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FOREWORD 

This final technical report in two volumes covers the work performed under Con-
tract AF 33(615)-3190 from 1 December 1964 through 8 July 1967. Volume I covers the "-
results of the experimental work in hydrostatic extrusion and Volume II contains the 
work relative to design and construction of high-pressure hydrostatic extrusion con-
tainers. The manuscript was released by the authors o;n 29 September 1967 for publica-
tion as an AFML technical report. 

This contract with Battelle Memorial Institute of Columbus, Ohio, was initiated 
under Manufacturing Methods Project No. 8-198, "Development of the Manufacturing 
Capabilities of the Hydrostatic-Extrusion Process". It was administered under the 
technical direction of Mr. Charles S. Cook until September 1965 and then by 
Mr. Gerald A. Gegel of the Metallurgical Processing Branch .{MArB), Manufacturing 
Technology Division, Air Force Materials Laboratory, Wright-Patterson Air Force 
Base, Ohio. 

The program was conducted at Battelle with the prime responsibility assigned to 
the Metalworking Research Division and with Mr. R. J. Fiorentino, Associate Chief, 
as Project Engineer. Others contributing to the program were Mr. B. D. Richardson, 
Research Metallurgical Engineer, Mr. G. E. Meyer, Research Metallurgical Engineer, 
Mr. F. W. Fawn, Technician, Mr. A. M. Sabrofi, Division Chief, and Mr. F. W. 
Boulger, Senior Technical Advisor. The late Mr. W. R. Hansen, Research Metallur
gist, made a significant contribution to the program up to the time of his death in 
August, 1966. Mr. R. L. Jentgen, Associate Chief in the Structural Physics Division, 
assisted in the fluid and lubrication studies of the program. Dr. J. C. Gerdeen, 
Senior Research Mechanical Engineer in the Advanced Solid Mechanics Division, con
ducted the stress analysis for the high-pressure-container-design study. Mr. E. C. 
Rodabaugh, Mr. M. Vagins, Senior Mechanical Engineers, and Mr. T. J. Atterbury, 
Chief of the Applied Solid Mechanics Division, also assisted in this study. Mr. R. E. 
Mesloh, Research Mechanical Engineer of the Applied Solid Mechanics Division, de
signed an instrument for measuring fluid pressure at elevated temperatures. Data from 
which this report has been prepared are contained in Battelle Laboratory Record Books 
Nos. 21799, 21990, 23065 , 23287, 23585, 23791, 23836, and 24446. 

This project has been accomplished as a part of the Air Force Manufacturing 
Methods program, the primary object of which is to develop, on a timely basis, manu
facturing processes, techniques, and equipment for use in economical production of 
USAF materials and components. 'The program encompasses the following technical 
areas: 

Metallurgy 
Chemical 
Fabrication 
Electronics 

- Rolling, Forging, Extruding, Casting, Fiber, Powder. 
Propellant, Coating, Ceramic, Graphite, Nonrnetallics. 
Forming, Material Removal, Joining, Components. 
Solid State, Materials and Special Techniques, Thermionics. 

Suggestions concerning additional Manufacturing Metlu>ds development required on 
this or other subjects will be appreciated. 

t!~ef 
Metallurgical Processing Branch 
Manufacturing Technology Division 



ABST~ACT 

The purpose of the program was to develop the manufacturing capabilities of the 
hydrostatic-extrusion process. Specific applications studied were fabrication of wire, 
tubing, and shapes from relatively difficult-to-work materials such as refractory-metal 
alloys, high- strength steels, aluminum alloys, titanium alloys, beryllium, and other 
selected materials. Phase I was concerned with process optimization and Phase II 
with direct proces s application. 

As part of Phase I, the effects of critical process variables on pressure require
ments and product quality were studied for wrought and powder materials ranging from 
relatively high- strength easy to work materials such as aluminum alloys and steels to 
the relatively more difficult-to-work materials such as Ti-6Al-4V titanium alloy and 
superalloys. With these materials, fluids and lubricants tended to be the factor 
controlling pressure requirements and product quality. With almost every material 
extruded the limit in extrusion ratio was set by the design pressure capacity of the 
container except for the aluminum alloys where the limit was set more by the efficiency 
of the lubrication system. 

In the hydrostatic extrusion of brittle materials, die de sign proved to be the most 
significant factor controlling the production of sound, good quality extrusions. New 
die-design concepts have opened up new fields for the application of hydrostatic extru
sion to bri.ttle mate rials. 

Except for the aluminum alloys, the hydrostatic extrudability of the above range 
of materials was also investigated at 400 and 500 F. Again, fluids and lubricants were 
developed to enable the production of good quality extrusions. Of particular interest 
here was the wide range of lubricants that operated successfully at this temperature 
leve 1. 

As part of Phase II of the program, tubing, mill shapes and wire were produced 
from a variety of materials. For tubing, the floating-mandrel arrangement enabled 
higher extrusion- ratio capabilities than those for solid rounds. An analysis of the 
beneficial effects of the floating-mandrel arrangement is given. 

T-sections were extruded from round billets and were re-extruded into smaller 
T- sections. Materials evaluated here were 7075- 0 aluminum, AISI 4340 steel, 
Ti-6Al-4V alloy and Cb752 columbium alloy. The problem of sealing against leaks 
between the T- billet and die in the re-extrusion of shapes was overcome to some 
extent following the evaluation of several methods of sealing. 

In tne reduction of T-sections and wire, a technique of hydrostatic-extrusion 
drawing developed at Battelle was used. This method, called the HYDRAW technique, 
was used to reduce \ ire of Ti- 6Al- 4V alloy, beryllium, and TZM molybdenum alloy 
wire at single pass reductions of up to 60 percent. That reduction appeared to be by 
no means the limit of single-pass reduction achievable with these materials. 

iii 



During the experimental program, a study of high-pressure container designs 
was made. Several design concepts that were analyzed are presented in detail in this 
report. The most promising concept for containing fluid pressures up to 450,000 psi 
in large- bore containers was that of using pressurized-fluid support as in the ring
fluid- ring design. This and other designs were analyzed on the basis of fatigue
strength criterion, which is believed to be a new and more sound basis for the design 
of high-pressure containers. 

~----

This document is subject to special export 
controls and each transmittal to foreign 
governments or foreign nationals may be 
made only with prior approval of the 
Manufacturing Technology Division 
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INTRODUCTION 

The purpose of this program was to develop the manufacturing capabilities of the 
hydrostatic extrusion process and was divided into two phases with the following general 
objectives: 

Phase I. Process-Development Studies 

Part 1. (a) To study the effect of critical process variables on pressure 
requirements and surface quality in hydrostatic extrusion of AISI 
4340 steel, Ti-6Al-4V titanium alloy, and 7075 aluminum alloy. 

(b) To correlate all available hydrostatic-extrusion-pressure data 
with material properties wherever possible in order to assist 
direction of the experimental effort and maximize the information 
developed on the present program. 

Part 2. To explore the hydrostatic extrudability of TZM molybdenum alloy, 
beryllium, A286 iron-base super alloy, Alloy 718 nickel-base 
superalloy, powder compacts, and other selected materials. 

Part 3. To conduct a design study for high-temperature, high-pressure 
hydrostatic-extrusion tooling based on (1) estimated pressure 
requirements for high-ratio extrusion of materials of interest to 
the Air Force, (2) latest high-pressure-vessel technology, and 
(3) latest tooling materials available. 

