoline with additives to increase "lu
bricity are being used successfully, 
but these fluids leave much to be de
sired. Better fluids must be discovered 
or developed. Furthermore, since most 
fluids solidify at pressures within the 
500,000 psi range, work should be 
done to determine the properties of 
fluids after solidification. There will 
be processes in which it could be help
ful to have the fluid solidify providing 
it retains a certain amount of plas
ticity. 

EXTRUSION 

The first high-pressure forming proc
ess to be used successfully was extru
sion. Bridgman extruded copper with 
a 16 to 1 reduction of cross-sectional 
area by high-pressure methods, and 
he proved the practicality of the 
process. 10 

As shown in Figure 7, high-pressure 
extrusIon IS similar to c(,)l'I.ventir}nnl 
ram extrusion except for the fact that 
fluid rather than mechanical ram 
pressure is applied to the billet. In 
addition, the billet is surrounded by 
high-pressure fI uid. With this arrange
ment friction between the billet and 
container is entirely eliminated, and 
more radial force is applied to the 
outer surface of the billet than is con
ventionally the case. 
10 P. W. BRIDGMAN, op. Cit., p. 178. 
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HIGHER PRESSURE DIE 
(TO 500,000 PSI) 

\ 

HIGH PRESSURE 
RAM 

BILLET LOW PRESSURE 
RAM 

Figure 7. High-pressure extrusion. 

The result of this more favorable 
stress field is that greater reductions 
of area can be made with lower ram 
pressures. A further advantage is 
found in better lu brieation of the die. 
Finally, material extruded in this 
fashion has a much more uniform 
hardness across the diameter than 
material extruded conventionally. 

For some materials the extrusion ' 
pressure required is not high enough 
to cause the transition to ductility 
previously described. In these cases 
it is only necessary (as shown in Fig
ure 7) to create an environmental 
pressure at the exit end of the extru
sion die to prevent extrusion until a 
higher pressure is built up within the 
chamber. 

A number of researchers have used 
trus technique successfully to extrude 
difficult materials. Pugh used it to ex
trude magnesium, bismuth, and ti
tanium.!1 Bobrowsky has extruded 
sound rod of tungsten, beryllium, and 
molybdenum. 12 R. J. Fiorentino at 
Battelle Memorial Institute has done 
a great deal of research into the extru
sion of 4340-steel round and shaped 
rod and has also succeeded in extrud
ing aluminum at a 200 to 1 reduction 
of area. 13 In the ligh t of this work it is 
evident that high-pressure extrusion 
may SMfl bec(')me e(')mmereiully im
portant in the manufacture of wire 
and high-strength rod. 

11 H. L. D. PUGH, "The Mechanical Properties 
and Deformation Characteristics of Metals and 
Alloys under Pressure," NEL Report No. 142, 
Mechanical Engineering Laboratory, Glasgow. 

12 A. BOBROWSKY, E. A. STACK, and A. AUSTEN, ' 
"Extrusion in Drawing Using High-Pressure 
Hydraulics," Technical Paper No. SP65-33, Amer
ican Society of Mechanical Engineers, 1964. 

11 F. J. FIORENTINO, Final Report on Investigations 
of Hydrostatic Extrusion, Battelle Memorial Insti
tute, January 1965. 
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Fig. 8. Tubing expanded under high pressure. 

EXPANSION OF TUBING 

One of the first high-pressure forming 
processes to be used at Western Elec
tric was a new method for expanding 
tubing. With this method it is possi
ble to increase the diameter of sec
tions of tubing by as much as 100 per
cent without simultaneously decreas
ing the thickness of the wall of the ex
panded section. Such a part is pic
tured in Figure 8. By contrast, by 
conventional methods a tube of cop
per can be expanded only 30 percent 
before fracture; furthermore, the wall 
thickness in the expanded section be
comes quite thin. 

