FOREWORD

This Final Technical Documentary Report covers all work performed under
Contract AF 33(657)-8791 from 20 June 1962 to 12 May 196L. Ths manuscript
was released by the authors on 27 July 1964 for publication as an RTD
Technical Documentary Report.

This contract with Thompson Ramo Wooldridge Inc. was initiated under
Manufacturing Teehnology Project 7-930. The program was accomplished under
the technical direction of Mr, L., C. Polley of the Metallurgical Processing
Branch (MATB), Manufacturing Technology Division, AF Materials Iaboratory,
Wright-Patterson Air Force Base, Ohlo,

R, W, Redlinger of the Materials Processing Department, TRW Electro-
mechanical Division of Thompson Ramo Wooldridge was the engineer in charge.
A. S. Nemy, Manager, Materials Processing Department, and C. K. Cock, Senlor
Development Metallurgist, were responsible for program management at TRW,
Other contributers to this program were J, A, Timura and J. D. Bitzer,

This project has been accomplished as a part of the Air Force Manufactur-
ing Methods Program, the primary objective of which is to develop, on a timely
basis, economical preduction of USAF materials and components, The progranm
encompasses the following technical areas:

Metallurgy = Rolling, Forging, Extruding, Casting, Fiber, Powder,
Chemical = Propellant, Coating, Ceramic, Graphite, Nonmetallics,
Electronic - 8olid State, Materials and Special Techniques, Thermionics,
Fabrication = Forming, Material Removal, Joining, Components,

Suggestions concerming additional Manufacturing Methods development rew
guired on this or other subjects will be appreciated.
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ABSTRACT

PRECISION FORGING PROGRAM FOR TURBINE WHEELS AND GEARS

R. W. Redlinger
Je A, Timura

Thompson Ramo Wooldridge Inc.
Materials Processing Department

The radial extrusion process has been developed and demonstrated to be
feasible as a method for precision forging gears and turbine wheels with
integral blades. A state-of-the-art survey indicated a need for an improved
forming process to rapidly and economically fabricate the high temperature
metals and superalloys into advanced aircraft and aerospace components. The
development program initiated to fulfill these objectives included a single
station secreening phase to develop the process components and a full scale
ef fort to fabricate and evaluate turbine wheels and gears. Results of the
screening tests used to evaluate expendable materials for forging die inserts
showed a high density alumina product to be most promising. Precision cast
steel inserts performed satisfactorily as permanent type inserts. The success
of using individual die inserts in a precision forging operation depended on
a unique hydraulic closure mechanism which adapted the forging tooling in an
8000~ton mechanical press. The developed process was used to produce high
quality turbine wheels with integral blades from several supsralloys. Pre-
clsion tolerances, excellent surface finish, and minimum stock removal were
obtained by forging the material into individual die cavities having zero
draft on the sides. The process was verified by the satisfactory metallurgical
and mechanieal properties obtained from the forgings produced during a prototype
production run. '

This Technical Documentary Report has been reviewed and is approved,

FOR THE DIRECTOR

MELVIN E. FIELDS, Col., USAF

Chief, Manufacturing Technology Division
AF Materials Laboratory
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1 INTRODUCTION

This final report summarizes the contributions to the technology for
precision forging turbine wheels and gears which were developed by the
Materials Processing Department, Thompson Ramo Weooldridge Inc., undsr
Contract AF 33{657)=8791. The program was initiated on 20 June 1962 and
successfully completed on 12 May 19€.

Present and advanced aerospace vehicle systems require high strength,
reliable turbine wheels and gears of a variety of sizes and configurations.
The increasing complexity and decreasing size of turbine wheels significantly
contribute to the increasing cost of manufacture. As the service temperatures
increase, the more difficuli-to-work alloys also must be used. The large num-
ber of applications for small integral bladed turbine wheels for auxlliary
power supply units and for fuel pumping and metering systems warranted the
development of & new process for forming such wheels.

The current method of producing small precision gears and turbine wheels
with integral blades is to machine the components from wrought or cast metals
or alloys, As the size of the gear or wheel decreases and the use of the dif.
ficult-to-work supsralloys increases, the machining time and problems rapidly
multiply. In addition; tool breakage and maintenance costs are extremely high
for machining these superalloys in continuous production operations. For
these reasons, the Resgearch and Technology Division initiated this program
with the Materials Processing Department of Thompson Ramo Wooldridge to
develop a new precision forming process.