Part 4. To conduct a process economic study on the construction, installa
tion, and operation of equipment with the same operational and size 
requirements as the tooling developed in the previous program on 
Contract No. AF 33(600)-43328. 

Phase II. Process-Application Studies 

Part 1. To evaluate the application of the hydrostatic-extrusion process for 
sizing and finishing conventionally hot- extruded (or rolled) struc
tural shapes by various combinations of drawing and extruding. 
Primary emphasis was to be on AISI 4340 steel, although some 
effort was to be devoted to Ti-6Al-4V, 7075-0 aluminum, and 
selected refractory metals. 
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Part 2. To determine the feasibility of producing wire and filaments from 
beryllium, TZM molybdenum alloy, and Ti-6Al-4V titanium alloy 
by combinations of hydrostatic extrusion and drawing. 

Part 3. To develop tooling and define process parameters necessary for the 
reduction of tube blanks to finished tubing from AISI 4340 steel, 
7075-0 aluminum, and Ti-6Al-4V titanium. 

The results of the experimental and analytical work connected with Phases I and II were 
covered in Interim Engineering Progress Reports I through IX. 

This, the Final Technical Report in two volumes, contains the results of the pro
gram in their entirety. Volume I contains Section 1, "A Study of the Critical Process 
Variables in the Hydrostatic Extrusion of Several Materials" and Section 2, "Production 
Aspects of Hydrostatic Extrusion". Volume II contains Section 3 , "Analysis of Several 
High-Pressure Container-Design Concepts" and Section 4, "Hydrostatic-Extrusion Con
tainers Designed and Constructed in the Program". The experimental program started 
December 1, 1964, and was completed on July 8, 1967 . 
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II 

SUMMARY VOLUME 

The experiInental work conducted in this progratn has taken the technology of the 
hydrostatic-extrusion process frotn the experitnental stage to the threshold of its appli
cation in a production operation. Cotntnercial exploitation of the process is pos sible 
without any further tnajor experitnentation and it is believed that this report gives the 
guidelines which will enable these steps to be taken itntnediately. What retnains now 
is the cotnplete design of production hydrostatic-extrusion equiptnent. At the titne of this 
writing, a progratn is underway at Battelle-Colutnbus Laboratories in which such equip
tnent is being designed. The progratn, "Design Study of Production Press for Ultrahigh
pressure Hydrostatic Extrusion Equiptnent", is sponsored by the Metallurgical Process
ing Branch, Manufacturing Technology Division at Wright-Patterson Air Force Base, 
Ohio, on Contract No . F33(615)-67-C-1434. 

This report describes the steps which were taken to firtnly establish the produc
tion potential of hydrostatic extrusion. It was convenient to divide the report into four 
distinct sections, each covering a specific area of work: 

Volutne I 

Section 1. A Study of the Critical Process Variables in the Hydrostatic 
Extrusion of Several Materials. 

Section 2. Production Aspects of Hydrostatic Extrusion. 

Volutne II 

Section 3. Analysis of Several High-Pressure-Container Design Concepts. 

Section 4. Hydrostatic-Extrusion Containers Designed and Constructed in 
the Progratn. 

These sections are cOrrlplete in therrlselves and contain their own sUrrlrrlaries. However, 
it is possible to sUrrlrrlarize the results tnore generally at this point to give an overall 
picture of the achievetnents. Major accotnplishrnents obtained in Sections I and II of 
the progratn are given below: 

(l) Berylliutn was cold extruded into a 7/ 8-inch-diatneter round at a ratio 
of 4: 1 virtually free of cracks. This is an extretnely significant ad
vancetnent in the cold working of berylliutn, particularly since it was 
achieved using Battelle's double-reduction die and without the need of 
an expensive, fluid counter-pressure systetn. 

Another brittle tnaterial, T ZM tnolybdenutn alloy, was also cold 
extruded at 4: 1 without cracks, using the double-reduction die. 

(2) Several satnples of O. 020-inch diatneter, berylliutn wire originating 
frotn both ingot and powder tnaterial were hydrostatically extrusion
drawn to o. 0124 inch diatneter (a reduction of 60 percent) at 500 F. 
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Two other wire materials, Ti-6Al-4V alloy and TZM molybdenum 
alloy were cold hydrostatic extrusion-drawn at reductions of up to 
60 percent. 

(3) High-quality thin-walled Ti-6Al-4V tubing, O. 663-inch OD and 0.030-
inch wall, was produced in a single-pass reduction of 60 percent at 
room temperature. 

Good-quality thin-walled tubing was also produced by re-extruding 
previously hydrostatically extruded tubing. 

(a) With AISI 4340 steel, the cumulative reduction was 91 percent. 

(b) With 7075-0 aluminum, the cumulative reduction was 98 percent. 

(4) A selection of fluids and billet lubricants have been developed which 
provide optimum pressure levels and good finishes for a variety of 
materials at temperatures up to 500 F. 

(5) With most materials evaluated, extrusion at 500 F resulted in marked 
reductions in pressure requirements. Few problems in lubrication 
occurred at this temperature level. 

(6) Two superalloys, A286 and Alloy 718, were cold extruded without 
cracking through a die of standard design. The maximum extrusion 
ratios achievable within the 250,000 psi pressure capacity of the tool
ing were 5: 1 and 3.3: 1, respectively. 

(7) Tandem extrusion (of two billets in sequence) of 7075-0 aluminum billets 
with a counterbored joint was achieved without separation or any discon
tinuity in the extrusion pressures. 

(8) 7075-0 aluminum was cold extended at ratios up to 60:1 and exit speeds 
up to 250 fpm without surface cracking. 

(9) In the extrusion of T-sections from round billets, a compound-angle 
entry orifice was found to provide minimum pressure requirements. 

(10) Tensile test data obtained on hydrostatic extrusions of all materials 
indicated significant increases in strength over that in the billet 
material with good retention of ductility. 

Beryllium wire was markedly strengthened by the area reductions 
indicated in Item (2). Its ductility (as measured by elongation) was 
reduced from 2.5 percent to less than I percent, but remained suf
ficiently high to withstand the application of a draw stress and coiling 
around a 3 -inch-diameter reel without breakage occurring. 

Figures 1 and 2 give examples of hydrostatic extrusions obtained with the range of 
materials usee! in this program. The 1100-0 extrusion in Figure 1 was obtained in the 
previous program(lL In each case, the extrusions represent the maximum extrusion 
ratios that were attempted in the program. The notable developments made in achieving 
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FIGURE 1. HYDROSTATIC EXTRUSIONS OF ALUMINUM ALLOYS 

7075-0 aluminum billets 1-3/4 inch-diameter . 

MATERIAL 

AISI 4340 

Ti-6AI-4V 

BERYlLIUM 

EXTRUSION 
RATIO 

6: 1 

4: 1 

4:1 

4:1 

PRESSURE psi 

250 ,000 

'207,000 

200,000 

167,000 

FIGURE 2 . HYDROSTATIC EXTRUSIONS OF HIGH STRENGTH AND BRITTLE MATERIALS 

All billet diameters 1-3/4 inches. 
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these extrusions were in lubrication for the aluminum, steel, and Ti-6Al-4V alloys and 
in die design for the brittle materials such as beryllium and T ZM. Details of these de
velopments are given in Section 1. 