As diagrammed in Figure 9, the 
device used to perform the expansion 
consists basically of a high-pressure 
cylinder the inner diameter of which 
corresponds to the outmost diameter 
of the desired part. At one end of this 
pressure chamber a plug shaped to 
receive one end of the tubing is 
pressed into the chamber. Between 
this plug and the chamber the inter- I 

ference fit is such that the fluid pres
sure within the chamber can become 
high enough to increase the ductility 
of the tubing before the chamber ex
pands and permits fluid to escape. At 
the opposite end of the pressure cham-
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Figure 9. The tubing expansion apparatus. 
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bel' a sliding' die constructed to incor
porate a cavity [or containing the 
other end of the blan k is inserted. A 
seal prevents leakage of fluid from 
around this die. Finally, a high-pres
sure piston is mOll n ted so as to feed 
fluid into one end of the tubing. 

In operation , the apparatus is 
placed into a double-ram press in 
which the sliding die is forced into 
the pressure chamber to compress the 
blank axially and increase the fluid 
pressure extern~l to the blank. Simul
taneously, the opposing ram of the 
press forces the high-pressure piston 
in to raise the fluid pressure within 
the tubing and so expand the tubing. 
The tubing is thus shortened as it is 
expanded, and the thickness of the 
walls remains unchanged. 

The means of control shown in the 
illustration consists of a pressure trans
ducer to monitor the internal pres
sure, a linear potentiometer to meas
ure the degree of compression of the 
blank, and an X -Y plotter to display 
the operational relationship between 
these two variables. By operating in 
accordance with different curves on 
the plotter, one can experiment with 
various pressure-compression rela
tionships. 

In the production operation cam
operated pressure control is employed, 
and a loading pin is used to hold the 
part before and after forming. In ad
dition, the chamber is maintained 
constantly full of fluid . With this ar
rangement the whole operation takes 
only about 20 seconds. As a result the 
production cost of expanding tubing 
by this method is about 15 times less 
than the cost of performing the oper
ation by previously known methods. 

DEEP DRAWING 

Another important application of 
high-pressure metal forming is found 
in the drawing of shells. High pres
sure has been used successfully to 
draw deep shells from blanks of alum
inum, copper, brass, and steel. With 
this technique it is possible to obtain 
a blank-to-shell-diameter ratio of as 
much as 4 to 1 in such a material in a 
single drawing operation. In addi
tion, shells have been drawn in which 
the thickness of the walls have been 

• , • .-, , ' ,J;.ti .... W ........ ""11- . !. :..J 

reduced to 4·0 percent of the thickness 
of the blanks. This consideration 
makes it possible to draw very long 
shells from comparatively small 
blanks. 

Bycontrast, withconventional tech
niques the maximum blank-to-shell
diameter ratio obtainable in a single 

, draw is only about 2.2 to 1. Further
more, while this ratio applies to very 
drawable material such as cartridge 
brass or mild steel, some of the more 
difficult materials can only be drawn 
slightly. In consequence, the new 
method has so far been shown to re
place as many as four successive con
ventional drawings with intermedi
ate annealings of the part. Finally, 
with conventional techniques the 
thickness 'of the shell wall remains the 
same as the thickness of the blank. 

A simplified method for deep draw
ing under pressure is illustrated in 
Figure 10. As in the conventional 
process a draw die, a hold-down plate, 
and a drawing punch are provided, 
but they are enclosed within a high
pressure chamber. In operation, the 
chamber is filled with fluid, and a 
piston is used to raise the pressure of 
the fluid. The high fluid pressure 
serves both to increase the ductility 
of the blank and to assist the drawing 
operation. The latter effect occurs 
because the draw punch is made to 
include a shoulder so that the fluid 
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Fig. 10. Deep drawing under high pressure. 
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will press the puneh downward into 
the blank. For difficult materials a 
back pressure can also be employed 
much as is done in fluid extrusion 
work. 

To provide a measure of quality, 
some of the shells made by the new 
process were sectioned, as shown in 
Figure 11, and micrographs were 
made to check the grain structure 
and hardness of the drawn material. 
In the case of copper it was found 
that shells made with a 4 to 1 blank
to-shell-diameter ra tio possessed a 
hardness of Rockwell B-75 in the 
drawn walls. This temper is equiva
lent to that of extremely hard-drawn 
copper wire; however, the parts have 
retained considerable toughness. 

