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This program was conducted for the U. S. Army Watervliet
Arsenal, Watervliet, New York, 12189, under Contract No. DAAFG7-72-R-0082.
The program was technically monitored for Watervliet Arsenal by Mr.

Richard DeFries of Benet Research and Engineering Laboratories at Water-
vliet Arsenal.

The work described in this report was conducted by the Metal-
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The experimental data obtained in this program are contained in
Battelle Laboratory Record Books Number 29855 and 29965.
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INTRODUCTION

There hkas been continuing interest ever the vears in improving the
service life of mortar tube.. Modified low-alley steesls have commonly bezn
used for this application. Thi-. materials, however, hive graven unaccept-
able in some cases, as the tubing has failed by bulging due o the excess
heat generated during periods of sustained rates of firing. “When the tubing
is used in a less severe manner (where the ._ube is allowed to conl between
firing), its life is acceptable although the tube eventually becomes unserve
iceable duc to the erosion of tube ID. .

Studies have beer conducteﬁ(l’z) in which other matesrials nave been
examined tor possibie use in mortar tube applications. These matevials have
included high temperature nickel-base alloys and both low- and high-alloy
tool steels. It was gencrally concluded from these studies that Ipconel 718
alloy had the best combination of elevated-temperature tensile end yield
strength, ductility, fatigue strength, snd foughness at both -40 degrees and
room temperature, based on mortar tube requirements. Thus, there has been
considérable interest in use of this material for mortar tubes especialiy in
those situaticns where sustained rates of firing are used.

However, this alloy hac traditionally been expensive to fabricate
into close-toierance tubces., Two methods that have been used sre to (1)
machine the tube from solid bar stock or (2} machine a rough tube shell pro-
duced by -ouventional hot cxtirusion. Another possible approach is to reduce
the rough tube shell down to the finished product by the numerous sequentisl
steps normally involved in tube reducing or drawing. All cf these methods
are expensive to use, particularly vhere extensive machining is regquired, due

to the poor machinability of this mazerial.

. (1) Defriss, R. S., “in Evaluation of Elevated Temperature Materials for
ths 8lxm Mortar Tube," Watervliet Arsensl Technical Report WT-£429,
Watervliet, K. Y., Noveuber 1966.

{2) DeFries, R. S., "An Evaluation of High Tezparature Malterials for Thin
¥allad Tube 3:);1 Walsrvlist Arsenal Technical Rsport WT-7105, Waterviist,
Ko Y.y My iyn.
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It was felt that the hydrostatic extrusion process might offer an
alternative lower cost method to producing high-quality Inconel 718 tukes as
this technigue can produce much larger reductions than are possible by con-

ventional forming methods, and could eliminate much of the prescnt machining
(3,4,5)

)

requirements. In work done over the past 10 vears at Battclle,
t.bortories in this country, including Watervliet Arsenal,(6’7 and around
the worid, the bydrostatic extrusion process shows great promise as a new

techuigque fuyr *abricating 2 variety of shaped and tubular products. Beczuse

fi2id surround- the billet in hydrostatic extrusion, friction between billet
snd container is virtually eliminated. .This means it is practical to ex-
trude long billets and produce such items as mortar tubes and other ordnance
products of this type which have high length-to-diameter ratiss. Work at
Battelle has alse shown that tuabss can be extruded which have special ex-
ternal and internal configurations such as ribs, flutes, etc.

Since hydrostatic extrusion is typically a cold or warm deformation
process, it has the inherent advantage of producing parts with good dimen-

sional control, close tolerances, and fine surface finishes. Based on

{3) Fiorentino, R. J., Kichardson, B. D., Meyer, G. E., Sabroff, A, M.,
Boulger, F. Y., "Development of the Manufacturing Capabilities of
the Hydrostatic Extrusion Process", Techniczl Report AFML-~TR-67-327,
Air Forcs Centruct No. AF23(5615)1390, Rattelle Memorial Institute,
Columbus, Chic, October, 1967,