The primary objective of the program was the development of a new pro-
cess for rapldly and economically forming high-strength, difficult-to-work
superalloys into precislon gears and turbine wheels with integral blades,

To accomplish this aim, the program was divided into four phases, consistent
with the state-cf=the-art pertaining to the superalloys, forging, and turbine
wheel industries. The objective of each phase is summarized below:

Fhage I = State-of-the-Art Survey

Evaluation of the current precision forming processes, available super
alloys, and turbine wheel requirements in order to satisfactorily plan
the program required to advance the state-of-the~art. This was com-
plgted and reported in the First Interim Progress Report on 20 August
1962,

Phage II = Process Development

Development of a forming process and techniques for producing precision
formed parts utilizing high-strength metals or superalloys, inclyding
design; building and/or modification of tooling and equipment. is
was completed and repgorted in the Second through Fifth Interim Reports,
the latter dated 13 October 1963,
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Phase II1 - Process Refinement

Refinement of ths process by precision forming high-strength materials
into gears and turbine wheels with integral blades; establishment of
process parameters by the analysis of processing variables; svaluation
of processing controls and test procedures, This was completed and
reported in the Sixth Interim Report on 15 February 196i.

Phgse IV_- Prototype Production

Demonstration of relisbility of the developed process and the formed
product by the minimum preduction of precision formed parts from

specified metals, This was completed and reported in the Seventh
Interim Report on 12 May 196l.
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IT SUMMARY

The objective of developing an improved process for rapidly and econom-
ically forming high strength, difficult-to-work superalloy into precision
gears and turbine wheels with integral blades {Contract AF 33(657)-8791) was
aChieved .

A state-ofwthe-art survey of the metal-working industry's capability to
precision form the difficult-to-work metals and superalloys into precision
parts was conducted. The results obtained from a literature review, question-
naires, and personal contact with various organizatlions Indicated a need for
improved performance and reduced costs.

The development program initiated to fulfill the requirements was based
on the radial extrusion process. Although the initial feasibility of the
process had been established, a thorough study and selection of process com-
ponents and evaluation of process rellability were required. The program was
divided into two sections - a single station secreening program to develop
process components, and full scale fabrication and evaluation of turbine
wheels and gears.,

Planning, design and manufacture of forge tooling to develop and evaluate
the process, and development of satisfactory die inserts were m jor require-
ments in the program. Process components and variables were evaluated using
single station tooling which simulated a section of the turbine wheel or gear.
Full scale forge toeoling, designed to produce complete gears or turbine wheels,
required relatively few replacement parts to adapt to elther configuration.
The flexibility was provided, in part, by replaceable die inserts which con=-
tained the turbine wheel blade or gear tooth configuration.

Two approaches were taken to develop forging die inserts — expendable
materials and permanent types. The potentially useful types of expendable
materials included ceramics, plastics, cermets, powder metallurgy parts and .
castings. A special grade of high density alumina with several metal oxide
additions was found to be most promising. Satisfactory performance depended
on adequate support by the tooling to gain the benefit of the material's high
compressive strength.

Permanent type inserts, produced by precision casting and grinding AISI
6150 steel, were capable of being retised several times., 8Statistical evalua-
tion of dimensional data obtained on as-cast inserts indicated a possibility
of using precision cast inserts with minimum grinding after heat treatment.

A unique method of adapting the forge tooling and securing the die inserts
in place was provided by a hydraulic secondary closure mechanism. Successful
operation of the closure in an B0QO~ton mechanical press provided the necessary
pressure to maintain a compressive pre-stress on the inserts during forging,
The performance of the closure significantly influenced the behavlor of the.
alumina die inserts by maintaining the compressive load for the duration of
the actual forging.
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The precision forging process produced high quality turbine wheels and
geare with continuous grain flow patterns and improved dimensional and surface
quality. Dimensional evaluation of the forged turbine wheels indicated a
blade profile deviation less than 0,002 in. and msximum blade displacement
(from true position) of 0.015 in. Similarly, the gear tooth profile was
within 0O, E in, and tooth spacing within 0.003 in. The dimensional re.
producibility, minimum surface contamination, and desirable surface finish
significantly contributed to reducing the machining time. Approximately 20%
reduction in total production costs may be possible by the radial extrusion
procesas,

The process capabllity was reflected in the satisfactory performance of
the precision forged products under simulated service conditions. One basic
requirement for turbine wheel acceptance is ability to withstand the effects
of overspeed spin tesis. Acceptance test requirements for the turbine wheel
used in this program included overspeed spin testing at 66,000 rpm for two
minutes.