Figure 3 shows examples of the tubing produced by hydrostatic extrusion in this 
program. In the proces s, the wall thicknes s of the tube blank was reduced only, the 
bore remaining essentially constant. The floating-mandrel arrangement used to produce 
the tubing provided a pressure assistance additional to the fluid pressure. This enabled 
a capacity for higher ratios with tubing than could be obtained for solid rounds. An 
analysis for the extrusion of tubing is given in Section 2. 

T-sections were produced from round billets and from T-section billets of a 
variety of materials. Figure 1 shows a T-section extrusion from 7075-0 aluminum round. 

Section 2 also describes the hydrostatic extrusion-drawing process, known as 
HYDRAW, used in this program to produce T-sections and wire the HYDRAW process 
was developed at Battelle and the results obtained with the process show considerable 
promise for its application in a commercial production operation. Whereas in conven
tional wire drawing, reductions up to about 30 percent are taken per pass (12 percent 
maximum for beryllium wire), reductions of 50 percent and more were obtained for 
Ti-6Al-4V alloy, TZM, and beryllium wire. In addition, experiments were conducted 
in the HYDRAW of T-sections of 7075-0 aluminum. The results showed that problems 
such as sealing a T-billet in the die could be solved and indicated that finishing of ex
truded shapes to thin cross sections is another potential application of HYDRAW. 
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AISI 4340 STEEL 
5.7:1 (82'.) 
1" 00 X 1/8" 

7075-0 AL 
12.2:1 (92%) 
7/8"00 X 1116" 

Ti-6AI-4V 
2.5:1 (60%) 
0.6600 X 0.030" 

... 

FIGURE 3. HYDROSTATICALLY EXTRUDED TUBING FROM THREE ALLOYS 

Data given refers to extrusion ra tio, percent reduction, and 
extruded tube dimensions. 
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III 

EQUIPMENT AND PROCEDURE 

Extrusion Tooling 

The operational requirements of the hydrostatic extrusion tooling designed and 
built in the previous program at Battelle(l) were that it withstand internal fluid pressures 
up to 250,000 psi at temperatures up to 500 F. The extrusion tooling was designed for 
use in a 700-ton capacity vertical hydraulic press at Battelle. It is shown installed in 
the press in Figure 4. The general details of the tooling design are shown in the cross
sectional view in Figure 5. The container assembly, consisting of four concentric 
shrunk-fit rings, is seated on a tapered insert. The extrusion die is located entirely 
within the bore of the liner and rests directly on the insert. 

The columns bolted to the container flange are used to raise and lower the con
tainer assembly for inserting and removing the die and billet between extrusion runs. 
The columns are connected beneath the press platen to a die cushion actuated by an 
auxiliary double-acting hydraulic system. 

The over-all size of the tooling can be judged from the nominal dimensions of the 
following basic components: 

ID, OD, Length, 
ComEonent inches inches inches 

Stem 2-3/8 13 
Liner 2-3/8 20 
Container 13 -3/8 22 24-7/8 

The outside diameter of the container flange is 30-1/4 inches. Billets up to 
2-1/4 inches in diameter and 16 inches long can be accommodated within the liner bore. 

The design of the container assembly was altered slightly during the course of the 
program and the details are given in Section 4 of the report along with the complete 
stress analysis of the tooling and description of the tool materials. 

The Hydrostatic Extrusion Operational Sequence 

Details of the hydrostatic-extrusion operation are shown in Figure 6 . The nose of 
the billet is tapered to mate precisely with the die- entry surface to prevent fluid leakage. 
No forcing or wedging of the billet is necessary to obtain a seal. At the start of a typical 
run, the nose of the billet is dipped into the fluid medium to be used and placed in the 
die opening . This is done so that the nose will be exposed to the same fluid environment 
as the rest of the billet. The billet and die are then plac e d and aligned on the tapered 
insert as shown in Figure 5. The container assembly is lowered and seated against the 
tapered insert with a hold-down force to insure alignment and lateral stability . Although 
a hold-down force of 100 tons (the maximum available on the pres s) was found to be ade
quate, it is likely that a much lower force (perhaps in the order of 25 to 50 tons) would 
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FIGURE 4. HYDROSTATIC -EXTRUSION TOOLING INSTALLED IN 700 -TON VERTICAL HYDRAULIC PRESS AT BATTELLE 
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FIGURE 5, ASSEMBLY DRAWING OF TOOLING FOR HYDROSTATIC EXTRUSION 
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have been sufficient. (It is also possible that the tooling could be designed to eliminate 
the need for any hold-down force at all.) Next, fluid is added to the liner bore. The 
stern or ram is forced down against the fluid to build up sufficient pressure to extrude 
the billet through the die. For long, small-diameter billets for which the die contact 
area is small, a guide is used on the back end of the billet to prevent it from tilting. 

Pressure Control and Measurement 

The fluid in the bore of the container was pressurized by axial movement of the 
stern shown in Figure 5. The stern was secured in a tapered clamp ring which in turn 
was located in tooling fixed to the top platen of the 700-ton press. Precise axial align
ment of the stern with the bore was readily achieved by adjusting screws in the stem
support tooling. 

The fluid pressure for room-temperature trials was measured by a manganin coil 
attached to the bottom of the stern as shown in Figure 6. (A strain-gage transducer 
described below, was designed for operation at elevated temperatures.) The manganin 
coil has a resistance of 120 ohms and its resistance change with pressure was calibrated 
by the vendor to be l. 65 x 10- 7 ohm/ohm/psi. A Moseley X-Y plotter (Model 135) is 
used to measure the resistance change of the "active" coil against a "compensating" 
manganin coil of 120 ohms at ambient conditions. The recorder produces a chart which 
shows the fluid pressure against stern travel. An additional check on pressures is 
given by the stern pressure which is greater than the fluid pressure by an amount pro
portional to the frictional losses between the stern seal and the container wall. Several 
measures of stern pressure were available. Two such measures were (1) a load cell 
between the stern and the pressure plate and (2) a hydraulic-line pressure gage which 
gives the oil pressure on the main ram of the 700-ton press. Stern pressure from 
either of these devices was continually recorded on one channel of a 2-channel recorder 
(Brush Mark 842, Model No. 13-6624-00). 

High-Pressure Strain-Gage Transducer 

The high-pressure strain-gage transducer described here was conceived for use 
in measuring fluid pressures in warm hydrostatic extrusion because the manganin gage 
could not be used much above room temperature. As depicted in Figure 7(3,4) the tem
perature coefficient of resistivity of manganin has a zero slope at approximately room 
temperature, but at higher and lower temperatures the resistivity gradient becomes 
steep. This leads to considerable errors when the manganin gage is used much above 
or below room temperature. Also the pressure coefficient of resistivity also changes 
with temperature and this would introduce still more error. 

The strain-gage high-pres sure transducer in its final evolved stage is illustrated 
in Figure 8 along with the shrink-fit bushing and the stern. The operation of this trans
ducer is somewhat similar to one Bridgman(5) once used. The cap was designed to 
withstand the external pres sure while the strain gages sensed this pres sure internally. 
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Extrusion A -44672 

FIGURE 6. DETAILS OF HYDROSTATIC EXTRUSION PROCESS SHOWING THE STEM 
AND DIE SEAL METHODS, AND PARTIALLY EXTRUDED BILLET 
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FIGURE 7. TEMPERATURE RESISTIVITY CURVE FOR MANGANIN WIRE 

The transducer cap was made of a 6-percent-cobalt grade of tungsten carbide 
having the following approximate properties : 

Specific Gravity 
Hardness 
Young's Modulus 
Compressive Strength 
Tensile Strength 
Transverse Rupture Strength 
Poisson's Ratio 
Thermal Conductivity 
Thermal Expansion 

14.9 
90 RA 
80 x 106 psi 
700 x 103 psi 
200 x 103 psi 
250 x 103 psi 
0.2 
50. 0 Btu/hr Ift/F 
2.5 x 10- 6 in. lin. IF . 