-
o
et

fichovdson, B, B,, Meyer. G. E,, Uy, J. C,, Fiorentino, E. J.,
Sabroff, A. M., "Prototype Mioduction Process for Fabrication of
Wire and Tubing by Prdrostaric Extrusion Prawing", Technical Report
AFML~TRE-70-82, Air Force Cuntract o, AF33615-68-C-1197, Battelle
Memorial Institute, Columbus, Ohio, May, 1970,

(5) Cegel, G, A,, et z21., & Manufavturing Methnd and Technology Study
Covering Fabrication of Small-Riameter Missile Motor Cases", AMCMS
Contract Dai- i03-69-C-0472, Hattellis Memorial Institute, Columbus,
Ohio, February, 1971,

(6) Uy, J. C., Nolan, C, J., and Davidsuon, T. E., "The llydrostatic
Extrusion of Hickel-Base Superalloys st Room Temperature"”, Trans-
actions Juarterly, Volume 60 No, &, Decemver, 1967,

{(7) ®alan, C. J., and Davidson, T. E., "The Effects of Cold Reduction
by Hydrostatic Fluid Extrusion on the Mechanical Properties of
18 Percent Nickel Maraging Steels”, Transactions of the ASM, Vol, 62,
1969.
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the potential advantages of hydrostatic extrusion for febricating mortar
tubes, this program was initiated to demonstrate the fcasibility of ex-
truding Inconel 718 to a configuration close to the currant 60-mm mortar
tube., It was expected that only the miﬁim&m of finishing and machining
would be nccessary to obtain the finished tube. Along with detcrmining the
process parameters, potential production costs were to be estimated to
assess the economic feacibility of extruding mortar tubes by hydrostatic

techniques on a production basis.

PROGRAM SIMMARY

Prior to starting the full-scale extrusion studics on Inconel 718
tubes, a series cof subscale trials were conducted to establish the process
paramsters and resol¥s a jossible problem that frequently occurs in the cold
extrusion of tubes; namely, the occurrence of ID defects during extrusion.
Subscale trials conducted in this program established satisfactory extrusion
pirameters and showed that if an ID reduction of at least 10 percent was taken
during the course of extrusion, high-quality ID surfaces could bhe achieved.
Thus, these results were taken into account when desigiing tooling and
carrying out thz full-scale trials.

The feasibility of producing Inconel 71¢ mortar tubes by hydro-
static extrusion was established in this program. The mortar tube extrusions
produced in this study are shown in Figure 1 along with seversl steei extru-
sions produced to check out tooling and process parameters,

These tubes were of excellent quality as evidenced by the as-extruded
d!mensions listed below for a lot of four tubes:

Qutside Diameter - 2.785 % 0.002 incices

Inside Diameter - 2.362 + 0.008 inches
Wzll Thickness - 0.209 + 09,014 ioches
Concentricity - 0,014 inches maximun .

Cost estimates were made for producing the morzar tubes in

quantities from 100 to 5000, These estimates, based on starting with a hot
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FIGURE 1. TE EL MORTAR TUBES MADE BY

INIQUES IN BATIELLF'S




extraded tube as a tube blank and making the finish mortar tube by hydro-

static extrusion, are summarized below:

Cost per Tube,

Quantity _Dollars __ _
. 190 514
500 3u4
1000 372
5000 353

A major component in these éstimated costs is that of the hot exs
tfuded tube blank. If the cost of the -starting tube preform can be reduced;
it would significantly affect the overall cost to produce each tube. Pre-
liminary analysis indicatcs that if & thick wall, short tube preform could
be produced by back extrusion of a sclid billet, the overall tube costs could-
be furthetr reduced by about anether 25 percerit allowing for a double hydros
static extrusion step to make the mortar tube.

In view of the potential cost savings that could be achieved by
utilizing back extriuded breféfms, it is recommended that further studies
being conducted which would develop this téchnique and establish the para-
meters for hydrostatic extrusion startiang with back extruded preforms.
Recommendations have also been included for examining two other potential
approaches to improving mortar tabe marmfacturing méthods and reducing tube
production costs. One of these is a front asgmented extrusion technique
which potentially reduces fluid pressure requirements for extrusion and
eliminates the need for removing the ID taper which is produced by present
teconiques. & second approach would involve the use of warm hydrostatic ex-

tfusion techniques to enable Ligher extrusion ratios to be achieved while

still maintaining the high-quality surface and dimensional control demon-
strated. in this progr:m.