TUBE FLANGING 

In many cases it is desirable to fabri
cate heavy flanges on the ends of 
thin-walled tubing. Conventionally 
this operation is performed by either 
soldering or welding a specially con
structed plate onto either end of the 
tubing. If, however, it is necessary to 
maintain the inside dimensions of the 
tubing within close tolerances, heat 
distortion during the flanging process 
makes it necessary subsequently to 
re-size the tube opening. The re
sizing operation is particularly neces
sary in the case of copper microwave 
transmission lines, which are manu-

Figure II. Section of a shell drawn under 
high pressure. (Shown with original blank.) 
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facturecl at Western Electric in con
siderable quantities in various sizes 
ranging from about 1 to 3 inches in 
diameter. 

With this type of product in mind a 
high-pressure process was developed 
to perform the flanging operation. In 
principle the new process is the re
verse of high-pressure deep drawing. 
Since no heat distortion takes place 
during the process, subsequent re
sizing of the tubing is unnecessary. 

The first successful method for 
forming flanges with high pressure is 
diagrammed in Figure 12. In this 
process the tubing to be flanged is 
supported on a mandrel and placed 
within a high-pressure chamber filled 
with fluid. As a hydraulic ram pushes 
the mandrel farther into the cham
ber, a step on the mandrel pressurizes 
the fluid, which in turn forces the end 
of the tubing to start moving through 
an extrusion die opening at the end of 
the chamber. On the other side of 
this opening a back-up die is located 
in close proximity to the face of the 
extrusion die. Between the two dies 
just enough space is provided to per
mit the lip of the tube to flair out
ward into a flange limited ultimately 
by a retainer ring. The back-up die, 
which is supported by a hydraulic 
cylinder, requires about 100,000 psi 
contact pressure from the flange ma
terial before the die will back off and 
so allow the thickness of the flange to 
increase. This resistance provides the 
high hydrostatic pressure required to 
raise the flange ma terial into a state 
of higher ductility and thus make 
possible the flow of tubing metal into 
the flange. 

This technique proved highly suc
cessful, and a number of small flanges 
of aluminum tubing were made with 
the apparatus described. This appar
atus, however, possessed two serious 
disadvantages that limited its appli
cation. First, since some of the parts 
to be made ranged up to 12 feet in 
length, loading and unloading the 
apparatus posed a difficult problem. 
Second, if flanges were to be placed 
on both ends of a piece of tubing-as 
is normally the case-the extrusion 
die would have to be split to allow 
removal. With such a split die it 

FLUID UNDER 
PRESSURE 

PRESSURE VESSEL 

STEP 

MANDREL 

TUBING 

I I~~~- EXTRUSION DIE 

RETAINER RING 

FlANGE (FORMED AT 
100,000 PSI) 
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Figure 12. Early method for form
ing a flange under high pressure. 

would have been very difficult to seal 
the chamber against fluid leaks at 
pressures up to 300,000 psi. 

In view of these considerations the 
apparatus has finally evolved into 
that shown in Figure 13. In place of 
the fluid previously used to contain 
the tube a Teflon jacket now sur
rounds the part. The back portion of 
the jacket is made thin so that friction 
prevents the jacket from transmitting 
high back pressure along the tube; as 
a result the tube can project out of 
the device into the open without giv
ing rise to the problem of "pinch off" . 
In operation, the pressure in the Tef
lon jacket is raised to a high level-

TUBING 

MANDREL 

TEFLON 
200,000 PSI 

Figure 13. Present method for form
ing a flange under high pressure. 
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Fig. 14. Tubing flanged under high pressure. 