Four gears wers evaluated in a transmission test stand by Bell Helicopter
Company. These gears were run for 500 hours under simulated full load condi-
tions to evaluate wear patterns and fatigue characteristics. The evaluation
indicated that the forged gears were equally serviceable with standard produc-
tion pinion gears,




ITI STATE-OF-THE-ART

The state~of-the~art pertaining to the metal forming industry's capability
to precision form the difficult-to-work metals and superalloys into precision
parts was determined., Three approaches were actively pursued: (1) a detailed
literature search; (2) questionnaires to high temperature metal producers,
forgers, users, and research groups, and (3) selected visits to organizations
known to be actively engaged in these areas, More than seventy organizations
were contacted in the survey.

The survey analysis was divided into three categories: Metal processing
techniques, turbine wheel and gear applications, and high temperature material
evaluation, The results indicated that current and future reliability require-
ments for turbine wheels with integral blades and gears required the developmeni
of improved forming techniques to fabricate the high temperature alloys. Most
of the information regarding precision forging of integral bladed turbine wheels
pertained to radial in-flow type wheels where the blades extend along the radii
of the wheels rather than around the circumference. Since limited information
was available for axial flow turbine wheels, 1t appeared that the greatest
development effort was required in this area.

A, Metal Forming Processes

The metal processing category of the state-of-the-art survey disclosed a
variety of turbine wheel contours and sizes, as illustrated in Figure l. Iike-
wise, many different materials, shown in Table I, were reported as being used
or tested to satisfy service requirements such as temperature, speed, environ-
ment, and function. In contrast, the methods for manufacturing turbine wheels
were few,

1, Forging
a) Production Techniques

Production forging techniques for turbine wheels provide a
disc or ®pancake", which 1s subsequently machined to produce the turbine
wheel and blade configurations. A typical pancake forging and machined
turbine wheel for an auxiliary power unit are shown in Figure 2. The
schematic drawing of a forged blank and the finished wheel outline shown in
Figure 3 illustrates the amount of metal to be removed by subsequent machining,
Although forgings provide the desirable metal flow lines shown in Figure L,
subsequent machining can destroy the benefits. Figure 5 illustrates an end-
grain condition (flow lines terminating at the surface as a result of machining
the forged disc in the hub and blade areas) which can cause points of initiation
for a fatigue failure. The only solution for eliminating the eng-grain condi-
tion is to precision forge the finished part configuration so that minimum
machining is necessary in the critical areas,

Gear manufacturing methods have been limlited to powder metallurgy
techniques, casting, machining wrought bar, or machining forged discs. Applica-
tion requirements that can tolerate elther the powder metallurgy or cast products
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TABLE I

ALIOYS FOR TURBINE WHEEL APPLICATIONS

Iron-Base Alloys

A=286 (AMS 5737)
We5l5

164256

19-9DL {AMS 5722)
Inconel 901

Nickel-Base Alloys

Waspaloy

Wimet 500

Tdimet 700

Tncenel X (AMS 5667, 5668)
Inco 713C

Inconel 700

Rene' 41 (AMS 5712)
IN-100

SM-200

GMR-235

D=979

Cobalt-Base Alloys

Haynes Stellite 21

Haynes Stellite 31 (AMS 5382B)
5-816

Other Alloys

Ti=6A1-4V, CL120AV (AMS L928)
Mo-1/2T1
Mo=TZM
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MACRO ETCHED CROSS-SECTION OF FINISHED MACHINED
TURBINE WHEEL SHOWING METAL FLOW
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normally involve low gservice speeds and as such would not be included in ‘this
program. However, gears that are normally machined and through-hardsned are
posgsible, although unlikely, applications which might be considered for pre-
cigion forged gears. Therefore, it appeared that high speed gear requirements
were more directly applicable to the precision forging program.