The success of this pcogram opens the door to applying similar hy=

i [

dréstatic extrusion techniques to a wide variety of ordnance products. Thus;

l:||| I

consideration should be given also to investigating the appiicability of this
process to other types of products in the Army's arsenal which could benefit
from the potential process improvaments and cost reductions indicated here.
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PROGRAM OBJECTIVES AND GENZRAL APFROACH

The objective or thic propescd program wass to develop cold hydro-
static extrusion techn’ques to manufacture 60-mm mortar tubes, 2.764-Inch
00 x 2.390-inch ID x 38 incnes long from Inconel 718 alloy. Fabrication
of these tubes was expected to be done in twc steps. The first was to be
a3 hydrostatic extrusion operation in which the bulk of the reduction on
the tube is made. In the second processing step, the tube wus to be heat
treated, sized to thée final dimensions, and straightened as required. Aiter
processing; the finished tubes were to be dimensionally checked and inspected
at Battelle, arnd selected tubes ssnt to Waterviizt Arsenal for more extensive
evaluation, -

With processing steps defined, a cost study was to be made to permit
cost estimates for producing these tubes in quantities up te 5000 units.
These data, along with detailed descriptions of the work conducted on this

program, are inciuded in this firal report.

PROCESSING OF TUBING

Prior to fabricating the needel tooling te extrude the full-size
mortar tubes in our 2550-ton hydraulic press, it was decided to conduct some
subscale trials in our 700-ton hydraulic press. These limited subscale
trizls were conducted, and based on the results of this work, toolicrg designs
and process parameters were selected for fabrication of full-size tubes. Both

serins of extruded trials are discussed below.

Subscale Trials

A series of subscale trials on both carbon steel and Incomel 71§
materials was conducted to define process parameters ané explore potential
tube ID defect problems which had been periodically encountered in the
hydrostatic extrusion of certain high-strength materials. It was felt that
similar ID problems could be encountered in this program in the extrusion
of full-gize tubes. It was desived to resolve these questions before he

full -scale studies were undertaken.



Defects have been detected on the inside surface of some hydro-
statically extruded tubing fabricuted on previous government and industry~-
sponsored rescarch programs. These defects, which may appear as cracks ot
roughened arcas, are in the transierse direction and are commonly aligned

with ID wachining marks from the starting billet. The cause of the defects

is not preciscly known but is felt to be rélated to the stite of stress on

the inside surface during extrusion.

In the irouing approach to tube-making where the billel ID is the

same as the extruded tube ID, the inside surface fibers of the tubing are

Thus,

these inside fibers deform in a largely tensile manner and it is suspected

elongated in the axial direction with little circumfererntial movement.

that the defects are a result of & lack of stability in this direction
(perhaps a phenome¢na similar to neckingj.
An examination of literature indicated that other investigators

(8)

nad encountered similar types of prcblems. In one particular case, Cruden
He

found two metheds of solving this problem to be successful and both were

encountered these problems in conventional cold extrusion of tubing.
explored in this program. These involved (1) significantly reducing the
inside diameter during extrusion and (2) extruding the material through dies
whose entry angles are relatively saall in comparison to die angles normally
used,
In the work conducted in this program, these same two approaches
were tried and it was zenerally found that the defect problem persisted
regardless of the die half-angles 2valuated (22-1/2, 15, and 10 degrees),
but a very definite improvement was encountered wher 10 and 20 percent 1D
reductions were taken. One tube produced during these trials is shown in
Figure 2 and has an excellent surface finish of about 4 to 7 microinches,
rms. Thus, it appeared that the potential problem of 1D defects could be
solved by reducing the billet ID by as little as 10 percent during the ex-
trusion process, and tooling designs and billet dimensions for the full-
scale efforts were mndified accordingly.
In addition to defining conditions for producing good ID surfaces,

these trials established that:

{8) Cruden, A, K., "The Effect on the Extrusion of Stcel of a Prior
Extrusion Operation™, NEL Report No. 321, East Kilbride, Glasgow:
National Engincering Laboratory, January, 1968.