Proportions of the cap were determined in part by the space required to locate the 
strain gages on the cylindrical bore and also by the design requirement that the max
imum compressive stres s in the cap should not exceed two thirds of the compressive 
strength of the material at the operating pressure of 250 ksi. A tight seal between the 
cap and stern was obtained by lapping the two together. This prevented the high
pressure fluid from leaking from the pres sure chamber into the lead wire hole. 

A four-arm strain-gage bridge was used in the cap with two "active" and two 
"temperature-compensating" gages. The two active gages were placed close to the 
juncture between the cylindrical and the hemispherical bores . The two temperature
compensating gages were placed on a thin wafer of tungsten carbide which in turn was 
placed in contact with the top of the hemispherical bore. These two gages were stress 
free. Then the bore was potted with a high-temperature silicon rubber up to depth of 
the bushing. The bushing which is used to hold the cap on the stern was then shrink 
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FIGURE 8. HIGH-PRESSURE TRANSDUCER DEVELOPED AT BATTELLE FOR 
MEASURING HIGH FLUID PRESSURES AT ROOM AND 
ELEVATED TEMPERATURES 

All dimensions given in inches. 
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fitted into the cup with the bridge lead wires passing through it into the axial bore in 
the stem. A seal of epoxy adhesive was made where the lead wires leave the bushing 
to prevent moisture and other foreign substances from entering the cup. 

Calibration of the transducer was accomplished by calibrating it against a 
manganin gage at room temperature in the hydrostatic-extrusion tooling and under the 
conditions it was to be used. After the initial calibration producing a scaling of 
20 microinches/ksi, a one to one correspondence (45 degree plot on an X- Y recorder 
with both axes scaled in pressure) was obtained between the strain-gage transducer and 
the manganin gage in further tests. The accuracy and repeatability of calibration was 
in the order of 1 percent. 

The high-pressure transducer performed quite well in many trials at room tem 
perature and at 400 - 500 F. However, two adverse effects were noted when operating 
at the elevated temperatures. The first was a slight drift of the instrument zero point 
while the second was a transient in the zero point of the transducer. 

The zero shift was produced by an unbalancing of the bridge due to uneven re
sistance variations with temperature in each leg either in the strain gages or the con
necting lead wires. By soaking the cap in the hot fluid for a few seconds before pressur
izing, it was possible to reestablish electrical balance in the strain bridge. Balanced 
conditions then remained stable throughout the trial. The transient thermal strain 
which occurred at the zero point, due to the high temperature gradient in the cap, was 
virtually eliminated by the soaking technique described above. 

Toward the end of the experimental trials at 400-500 F, the electrical terminals 
in the gage failed. In the remaining elevated temperature trials, stem pressure read
ings were used as a guide to fluid pressures. Gage failure was due to exposure to tem
peratures above 500 F when the hot fluid burned occasionally. The temperature limi
tation of the electrical materials used in the transducer was 550 F. For future trials 
at 500 F, it is recommended that electrical materials capable of higher temperatures 
than the existing limit of 550 F be used. 

Sealing Arrangements 

Room Temperature 

The sealing method used ·in the room-temperature trials for the die and stem is 
illustrated on a die in Figure 9a. This arrangement, used for most of the program, 
consisted of a beryllium-copper (98Cu-l. 8Be-0. 2Co) ring of triangular cross section 
in conjunction with a standard Buna N rubber O-ring. Toward the end of the program, 
an alternative system of sealing the die was evaluated. This advanced seal arrange 
ment shown in Figure 9b consisted of a single rubber O-ring located at the base of the 
die. This arrangement is similar in principle to that used at the ASEA High Pressure 
Laboratory in Sweden. The advancement was essentially an economic one since sealing 
was never a problem with the previous arrangement. The new arrangement eliminated 
the need for a metallic seal ring and reduced the die-machining costs somewhat. A 
major advantage of the improved design is that it allows larger diameter billets to be 
extruded than with the original design for a given bore size. In the original design, it 
would have been necessary to have a two-piece die to accommodate large diameters. 
Sealing with the improved design was achieved in all the trials in which it was evaluated 

and at pressures up to 250,000 psi 
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a. Standard Die Seal Arrangement b. Improved Die Seal Arrangement 

A-56544 

FIGURE 9. DIE SEAL ARRANGEMENTS EVALUATED IN HYDROSTATIC EXTRUSION 

In view of the very few difficulties encountered with the stem. seal design, its use 
was continued throughout the program.. During the program., however, other stem. seal 
designs have been reported such as a U -ring used at ASEA (Robertfors, Sweden) and a 
rubber O-ring/m.etal seal ring located in the linear bore as used at Western Electric 
(Princeton) and ASEA. These designs would be considered for use in future tooling. 

Tem.perature Range of 400-500 F 

In the design of a stem. to incorporate a high-tem.perature, high-pressure gage, 
the stem.-seal angle (Figure 10) was increased to 65 degrees from 45 degrees with the 
design used at room. tem.perature, with the aim of reducing the stem. pressure by de
creasing the friction between seal and container. The m.odification was m.ade as a 
result of the stem.- seal experience of Fuchs (6) with this design. In room.-tem.perature 
calibration trials, it was found that the stem. pressure/fluid pressure difference was 
reduced by approximately 25 percent when using the 65 degree stem.-seal angle. 

During the warm. trials, three O-ring arrangem.ents were used in the investigation 
as a result of leakage problem.s. Three com.binations were used: 

(1) A single PTFE O-ring 
(2) A PTFE O-ring plus a Buna-N rubber O-ring 
(3) Two PTFE O-rings. 

With the single PTFE O-ring, fluid leaks were frequent. The other two O-ring arrange
ments successfully contained fluids at pressures up to about 220,000 psi. In none of the 
arrangements, however, were the rings reusable because of distortion or breakage. 
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A - 54666 
FIGURE 10. STEM-SEAL ARRANGEMENT USED FOR WARM 

HYDROSTATIC EXTRUSION 

In the several trials conducted successfully with a single PTFE O-ring, it was 
noted that the stern pressure/fluid pressure differences were the lowest of the three 
combinations. Thus, an increase in stem- seal! container friction occurs with a dual 
O-ring system. In a single trial, the die seal arrangement shown in Figure 9b was 
evaluated using a PTFE O-ring. The O-ring expanded on the hot die before the con
tainer could be lowered in place, thus preventing sealing. Other O-ring materials 
however, might be readily used for this application. 

Die Design 

The die entry-orifice design mainly used in the program was basically as shown 
in Figure 9. The conical entry was highly polished (in the order of 4 j.L-inches, CLA) 
and was, for most trials, maintained at an included angle of 45 degrees. Other die 
angles were investigated with 7075-0 aluminum and AISI 4340 steel but, at the extrusion 
ratios achieved and with the lubricants used, were found to require higher extrusion 
pressures than those required for the 45-degree design. Data for these trials are given 
in Section 1. 