Depending on size and application, the gear blank would require
either forgings or bar stock. 4 gear having an integral shaft, which has been
machined from a forged blank, is shown in Figure 6. The rough machined gear in
Figure 7 is made from rolled bar. Gears are machined by one or more of a
variety of techniques such as hobbing, milling, shaving, or broaching to form
the teeth within ,005 in. of finish form. They are then heat treated and
carburized or nitrided. Many sources then finish grind to tolerances of less
than 0,001 in. (in some instances to 0.0001 in.).

Although no specific forging information could be established
from the sources surveyed, the precision forging of gears apparently has been
evaluated in several plants. An earlier program at TRW involved a capability
study for precisioen forging a bevel gear, Figure 8, It was determined that
both titanium and SAE 4620 steel could bs forged into the bevel gear configura-
tion within .002 in, tolerance. The gears were forged in tool steel dies which
presented an unfavorable cost factor, but the initial capability of preecision
forging gears on a mechanical press had been demonstrated,

b) Development Techniques

Several other technigues were reported as potential methods for
manufacturing turbine wheels, but these methods were not considered productiocn
processes,

Ford-SIFCO Process - A process had been reported in 1958 for the
attachment of individual blades to the turbine wheel igc by upset forging the
dige material around the roots of rigidly held blades 1). The blades were
pogitiofied around the circumference of the wheel by casting a low-melting alloy
ring over them as lllustrated in Figure 9. Although a number of programs were
conducted with potential users, this survey indiecated that no production
capability had been developed.

Curtiss-Wright Program - In angther Air Force sponsored program,
the radial extrusion method demonstrated capabilities for precision forging
large (18-1/2 in. diameter) steel (AMS 6342) and titanium (AMS 1,928) turbine
wheel discs(2), This progranm was directed toward precision forming the dise
only; it did not include forming the integral blades. The web of the steel
compressor dise was held to within +,009 in. using a mechanical press. The
developed technique required only 29.6% excess metal volume as compared to 230%
used in conventional forgings.

TRW Radial Extrusion - A program at TRW demonstrated the initial
feasibility of radial extrusion as a technigue for prezision forming turbine
wheels with integral blades., In this process, machined preforms were forged in
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ROUGH MACHINED SPUR GEAR FOR HELICOPTER
POWER TRANSMISSION
(Courtesy of Bell Helicopter Company)
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ILLUSTRATION OF FORD MOTOR CO. - STEEL IMPROVEMENT & FORGE CO.
TURBINE WHEEL PROCESS. Left, blades in position in kirksite ring with billet

in center. Right, billet, composite forging, and turbine wheel and blades after
removal of kirksite ring.
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special tboling(Figure 10) to radially extrude metal into blade shaped cavities,
Proceas capability was first achieved by forging the aluminum -and titanium al-
loy turbine wheels’shown in Figure 11.

The program defined the basic problem areas of the radial ex
trusion process, such as: (1) the development of a suitable expendable die
insert; (2) determining maximum blade lengths and minimum edge thickness;

(3) establishing achievable tolerance levels; and (L) appraisal of cost facters.

24 M&chining

a) Conventional

Until recently turbine wheels have been machined by conventional
turning, broaching, and milling operations. The complexity of airfoil shapes,
close gpacing between blades, and exacting tolerances resulted in time-consuming
expensive milling operations. As a result, special machines, such as that
shown in Figure 12, were developed to produce the blade sections. Since the
extremely small end-mills have limited strength and cutting surfaces, metal
removal rates were slow, even for the easiest machining alloys. With alloys
which readily work harden the problems are compounded by tool breakage and
wear. One company reported that a minimum of LO hours was required to machine
the integral blades on a Waspaloy disc. It was estimated that this time could
be reduced 75% if the wheel was precision forged with a .030 in. envelope.

b) Electrolytic

In recent years, electrochemical (ECM) and electrical discharge
machining (EDM) techniques have been developed. Both processes have been used
to manufacture turbine wheels, The major advantage of these electrical energy
machining methods is that material hardn?§§ or work hardening characteristics
have no influence on metal removal rates The dimensional tolerances of
both the ECM and EDM processes are dependent upon the precision of the cathods,
positioning fixtures and control of the electrode movement, of which less than
.005 in. tolerances are attainable. Surface finishesa of 10 rms can be obtained
by the ECM process, however, a pebbly finish between 5 and 50 rms is character=
istic of the EDM process.