-
1
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SUBSCALE INCONEL ALLOY 718 TUBE EXTRUDED IN THIS PROGRAM SHOWING EXCELLENT
ID SURFACL FINISH DUE TO INCORPORATING AN ID REDUCTION DURING EXTRUSION
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(1) Extrusion ratios up to azbout 2.5:1 are possible with
Inconel 718 at room temperature -st fluid pressures up
to 250,000 psi

(2) bie angle of 22-1/2 degree semiangle is satisfactory
and no significant bencfits were obtained by using
angles as swall as 10 degrecs

{3) Copper plating of Inconel 718 billets-in ggm@iﬁatinn

with resin-bonded graphite-MoS, coatings would bhe usced

2
as the lubrication system inAtﬁcriuiliscale Studics.

(4) Kam spceds in the range 6f~6}i§¢4;9,207ipm were satis-<

factory.

Also included in thé subscale work was anicvaiﬁégibnwcfiéthet
modifications in tube-moking téchniques inciﬁging<aﬂégnbept involving -
Yoroduct-augmented extrusion where an adgéenting or additional force is
applied o the extruding product. - V

This approach offers several potentisl advantages includiag re-
duced fluid pressure requirements., More détails on this technique are

reported in Appendix A,

Full-Scale Extrusicii Trials

The extrusjon trials for producing the full-size mortar tubes
were conducted in hydrostatic extrusion tooling wiiich was designed and
constructed at Battelle. The container, shown in Figure 1, is of a 5-rinmg
design and has a basic bore size 7 inches in diameter x 30 inches long.

For this program, the bore diameter was reduced to 3.500 inches
using a two-ring insert asszmbly. The outer ring has a straight OD and
tapered ID. Conditions vere reversed for thce inner ring. These matching
tapered surfaces were made with an interference fit so that when the smaller
ring is pressed into position in the larger ring, a prestress is achieved
on the inner ring so that the @ntire asssembly can withstand the high extru-
sion pressures. This system was designed for use at pressures up to 250,300
psi and thc tooling was instalied in our 2500-ton vertical hydraulic press.
The container was manipulated in a vertical manner using two independent
cylinders positioned below the press which have s total hold-down capacity
of 40O tons.




wimirl

Figure 3 i'lustrates the mandrel; billet, and die arrangement used

in these trials. The ram acted directly on the top surface of the mandrel

[ 4]

ad transmits the force to pressurize the fluid in this manner., As can be

']

cen in the figure, seals are placed at the bottom of the flanged part of the

]

o

wandrel and, therefore, pressurization occurs only below this poisnt.

The load applicd by the ram was measured and plotted as a function
of ram trovel on a lHewlett Packard X-Y recorder and data rerorded in the
form of » plot of pressure-versus-stroke. Typical of these plots is shown
in Figure 4 for both Inconel 718 and the AISI 1018 steel (used as a billet
material to check out tooling) extruded in this program.

The dies used in these trials were specially designed to be press-
fit on the tapered liner surfice as shown in Figure 3. These dies were
prestressed in much the same manner as the inside ring of the hydrostatic
extrusion container. Lead metal was plated on the 0D surface of the dies
to assist in lubricating the dies during seating and to act as a seal against
fluid leakape between the outside surface of the die and ma:éhing tapered
surface on the container.

For botnh Inconel 718 and AXSI 1018 steel, the billets measured
3.450 inck OD by 2.650 inch ID, and were extruded te nomninal dimensions of
2.800 inch OD x 2.350 inch ID. Because the mandrel was tapered (0.0015 irnch
per inch of lemgth), the ID of the tubing was also slightly tapered.

H
F

Pracedure

For each trial, the copper-plated billet was sprayed with Fel-Pro C

iy A S o

\a molybdenum-sulfide~graphite lubricant)} an3d then costed wich castor oil.