200,000 to 300,000 psi-and the tub
ing is thus locked by friction to the 
surface of the mandrel. Now the man
drel can be pushed, or preferably 
pulled, to cause the tubing to extrude 
into the flange forming cavity against 
the back-up die. With this design the 
extrusion die can be split, because it 
is easy to seal the high-pressure cavity 
against extrusion of T eflon plastic. 

As illustrated by some of the parts 
made from it (Figure 14), this version 
of the flanging process is highly suc
cessful. Flanges possessing thicknesses 
of over eight times the original wall 
thicknesses have been produced. In 
this regard one of the interesting fea
tures of the process is that, after a cer
tain flange thickness has been reached, 
li ttle or no additional pressure is re
quired to continue flange growth. 
Within the flanges themselves the ma
terial reaches hardness levels greater 
than Rockwell B-80 and here again 
retains toughness. I n fact, in' the case 
of 3-inch copper tube the flange ma
terial has as high a yield point as the 
stainless-steel flange previously used. 

It might be well at this point to em
phasize the fact that the flanging 
process, although making use of the 
classic Bridgman pressure-ductility 
relationship, does not employ fluid. 
T he process thus points the way to a 
broader, more effective approach to 
metal-forming problems. 

CUTTI~G OPERATIONS 

While hole-punching, blanking, and 
cutting-off operati oTl s are not usually 
considered metal forming, high-pres
sure fl uids have been used for these 
purposes. Some of the processes de
serve mention. 

I n the case of fl ange fo rming it was 
found that, if the tube had a smooth 
inner edge of uniform radius, the pre
liminary flaring movement was made 

much easier. Such a curved edge can 
be obtained quickly and easily by us
ing high-pressure flu id to cu t off the 
tube. By surround ing the tube wiLh a 
sharp-edged die and then delivering 
fluid pressure to the inside of the tube 
opposite the die, it is possible to cut 
the tube wall neatly in such fashion 
that the inner edge of the end of the 
tube is smoothly curved over almost 
one-half the thickness of the wall. 

A similar cu tting opera tion can be 
used to pierce holes in tubing. In one 
case, for example, it was desired to 
pierce a section of waveguide with 
a number of holes all possessing 
smoothly curved inner edges. By lo
cating die plates on the outside of the 
waveguide and subj ecting the inside 
of the waveguide to high-pressure 
fluid, all the desired holes were 
punched simultaneously. 

CONCLUSION 

In summary, the major advantage of 
high-pressure metal forming lies in 
the ease with which otherwise sepa
rated operations can be combined. 
Not only can greater deformation bc 
produced in a single operation, but 
also different areas of a part can be 
shaped simultaneously by hydrostatic 
pressure. Thus some very complex 
shapes can be made at comparatively 
low cost. And, of course, improved 
material strength is almost always 
obtained as a result of the use of high 
pressure. 

Although much progress has been 
made in the field of high-pressure 
metal forming, considerable develop
ment effort is still required. In par
ticular, research will be of great value 
in the following areas: 
1. Development of long-life seals for 

very high pressures. 
2. Investigation of fluid viscosities 

and solidification characteristics 
under pressure. 

3. Investigation of the strength and 
fatigue properties of to.ol steel un
der high pressure. 

4. Thorough study of the properties 
of materials after deforming under 
pressure. 

5. Evaluation of the friction proper
ties displayed by material within a 
high-pressure environment. 

6. More extensive and varied tests of 
ductility under pressure to obtain 
formability data . 

With the proper completion of work in 
these areas the future of high-pressure 
forming seems unlimited. Applica
tions for the new processes are numer
ous, and more are suggested each day. 

Aside from the potentially large 
use of high-pressure forming tech
niques, the new development pre
sents the materials engineer with a 
new and very fundamental approach 
to forming. He is no longer limited by 
the handbook values of elongation or 
reduction of area. By the use of suit
able pressure he can select the level of 
ductility he needs for the particular 
job at hand. Even more important, 
he now knows the absolute level and 
directionality of the stress field that 
must be applied to the workpiece to 
form a desired part. With this knowl
edge the materials engineer is armed 
with a very powerful technique for 
working out process design details. 
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