The standard die material was AISI M50 steel heat treated to RC 63. In several 
trials with two dies, the die entry and bearing surfaces were "Flame- Plated"':' with a 
O. 005-inch-thick coat of tungsten carbide containing 15-17 percent cobalt. The base 
material of the die was AISI M50 heat treated to a hardness of 55 RC. The purpose of 
Flame-Plating was to provide a hard (RC 72), wear-resistant surface which reportedly 
reduces friction in some applications. Results with these dies reported in Section 1 

• Flame-Plate is a proprietary process of the Union Carbide Corporation . 
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show that the dies had no significant effect on extrusion pressures. Thus, the Flame
Plated die did not appear to reduce friction, but it may be useful for minimizing die wear 
in a commercial operation. 

A further effort was directed toward reducing extrusion pressures by considering 
the configuration of the entry surface apart from the entry angle itself. The concept 
that was investigated was the idea of a grooved entry surface. The thought here was 
that the groove would be occupied by the hydrostatic fluid during extrusion, thereby 
reducing the amount of billet-die contact area. In this case, the die was "roughened" 
with a groove to function in a manner similar to a roughened billet which drags fluid in 
at the die-billet interface. The grooved die evaluated in the program is shown in 
Figure 11. The groove is about O. OSO inch deep and has a 1/ 4-inch pitch. The peaks 
between the grooves are rounded to a 1/ 8-inch radius. The groove does not intersect 
the die bearing surface but stops at about 1/4 inch above it. 

FIGURE 11. DIE DESIGN WITH HELICAL 
GROOVE IN CONICAL
ENTRY SURFACE 

In experiments with the grooved die during extrusion of both AISI 4340 and 
707S-0 Al (Trials 284 and 348), the billets were found to have upset into the groove 
only partially with the steel but completely in the case of the aluminum alloy. This only 
hindered the extrusion operation because, on continuing extrusion, the billet metal in 
the grooves tended to shear off rather than flow. This problem might not have occurred 
if the grooves were much more shallow. At this time, however, it appears that improved 
lubrication systems and roughening the billet are more effective means of reducing 
pressures. 

On the basis of the results obtained, a die-entry profile of a 4S-degree included 
angle was used as standard for most of the trials with the aim of giving minimum 
pressure values for all materials. For brittle materials, die design played an im
portant part in obtaining sound products . The evolution of these successful die designs 
is reported in Section 1. Die design for the extrusion of shapes is de scribed in Section 2 . 
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Billet Materials 

For most extrusion trials, the billets were machined, from about 2-inch-diameter 
bar stock, to 1-3/4 inches in diameter. The extrusion ratio was changed by varying the 
die-opening size. The billets had noses tapered to the same included angle as the die. 
The length of the tapered nose was such that the tip was at least flush with the start of 
the die bearing. The length of the cylindrical portion of the billet was about six inches . 
The surface finish was in the range of 60-100 microinches, CLA, unless otherwise noted. 
In some trials, billets less than 1-3/4 inch in diameter were used to achieve a specific 
extrusion ratio through a die whose orifice area was fixed as in the extrusion of 
T - sections. 

Description of the materials used in this program is given in Table 1. 

Lubrication 

One of the objectives of this program was the development of an efficient lubrica
tion system (billet lubricant plus fluid medium) for each of the materials evaluated. 
These systems were used later in the program in the hydrostatic extrusion of tubing, 
wire, and shapes. An efficient system is generally one which will require minimum 
extrusion pressures and provide an acceptable surface finish. Another factor of im
portance is the cost of lubrication. However, in this program, efforts were directed 
mainly towards under standing the mechanic s of lubrication so that specifications for 
efficient lubricants could be laid down. 

Factors determining efficient lubrication in hydrostatic extrusion may be divided 
into four areas: 

(1) The hydrostatic fluid 

(2) Billet lubricants 

(3) Billet conversion coatings 

(4) Billet surface finish. 

All of these factors were evaluated. Billet conversion coatings (Item 3) were studied 
only when the combination of billet lubricant and fluid failed to provide efficient lubrica
tion conditions. This was particularly the case with Ti-6Al-4V alloy. Billet conversion 
coatings are formed by chemical treatment which change the composition at the surface. 
Their purpose is to permit lubricants to function more efficiently. The conversion 
coatings used were tenacious and tended to deform with the lubricant . 

In a previous program( 1) it was found that, except with some low- strength materials 
such as 1100-0 Al extruded at low ratios, the fluid alone was inadequate as a lubricant. 
The effectiveness of a fluid was found to depend upon the base viscosity and the change m 
viscosity with pres sure. Additional lubrication was sought by adding solid film lubri
cants (MoS2 or graphite) or oiliness agents directly to the fluid. However, the direct 
application to the billet of lubricants in the form of a thick film was found to be more 
efficient and this practice was used in this program. 
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TABLE 1. BILLET MA TERIALS USED IN HYDROSTA TIC EXTRUSION PROGRAM 

Properties 
Yield Strength, Reduction 

Approximate Composition, Ultimate Tensile O. '2f'/0 Offset. in Area, Elongation, 
[al weight percent Condition Source Strength, 1000 psi 1000 psi percent percent 

linum 5. 5 Zr. 2.5 Mg. Annealed Commercial 33.8 15.5 45.2 23.3 
1. 5 Cu, 0.3 Cr. 
balance Al 

ardened 99.999 AI, 6 wt "/0 80-85 percent Oak Ridge National Lab. 35.0 
uminum dispersion of Al20 3 theoretical (AEC Activity No. 0440-02041) 

density 
:el 0.4 C, 1. 75 Ni, Mill annealed Commercial 94.6 55.4 49.0 33. 0 

0.80 Cr, 0.25 Mo, 
0. 75 Mn, 0.25 Si, 
balance Fe 

6.2 AI. 4.2 V, 0. 02 C, Mill annealed Commercial 143.0 135.0 39.0 21.0 
loy 0.0009 N. 0. 21 Fe, 

0. 098 02, balance 
titanium 

6.0 AI, 4.0 V, 90,,/0 parti cl es Penn Nuclear Co. 
lowder 50 ppm H, 60 ppm N, sized between 

1800 ppm 02' 900 ppm Fe, -100 and +325 
700 ppm C mesh. Balance 

-325 mesh 
bing Cold drawn and WOlverine Tube [produced 

annealed on Contract AF 33(615) -3089] 
-sections Commercially The H. M. Harper Co. 

hot extruded 
and annealed 

~num 0.42 Ti, 0.1 Zr, Stress-relieved Climax Molybdenum Co. 107 . 0 90.0 17.0 
0.023 C, Other O. 007, Recrystallized 76.0 50.0 39.0 38.0 
balance mOlybdenum 

1.54 BeO, 98.46 Be Hot pressed Brush Beryllium Co. 51. 2 36.9 2.5 
block 

19. 0 Cr. 52 Ni, Hot worked Latrobe Steel Co. 
5.2 Cb + Ta, 3. 0 Mo, solution-
0.9 Ti, 0.8 AI. 0.05 C. treated 
0.35 Mn, 0. 35 Si, 
balance Fe 

15.0 Cr, 26 Ni, 1. 25 Mo, Hot worked Allegheny Ludlum Steel Corp. 
2.15 Ti, 0.2 AI, 0.3 V, solution-

0.05 C, 1.4 Mn, 0.4 Si, treated 
balance Fe 



N ...... 