The dic was positioned in the container and prestressed by engaging the

)

SV

container hold-down to a load ef 400 tons., The dillet was then placed in-
side the contsiner so that the nose ¢nd rested against the die. The billet
nose had previcusly been reduced in Jiameter so that a seal could be achieved
between the hillet ID and the mandrel. Fluid was then added to the imside
of the billet and retained by simply capping the billet nose cnd. The
mandre]l was then inserted into the contsiner so that the end sealed the nose

of the tube against fluid leakage.

10
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The coudition utilized in the extrusion of tha full size Inconel

718 and steci tubes were s:.milar for all of the trials. These conditions

. are listed below:
- Fluid - Castor 0il
Lubrication =  Copper plate + resin-bonded graphite

MoSy coatiag

Billet Dimensions - 3.450 in. OD x 2.650 in. ID x
20.0 in, length

Tube Dimensions (Nominal) - 2.787 in. OD x 2.363 in, ID =
approximately 40 in. length

Extrusion Ratio
Inconel 718 -~ 2.2
Steel - 2.4

Extrusion Pressures
Inconel {718) Breakrhrough

180,000 ~ 195,000 psi

Runout - 150,000 - 155,000 psi
Steel Breakthrough - 82,000 - 90,000 psi
Runout -

76,000 - 82,000 psi

A

Die Configuration
Diameter - 2.765 (estimated prestressed diameter)
Approach fngle 22-172° (hali angle)
Land Length - 0.2 inch

Press Ram Speed -  Approximately 5 ipm

W e e

YT

Mandrel Configuration - 2,390 inches tapering to
2.356 inches over 22 inches of
length (0.0015 in/in).

The extrusion trials vere completed without compiication and indi-
catjons were that litr’e or no postextrusion processing of these tubes would
be reguired. Thus, the extruded Inconel 718 tubes were straightened, heat
treated (11530 F/8 hr.) and subsaquently ID honed to {inish the tube fabri-

. cat ion,
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EVALUAT: I8 QF LXIRUDED TUBES

The tubipg preduced in this program was examined for dimensional

ceeuracy. Results are shown in Toable 1 and summarized below for Inconel 716.

Varfation, inches

Outside Diameter 2.783 e 2,187
Inside Diametcr 2.356 to 2.379
Concentricity 0.008 {typical)

{difference between 0.014 (maximum)

0D and ID centers)

The ID variatioa is due im part to the effects of the tapered
mandrel and to the eccentricity measured in the tube. Concentricity at the
nose end was quite good but lessened a5 extrusion progressed. It is not
tvlear why the Inconel 718 tubes showed lesz concentricity over the tube

length but this could occur as a result of variations in lubvicant behavior

and wetal fiow throvgh the die. The Inconel tubes were aiso found to have
the ID defects described ecarlier ju this Report in spite of the reducticn

5

taker on the inside diameter.

After dimensional checks were made which showed the tubes to be

Vi

within tne requircd tolcrances of the "modified specification®, four tubes

were honed on the ID surface only and shippecd to the Sponsor for its up~

on studies.
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COST EVALUATION

it

A A

A cost study on producing Inconel 718 tubing for mortar tubes by
hydrostatic excrusion bave been made snd is reported in Table 2. This esti-
¢ for producing 106G, 500, 1000, and 5000 extrusions

ng several s:sumptions made necessary bscause production facilities

>u

-:L )

rostatic extrusion of this type of tubing do not currontly exist in
the United States. These assumpuions were:
{1} A reduction in srez of 60 percent {2.5:1) wculd be
obtainad in a single coid hydrostatic extrusion step
{2) Only onc extrusion operation will be required to reduzc

the billet to the tuebe size desived
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TABLE 2. EMTIMATED COST FOX MANUFACTURE OF INCONEL ALLOY 718
hOLTé? TUBES BY LYDROSTATIC EXTRUSION

Oper.ition Cost Per Part, dollars
Generzl Specific 100 500 1000 5000
Billet Preparation liot Extruded Tube(l) 408.56 298.56 290,70 277.62

e )
Zillec Preparation ore 10(9 5.97 5.73  5.64  5.48
5iller Treparation Turn OD(Z) 8.96 8.70 §.63 8.46
Rillet Preparation Copper Plate(l) 12.00 9.50 9.50 9.50
)
Hydrostatic Extrusien Exsrusion Costs(3’ 15,78 8.03 7.20 6.30
Postextrusion Processing Claaning(3} 0.72 0,72 0.72 0.72
Postcrtrusicen Precessing Strai —h;enlngg ; 3.75 3.75 3.75 3.75
Heat-Treating 4,26 2.53 2,03 1.20
Grind 00¢3) 15,80 13,90 13,27 12.04
Postextrusion Processing Hone TD(S) 33,33 29.20 27.90 25,30
£

Postertrusion I'r -essing Cut to Léngth(;‘ 5.00 3.50 3,50 3.00

514.13 384.12 372.84 353.37

gy

- {2) Czlculations based o ms;&lxrcmevai rates .md cost studies conducted in
: other Battelle program 54,5}

T . sz . (4,5
} Calculated based on cost studies cconducted in other Battelle programs( )

{4) Estimate based on time required for identical opetration in this pregram

[27

Estimate baseé on cost of this operation in this program,

I AR
~~
(%3
-

(&) Rictardson. B. b., Meyer. G, E., Uy, J. C,, Fioremtino, R. J.,
Sabroff, A, M., "Prototype Production Process for Fabricatien ol
Wire and Tubing by Hydrostatic Extrusior Drawing"”, Technical Report
APML-TR-70-82, 3ir Force Contract No. AF33615-68-C-1197, Battelle
Hemoriai Instirute, Columbus, Dhio, May, 1970,

i
il

i FOI i

(3} G=gel, G, et al,, "A Manufacturing Method and Technology Study
Covering F ation of Small-Diasmeter Missile Motor Cases™, AMQMS
Contract ﬁ ‘QS-EQ-C—O47 , Battelle Memorial Institute, Columbus,
Chio, ?eb:u* Ty, 1971,

16




(3) Die life will be 25,000 parts or better

(4) The minimum extrusion container lifé will be

A SRt st TR

]05 extrusions

+5) A producticn rate of 15 parts per hour can be

attained.

. The cos.s were bas>d on the best available iniormation and quotations
were obtained whcre possible, It was alsc assumed that the process was
optimized to extrude close to finish dimension$ thereby minimizing the
finishing operations.

In some portions of ‘re cost estimates, a learning curve effect
has been applied which allows for grester efficiency in prodiction of
larger quantities. Basically, a worker or group of workers lga;ﬁ as=tﬁg
several steps of an operation is repeate&‘tﬁéreby;perﬁitting a decline in

- the direct labor input per unit.

These results generally show that Zor a productior lot of 500 ot
more, production costs would be on the order of $350 to $400 per finish
tube. Examination of these costs shows that the single large component of
cost is the starting billet. This cost is based on purchase of a-hot=
extruded tube blank which weighs about 28 pouvnds (a per pound cost of §$10
to $14.50 for material and extrusion): It is our opinion thar this tube
blank could be produced at a -wuch lower cost. Assuming a base matal price
of $4.50/pound, it should F: povsible to fabricate a starting billet by
back extrusion of a sclid round to form a cup at a total price of about $6
per pound. For a 28 pound billet, this would make the starting tube éhqli
cost about $170.

Assuming now chat two hydrostatic extrusicn steps are required,
since the back esncruded cup will likely ke tnicker walled and shorter than
a hot-extridcd tube, to make the finish tube, costs for 500 tubeés might be

as follows:

Back-Extruded Preform $170
. Machine OD, ID, and Copper 24 (Toble 3)
. Plate
Two Extrusion Steps 16 (Table 3)
Intermediate Anncal and Other 24 (Table 3)
Preparations

54 (Table 3)

Post=Extrusion Processing
3 TOTAL §288

Ay iy i Al
AR AN AT AR (R
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Thus, the cost per mortar tube could conceivably be reduced from $385

(Table 2) to $288-- a 25 percent reduction.