Cb752 columbium 
alloy T -section 

Ti-6Al-4V wire 
(O.045-inch 
diameter) 

Beryllium wire 
(ingot origin 
0.020-inch 
diameter) 

Beryllium wire 
(powder origin, 
0.020-inch 
diameter) 

TZM mOlybdenum 
alloy wire (0.1-
inch diameter) 

10.0 W, 2.5 Zr, 
balance Cb 

5.9 AI, 4. 0 V, 
other 0.15, 
balance Ti 

0.3 BeO, 0.05 C, 
0.07 Fe, 0.12 
others, balance Be 

2. 0 BeO maximum, 
0.15 C, 0.18 Fe, 
0.36 other, 
balance Be 

0.55 n, 0.12 Zr, 
0.05 other, 
balance Mo 

Hot extruded E. 1. du Pont de Nemours & Co. Inc. 66.0 52.0 27.0 
H-section [produced under AF 33(657)-11293] 

Cold drawn, TMCA 140.0 6.0 
annealed and 
pickled 

Hot drawn, The Beryllium Corp. 88.0 47.0 9.0 
annealed 

Hot drawn, Brush Beryllium Co. 150.0 137.0 12.4 11.5 
annealed 

Hot drawn, General Electric Co. 125.0 100.0 8.0 
annealed and 
cleaned 
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Hydrostatic Fluids 

The hydrostatic fluids used in this program for both room-temperature and 
elevated-temperature trials are described in Table II. 

TABLE II. FLUIDS EVALUATED IN HYDROSTATIC-EXTRUSION PROGRAM 

Fluid 
Identification 

PPE 

CBP 
TCP 
TAP 
SE 

Description 

Water 
Castor oil 
Ethylene glycol 
Polyethylene glycol 
Mixed isomeric five-ring polyphenyl 

ether 
Chlorinated biphenyl 
Tricresyl phosphate 
Triaryl phosphate 
Silicate ester 
Addle s s stearine 

(a) Viscosity at 400 F. 

Kinematic Visco sHy, 
centistokes 

At 100 F At 500 F 

0.76 
297 

9.3 
24 

363 

44 
35 
46 

6.S 
Solid 

1.2 

O. SS(a) 

<1 

Extrusion 
Temperature, 

F 

SO 
SO - 140 

SO 
SO 

SO and 500 

500 
500 
500 

SO and 400 
500 - 560 

Most of the room-temperature trials were conducted with caster oil as the fluid 
medium. This fluid was found to have the best combination of efficiency in lubrication 
and economy in use. Though limited studies showed that water had these qualities too, 
its corrosive properties might have caused trouble with the experimental tooling. How
ever, a water - based fluid might well prove to be ideal for commercial applications. The 
ethylene glycol-based fluids performed satisfactory and warrant further investigation as 
candidate fluids for a commercial operation . The experimental results with this fluid 
type indicated that compatibility with the billet lubricant was important for efficient 
lubrication. 

A series of fluids listed in Table II was evaluated at 500 F. Because the flash 
point of silicate ester (SE) was 470 F, trials with this fluid were conducted at 400 F. 
Of these fluids, polyphenyl ether (PPE) and SE were the most effective with a wide 
range of materials . Chlorinated biphenyl (CBP) was particularly noxious and did not 
appear to have commercial potential. Acidless stearine was evaluated late in the pro
gram and was used only with beryllium wire. However, the results obtained indicated 
that this fluid might be as efficient as was PPE and SE .with solid rounds. Its main ad
vantage is that it is much cheaper than PPE and SE. Its flash point is about 5S0 F. 

Billet Lubricants 

Billet lubricants were most often employed in the form of a wax or lacquer usually 
containing a solid-film lubricant additive such as MoS2. More than 50 billet lubricants 
have been evaluated at Battelle on both this program and in the earlier program (1). For 
the sake of completeness, all the lubricants evaluated are described in Table III. All 
the lubricants from L17 and upwards were evaluated in this program. In addition, LS, 
L9, and Lll, which were developed earlier, were further evaluated. 
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TABLE Ill. BILLET LUBRICANTS EVALUATED IN HYDROSTATIC EXTRUSION PROGRAM 

Lubricant Source(a) 

LI C 
LZ C 
L3 B 

L4 B 

L5 C 
L6 B 

L7 C 

L8 B 

L9 B 

LIO B 
LII C 

LIZ B 

LI3 C 
Ll4 B 
LIS C 
Ll6 C 
LI7'. B 
Ll8 B 
Ll9 C 

LZO C 
LZI C 
LZZ B 
LZ3 B 

Description 

Sodium stearate soap lubricant 
Lithium-soap grease containing MOSZ 
Silver chloride (solid lubricant) ....... 15.9 wt% 
30 percent lead naphthenate in oil (E. P. 

agent) ........•... ..... ............ 11. 9 wto/. 
Calcium-soap grease (base Inaterial) .. 7Z. Z wt% 
CadIniuIn iodide (solid lubricant) . .. .. . 15.9 wt% 
30 percent lead naphthenate in oil (E. P. 

agent) . .......•..•...............•. 11. 9 wt% 
CalciUIn-soap grease (base Inaterial) .. 7Z . Z wt% 
E. p. grease 
30 percent lead naphthenate in oil (E. P. 

agent) ... ••... . ....... .. • .......... 
AntiInony dia=yl dithiocarba=ate (E. P . 

agent) .......•. ..• ....•••......••.. 
Dibenzyl disulfide (E. P. agent) ....... . 
Ortholeum (coIDInercial E. P. agent) .. . 

2 wt% 

Z wt% 
Z wt% 
2 wt% 
Z wt% Chlorowax 40 (commercial E. P. agent). 

Calcium-soap grease (base Inaterial) •.. 
Graphite contained in volatile carrier 

90 wt% 

(aerosol spray) 
10 wt% graphite in cOInInercial self-drying, 

seInihydrogenated gUIn resin 
ZO wt% MoSZ in cOInInercial self-drying, 

semihydrogenated gUIn resin 
50 wt% MoSZ in epoxy resin 
"Castor wax" (hydrogenated castor oil; 

158 F In. p. ) 
5 percent antimony phosphorodithioate in lead 

dinonylnaphthalene sulfonate. •. . . . . . . . 5 wt% 
Non-soap thickened Inineral oil. . .• . . .. 95 wt% 
MoS2 
10 wt% graphite in castor wax 
Chlorinated paraffin (70 percent chlorine) 
Fluorosilicone fluid thickened with PTFE 
ZO wt% MoS2 in castor wax 
ZO wt% PbO in castor wax 
Polyethylene glycol of a waxy consistance, 

MP 143 F and MW 6000 
L19, but MP III F and MW 1540 
Microcrystalline petroleum wax, MP 180 F 
ZO wt% MOSZ in polyethylene gylcol, MW 1000 
ZO wto/, MOSZ in low-melting castor oil product 

(a) B = Battelle source, C = commercial source. 