SPECIFICATIONS OF FINTSHED TUBES

(Ali Valucs in Inches)

Tube No. Outside Diameter Ihs@dg:biametér - Hall
1 2.760/2.762 2.363 .199/.201
2,369 18512206
2 2.782/2.185 2.360 2101213
T 2.367 .2047.214
3 2.782/2.785 2.364 ' 2208/.210
- 2.367 .20370’216 _
4 2:781/2.782 2,358 .210/.213
2.367 .202/.212

The two values given for the tube ID represent meaSureménts on
opposite cnds of the tube and reflect residual ID taper after honing. Wall

variations at opposite ends of the tube are alsc reported..

RECOMMENDATIONS FOR FUTURE WORK

The feasibility of extruding Inconel 718 mortar tubes by hydro-
static extrusion has been demonstrated by the results of this program. In
addition, a cost study would suggest that tubes could be fabricated by this
method at significant cost savings over techniques now being used. Obviously,
hoﬁéver, in the limited work done here, there still remains further process
optimization that could be endertaken to refine the extrusion techniques and
better establish reliable per-part production costs. Several of these tech-

niques -arc deascribed below.

18
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First, consideration should be given to conducting further extru-
sion trials utilizing much of the existing tooling but starting with a
back-extrucded preform. As the cost estimates have indicated, a saignificant
reduction in starting billet costs could be realized by usiug a back extruded
cup., Thus, experimental studies should be undertaker to develop necessary
process conditions for utilizing tnis type of starting billet.

One particularly attractive altexaative that has been given a brief
examination in this program is that of producé—augmented extrusion. This
approach appeared to be particularly interesting because the required fluid
pressures are small and tubing is produced without a taper on the inside aiam-
eter. The Appendix to this report elaborates on this process and indicates the
potential for this approach.

A third approach to be considered would involve utilizatinn of warm
temperatures to achieve even higher extrusion ratios. Although Inconel 718
is considered a high-strength material at elevated temperatures, ‘t should “e
possible to utilize extrusion temperatures on the order of 1500 F to reduce
ti.e flow stress and achieve extrusion r.tios higher than the 2.2:1 ratio uti-
lized in this program. Potentially, fluid and lubrication systems could be
worked out for these temperatures so that perhaps the two-stage extrusion step
nmentioned earlier in conjunction with uvse of the back extruded preform could
again be reduced to oaly one extrusion step.

Thus, several approaches appear attractive to further define the use
of hydrostatic extrusion techniques ir mortar tube manufacture. Once the tubes
produced on this prcgram have been satisfactorily evaluated by Watervliet
Arsenal, it would be opportune to discuss these various approaches to imple~

menting one or more of these methods in more detail.
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APPENDIX A

COMPARISON OF FRONT-AUGMENTED AND
BACK~-AUCMENTED EXTRUSION

1t was decided in the subscale trials to explore the possi-
bility of an augmented approach to hydrostatic extrusion., This approach
offers several advantages, thc major one being . greatly reduced fluid
pressure, Reduced fluid pressure requirements c:n mean that higher
reductions can be taken for a given available press tonnage.

This augmentation may take one of two forms. It may be possible
to ancment the extrusion by an additional force acting either directly
on the billet, or on the extrusion product. For simplicity, these may
ke --ferred to as "billet-augmented extrusion" and “product-augmented
extrusion”, respectively. Figure A-1 illustrates the two approaches
as they were considered in this program. As can be seen in Figure A-1,
the source of the augmentztion force is the fluid in both cases. The
magnitude of the augmenting force is egual to

F = AmPf s

o]
it

the augmenting force:

o
L

cross sectional area of the mandrel
Pf = fluid pressure.
In billet-augmented cxtrusion, the force is applied to the
billet and stxess on the billet due tc the augmenting force is
o - we=As
- *
B AB RAP

where

Op = augmenting stress on

g
H

cross-sectional area

>
I

cross~-sectional area

o
I

extrusion ratio.

the billet
of the billet

of the extruded preduct
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Powney

Obviously, extrusion by this method is limited by the stress that can be

placed on the billet without causing it to upset, Since the fluid

pressure jtself will not contribute to upsetting, it is necessary to
examine only the stress due to the augmenting force, Cy-
In one form of product-augmented extrusion, the force is applied

to the extrusion product only and the stress on the extrusion product is

c = Ampf = RAmpf
PoA 4 |

In this case, the extrusion is limited by the stress that can be placed

on the extrusion product without failure or S < yield strength of the
product,

To compare the two approaches, it is approximately correct to
say that the extrusion pressure for a given reduction on 2 given materisl

is constant awd is equal to the fluid pressure plus the augmenting
stress.

E-Tatc
or
Pp =P ¥ 9% ’

where

(]

PE extrusion pressure
Pf1= fluid pressure for billet-augmented extrusion

sz' fluid pressure for product-augmented extrusion,

Thus,

or
I+ B
£l Ay £2 AB
() (2
P, 1 +-8/=p L3+ 0
£1 A, Te A
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o \1 + -A—""‘}

E 2 . B .
E P_.. / RA
= R
£1 \3 m)
e i +.A__
= B
= Thus, the {luid pressurce for preduct-avgmented extrucion can be smaller
= than rhst for billet~augmented extrusion by a ratio of

A
1YE,
3 .

it could be concluded from these trials that augmented

extrusion is applicable only if the stress due to the augmentation force

will nor excced the -

"
"
2]
bt
Q.

3 stress of the member to vhich the load is
applied. 3Specifically, it means tha* in product-augmented extrusion,

the zugmenting stress should not exceed the tensile yield strength of the
extreded product,

p ™ !
GO Y A dhed VAT TR A WLE Ty

In back-augmented extrusion, the augmenting load

should net exceed corpressive yield strength of the billet material. then

= these limits are exceeded, the effect is fairly obvious. On the one harnd,

tle extrusion products may be elongated anc vuptuie. In the other

instance, the billet may upset and thereby increase the extrusion ratio

¢susing even higher required extrusion pressures.

AP | A

In the subscaie trials conducted in this program, it was
ieterpined that bil

Pt

et-augmented extrusion would not be possible, The

ired extrusion pressures would generate an augmenting stress that
d hove exceeded the yield strength of the billet. In product-augmented
exirusion, the conclusion was not quite as clear, It appeared that the
extiusion might be marginally possible by this technique; however,
because this Jas not known with certainty, this approach was not followed

in tire subsequent full-scale trials., As recommended elsewhere, this

ould be considered further, as, in both cases, the extrusion

R R ) PN Tk P ey 0 (o

. were substantlially 1cduced from what is required by unsugmented
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As an example, one cin compare the fluid pressures that would

O gy,

be required to cxtrude the full-size mortm tubes by conventional hydro-

static extrusion; by product-augmented hydrostatic extrusion, and by

= s billet-augmented hydrostatic extrusion. 1f the extrusion pressure for

conventional hydrostatic extrusion is 155,700 psi (as it was found to

be in this program) for a 2,22:1 reduction, the area of the mandrel is
4.36 sq. in, and the area of the billet is 3.84 sq. in. The following

calculations can be made:

P.=P_, +cC

‘ E Ta1 7%
-t =p + PflAm
= £f1 A

-Pl(ué_A:)

Pe _ 155,000 _ 155,000
£1 ) 1+4.36  2.135
1 + —_— 3.84

il
A

it

I

F

LT I T

= 73,000 psi for product-augmented extrusion
P (l_i;fgifé )
fi{1 + Ra/hs)

2,135 \
i 73,000 (1 ¥32.222 (L.13%Y/

Peo

I T ;
il el et el At

R

h

P
b

73,000 '§ 235) = 44,000 psi for billet-
augmented extrusion.

OV i P

Thus, the extrusion pressure egquals

155,000 psi for conventicnal hydrostatic extrusion
73,000 psi for billet-augmented extrusion and

44,000 psi for product-augmented extrusion.
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