Lubricant 

LZ4 
LZ5 
L26 

LZ7 
LZ8 

L29 

L30 
L31 
L32 
L33 

L34 

L35 
L36 
L37 
L38 
L39 

L40 
L41 
L4Z 
L43 
L44 
L45 
L46 

L47 

L48 

L49 
L50 

LSI 

L5Z 
L53 
L54 

L55 
L56 

Source(a) 

B 
B 
B 

B 
C 

C 

BtC 
C 
C 
B 

B 

B 
B 
C 
C 
B 

C 
BtC 

C 
B 
B 
C 
B 

B 

BtC 

B 
B 

C 

C 
BtC 
BtC 

C 
C 

Description 

20 wt% 12 in naphthalene 
20 wt% 12 and 10 wt% MoSZ in naphthalene 
ZO wt% 1Z in chlorinated terphenyl 

(4Z% chlorine); Arochlor 544Z 
50 wt% 1Z in oleic acid 
ZO wt% MoSZ in chlorinated paraffin 

(70% chlorine); Chlorowax 
20 wt% MoSZ in chlorofluorocarbon wax, 

MP ZOO F; Kal- F wax 
Cindo14616, 50% 4616 castor wax, MP 70 F 
Fluorocarbon teloIner 
Polyethylene bag 
55 wt% MoSZ and 6 wt% graphite in sodium 

silicate 
50 wt% MoS2 in castor wax (more than 

ZO wt% MoS2 ) 
20 wt% graphite in castor wax 
66 wt% graphite in soda ash paste 
Eutec tic salt 
PTFE lacquer 
ZO wt% 1Z and ZO wt% MoSZ in chlorinated 

terphenyl (4Z% chlorine); Arochlor 5442 
Flurosilicone/PTFE; Supermill lZ5 
ZO wt% MoS2 and Supermill IZ5 
Shell ETR 
ZO wt% MoSZ in Shell ETR 
20 wt% 1Z in Shell ETR 
Low density polyethylene (0. 92g/cc) 
50 wt% MoS2 in low-melting castor wax 

(Paracin No. I) 
50 wt% MoSZ in carbowax 1000 (more than 

20 wt% MoS2) 
Ll7 lubricant plus metallic lead, copper flake, 

and graphite (Kopr-Kote) 
ZO wt% graphite in fluorocarbon telomer 
ZO wt% graphite in low-molecular-weight 
polyethylen~ 

Metallic lead, copper flake, and graphite 
(Kopr-Kote) 

Stearyl stearate 
Stearyl stearate plus ZO wt% MoS2 
Stearyl stearate plus 10 wt% graphite and 

ZO wt% MoS2 
Carbowax 1000 (low-melting-point wax) 
Aerosol fluorocarbon with MoSZ 

IHerculon Super) 



A detailed account of the performance of the lubricants with individual materials 
is given in Sections 1 and 2. During the course of the program, however, a number of 
efficient lubricants suitable for a wide variety of materials was developed. 

Lubricants Lll (castor wax) and L17 (20 weight percent MoS2 in castor wax) were 
used in the previous program with AISI 4340 steel but mainly in conjunction with either 
billet coatings or warm castor oil as the fluid. Further work with these lubricants and 
AISI 4340 showed that neither the billet coating nor the warm fluid was necessary 
though Lll was less efficient than L17. Lubricant 17 was also an efficient lubricant 
with Ti-6Al-4V alloy when the billets were anodized. The anodized coating (C5) was 
found to be necessary for room-temperature trials with this titanium alloy. 

The castor wax-based lubricants were not so efficient with 7075-0 aluminum at 
high extrusion ratios. A improved base lubricant with this alloy was the stearyl stearate 
type (L52, L53, L54) which provided excellent lubrication and good surface finishes. 

A good general-purpose lubricant with all materials at both room temperature and 
up to 500 F was PTFE. This lubricant was used with all the difficult-to-work materials 
such as the superalloys and brittle materials and only in a few cases did the lubricant 
partially break down. However, this lubricant is relatively expensive to apply, trouble
some to remove (by heating to 600 F where PTFE is toxic), and may be too expensive to 
use commercially except for extrusion of the more exotic materials. 

A wide range of lubricants was found to be effective at 500 F with AISI 4340 steel 
but the selection of good lubricants for Ti-6Al-4V alloy at this temperature was more 
limited. The best candidate billet lubricant for further evaluation was L33 (55 weight 
percent MoSZ and 6 weight percent graphite in sodium silicate) which was easily applied 
and removed. Lubricants having a sodium silicate base show considerable promise for 
warm hydrostatic extrusion. 

It is worthy of note, that the techniques required for applying these billet lubri
cants were important. In the case of the waxes and stearyl stearate, there appeared to 
be a minimum thickness of the solid film below which lubrication breakdown occurred. 
It was found that if the lubricant flaked off at the conical billet nose due to careless 
handling, then the billet would either seize in the die or the product would be badly 
scored in the area where flaking occurred. To ensure a good "bond" between the lubri
cant film and the billet surface and to prevent excessive film thickness, it was found 
necessary to heat the billets before lubricant application rather than apply the melted 
lubricant to the cold billet. 

Billet Conversion Coatings 

Billet conversion coatings were evaluated with AISI 4340 steel and Ti-6Al-4V 
alloy. The investigation of coatings on steel billets was a carry-over from the 
previous program(l) where conventional cold forging lubrication was used in the initial 
studies in hydrostatic extrusion. Coating Cl, which is described with the other coatings 
evaluated in this program in Table IV, was not found to be necessary on steel but it 
always provided marginally lower pressure requirements than when it was not used. 
Coatings C3 and C4 were not as effective. as C 1. 
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Coating 

Cl 
C2 
C3 
C4 
CS{a) 

TABLE IV. BILLET CONVERSION COATINGS EVALUATED IN THE 
HYDROSTATIC-EXTRUSION PROGRAM 

Source 

Com.rnercial 
Battelle 
Battelle 
Battelle 
Watervliet 

Arsenal 
Battelle 

Description 

Zinc phosphate coating 
Fluoride-phosphate coating 
Metal-free phthalocyanine 
Lead coating 
Anodized coating 

Diffused nickel-plating 

Billet Material Treated 

AISI4340 
Ti-6Al-4V 
AISI4340 
AISI4340 
Ti-6Al-4V 

Ti-6Al-4V 

Ca) C5 and C6 were numbered in the Interim Reports as C3 and C4. respectively. in error. However. duplication of coating 
numbers did not occur in the individual reports. 

As a contrast, however, Coating CS was always necessary in the cold hydrostatic 
extrusion of Ti-6Al-4V alloy at room temperature. Without CS, severe lubrication 
breakdown occurred often and resulted in a poor quality product. However, at SOO F, 
it was not neces sary to use coatings with this alloy; excellent lubrication was obtained 
with billet lubricant (L3 3) alone. 
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IV 

CHARACTERISTICS OF PRESSURE.DISPLACEMENT CURVES 

The effectiveness of lubrication system.s in hydrostatic extrusion is evaluated by 
comparing extrusion pressures, extruded surface finishes, and the general characteris
tics of the pressure-ram displacement curves produced during extrusion. The pressure
curve characteristics were found to differ considerably for different lubricant systems 
and billet materials. 

It has been found that the extrusion pressure-displacement curves can be classified 
into families as shown in Figure 26. That figure is placed at the end of the text in Sec
tion 1 on a foldout page for ready reference when the extrusion data are being examined. 
Each family of curves is designated by a letter, and the number following it classifies 
the typical runout characteristics within each family. 

Curves Types A, B, C, and D represent quality of lubrication in decreasing order 
of effectiveness. These curve types have been numerically classified further according 
to the following characteristics during runout: 

Number 

1 
2 
3 
4 

General Runout Characteristics 

Constant 
Decreasing 
Increasing 
Special 

Type A Curves. One of the aims of the experiments on lubrication systems in the 
program was to obtain conditions giving a curve of Type A 1 which represents completely 
effective lubrication throughout the extrusion stroke. Experience has shown that once 
this type of curve is achieved, for a given material and extrusion ratio, other lubrication 
systems may not lower the value of P r (runout pressure) markedly and therefore the 
curve very likely represents near-optimum lubrication conditions. There is no break
through pressure (Pb) peak above the run out pres sure which suggests that the static 
friction, fJ.s, is about the same as the kinetic friction coefficient, fJ.k, developed once the 
billet starts to move. 

The runout characteristics in the other Type A curves may represent partial 
lubrication breakdown due to pressure-temperature effects at the billet-die interface 
or changes in flow strength due to adiabatic heating of the billet. 

Type B Curves. All the curves in this category are generally characterized by a 
rounded breakthrough pressure peak (Pb ) followed by a smooth runout curve at a lower 
pressure (P r ). The occurrence of a rounded pressure peak has been attributed to the 
fact that fJ. s is somewhat higher than fJ.k(l), but not sufficiently to cause a sharp stick
slip peak. In some cases, the breakthrough pressure peak is sharp, indicating a stick
slip situation at breakthrough only. 

Type C Curves. These curves are similar to Type B curves except that one or a 
few cycles of stick-slip follow the breakthrough pressure peak. Here stick-slip is 
generally not severe, its amplitude decreasing to give a smooth runout curve. 
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Stick-slip by hydrostatic extrusion is caused by the energy stored in the fluid at 
Pb being sufficient to overcome f.1s but much more than necessary for f.1k- Consequently 
extrusion occurs very rapidly and is accompanied by a sharp drop in pressure(l). The 
J.1 s achieved at the P r level apparently is not sufficiently greater than J.1k to cause stick
slip of the same magnitude to occur again. 

Type D Curves. In these curves stick-slip is generally severe and continues 
throughout the stroke. Extrusion takes place at extremely rapid rates after each pres
surizing stroke . The lower pressure level reached after each "slip" tends to occur at 
the same level during each cycle of stick-slip . Experimental results have indicated that 
this level represents fairly well the value of P r if stick-slip had not occurred. For this 
reason, the level is designated as "P r ' l to indicate that this is the apparent runout 
pressure . Often the amplitude of stick-slip (Pb-Pr) is about 30 percent greater than 

"P r " · 

It is of interest to note that , because of the decreasing stick- slip in Curve D 2 , a 
smooth runout might eventually be obtained if extrusion were continued further . In 
Curve D 3, a constant amplitude of stick-slip is superimposed on an increasing "Pr ". 
As a contrast . however, the amplitude of stick-slip has also been observed to increase 
over an apparently constant "P r " value as in Curve D 4. 
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ASSESSMENT OF FLUID HEATING EFFECTS DURING COMPRESSION 

A study was m.ade to determine the tem.perature change that occurs in the hydro
static fluid during com.pression to various pressure levels at various stem. speeds. Such 
inform.ation is of value in evaluation of lubrication system.s and in precision calibration 
of the m.anganin gage used in m.easuring fluid pressure. 

The faster the stem. speed, the greater the am.ount of adiabatic heating of the fluid 
due to com.pression. If the fluid tem.perature reached just prior to extrusion is too high, 
the lubrication system. m.ay break down. Thus, it m.ay be necessary to alter the lubrica
tion system. to suit the stem. speed as well as the pressure level for optim.um. operation. 

It was also considered im.portant to determ.ine the extent to which fluid tem.perature 
m.ight influence the calibration of fluid-pressure readings as m.easured by the m.anganin 
gage. If the active m.anganin coil in the fluid is at a tem.perature m.uch different than that 
of the com.pensating coil exposed to am.bient tem.perature and pressure, an error m.ay be 
introduced in the fluid-pressure m.easurem.ents. The size of the error depends on the 
tem.perature difference. For exam.ple, if the active coil were at 120 F, calculations 
indicate that the pressure readings would be about 3000 psi low. The significance of this 
error, of course, depends on the pressure level during extrusion. (The error would be 
3 per cent at 100,000 psi, 1. 5 per cent at 200,000 psi, etc. The higher the pressure 
level, the less significant the error becom.es. ) 

Of course, the tem.perature that the active coil attained during com.pression of the 
fluid would depend on the heat-transfer tim.e available. Since the coil used in the pro
gram. was encapsulated in a fluid-filled m.etal bellows, the heat transfer tim.e would be 
appreciable. Furtherm.ore, although faster stem. speeds m.ean higher fluid tem.peratures, 
they sim.ultaneously reduce the tim.e available for heat transfer prior to and during ex
trusion. In reality, then, fluid-pressure m.easurem.ents m.ade at relatively fast stern. 
speeds m.ay not be very m.uch in error. However, this was still conjecture, and it re
m.ained to determ.ine for certain what, in fact, the quantitative effects of stem. speed and 
pressure level are on fluid-tem.perature and -pressure m.easurem.ents. Thus, it was 
considered worthwhile to undertake such a study. 

Measurem.ents of fluid - tem.perature fluctuations during com.pression were m.ade 
with a Chrom.el-Alum.el therm.ocouple sealed in a plug. The plug was m.ade the sam.e 
size and shape as a standard billet (1-3/4 inches in diam.eter x 6 inches long x 45-degree 
tapered nose) to sim.ulate the heat sink provided by the billet prior to extrusion. The 
plug was inserted in a standard hydrostatic extrusion die to seal off the fluid. To prevent 
unintentional extrusion, the plug was hardened to RC 60. 

Tem.perature fluctuations in castor oil were m.easured during com.pression to 
pressures (nom.inal) of 100,000 psi, 200,000 psi, and 250,000 psi. Stem. speeds were 
to be evaluated at each pres sure level. The experim.ental data for a stem. speed of 
1 ipm. are given below. 

28 

------ ----



Trial 

1 

2 

3 

(a) 

Fluid Time, minutes Fluid 
Pres sure, To Reach Held at Temperature, 

psi Pressure Pres sure F 

0 0 0 73 
112,000 2. 17 0 123 
112,000 5 . 0 110 

0 0 0 -50 (a) 

210,000 3.25 0 141 
210,000 4.75 132 

0 0 0 52(a) 

246,000 3.75 0 155 
246,000 2.75 144 

The fluid cooled to below room temperature on decompression from the previous trials. 

Temperature 
Change, 

F 

+50 
-13 

-+90 
-9 

+103 
-11 

It is noted that small, but appreciable, increase in fluid temperature occurred even at 
the relatively slow stem speed of 1 ipm. It is of interest also that the temperature 
dropped while holding at pressure were relatively small (9 to 13 F), considering the 
large heat sinks available in the container assembly and the billet-shaped plug, both of 
which were at room temperature. Of particular importance was that no significant drop 
in fluid pressure readings was noted during holding at 112,000 or 210,000 psi, suggesting 

that no appreciable temperature change occurred in the active coil. 

It was during the trial at 246,000 psi that a liner failure occurred after holding at 
this pressure for 2-3/4 minutes. No data on pressure fluctuations during the holding 
period were obtained. 

The trials were not continued at higher stem speeds in the repaired container be
cause sufficient data was obtained from the above trials. It was felt that if fluid 
pressures were unaffected by a 90 F change in temperature over a holding period of up 
to 5 minutes, then at higher stem speeds, pressures would not be affected by even 
higher possible fluid temperatures because of the short time interval during extrusion. 
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