Although these processes resolve some of the problems associated
with conventional machining, the end-grain effects caused by cutting the metal
flow lines still prevails,

3. Caasting

Castings have been used extensively in certain turbine wheel ap-
plications where the tolerances are less exacting. Tolerances of #.,010 in,
are difficult to hold on wheels of six-inch diameter so some machining or
grinding is usually required te finish the cast wheels. The advantage of
castings, as compared to wrought products, are the higher stress-rupture pro-
perties at elevated temperatures, but the ductility is somewhat lower.
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(a)

(b)

TRW RADIALLY EXTRUDED TURBINE WHEEL WITH INTEGRAL BLADES
FOR BOEING WATER PUMP. (a) FROM C130 AM TITANiUM ALLOY;
(b) SET-UP PIECE USING ALUMINUM ALLOY
FIGURE 11
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AUTOMATIC MACHINING SET-UP FOR TURBINE
WHEEL WITH INTEGRAL BLADES
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B. Procéss Applications

The state-of-the-art survey showed a significant interest for precision
formed turbine wheels and gears which offer an improvement in reliability
over present forming processes. The interest was broadly divided over such
areas of application as auxiliary power units, turbopumps, and small engine
propulsion systems.

Various turbine applications require short time but very high performance
output, while others must function over extended perlods under extreme environ-
mental conditions. The difficult-to-work superalloys are capable of meeting
the present high temperature applicaticns, however, the temperature require-
ments are anticipated by the designers to continue on an upward trend.

The major application of small turbine wheels is in auxiliary power units
(APU) and aircraft starters. Although the operating time for these systems is
relatively short (minutes or seconds), temperatures increase beyond what is
thought to be the normal temperature limitations for the materials under the
stresses encountered. However, the short-burst type of operation permits their
uge at these higher than conventional temperatureg, Present auxiliary power units
operate in the 1500° to 1900°F range, although service temperature requirements
as high as 2500°F are expected.

C. Material Evaluation

The materials used in this program were selected primarily on the basis
of properties and fabricability., It was essential that the materials to be
congidered meet the strength and oxidation requirements of the 1200° to 1700°F
service temperature range, yet be amenable to the severe fabrication procedure
of a radial extrusion operation. Cost, while of importance, can be compared
to the conventional fabrication processes for the same material. |

Conventional ferrous alloys, such as hot-work die steels or low alloy
steels, do not retain sufficlent gstrength and oxidatlon resistance to be
usable beyond 1200°F, However, there is a group of heavily alloyed iron-base
materials generally high in nickel and chromium, which retain thelr strength
and corrosion resistance up to 1500°F. A few of the more common allpys are
A-2B6, W-545, 19-9DL, and Unitemp 212, The compositions of the more prominent
alloys are shown in Table II. Essentially these materials are extensions of
the austenitic stainless steels, and most of these materials are workable with
the proper control of process parameters,

The advantage of these lron-base alloys is their relatively low cost,
However, their principal disadvantage is the reduction in creep strength beyond
1,00° to 1500°F,

The most significant developments in high temperature technology for the
1500° to 1900°F range have been achieved with nickel-base alloys. Usable creep
and oxidation resistance have been attained for this temperature range with
these alloys. Most of the nickel.base guperalloys are essentlally modificationa
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of the original Nimonic 75 composition (B0ONi-20Cr) with additional alloying
elements., The formation of an inert intermetallic compound, gamma-prime, is
the primary reason for the nickel-base superalloy high temperature strength.
Gamma-prime is formed with aluminum and titanium additions. Most nickel-base
superalloys require vacuum melting to improve fabricability and provide optimum
uniform properties. Stress-rupture properties of several nickel-~ and ircn-base
alloys are shown in Figure 13 and 1.

Increased use of nickel-base superalloys has presented the forging indusiry
with serious problems. The necessity for avolding temperature and working com-
binations which result in exaggerated grain growth, incipient melting, or un
desirable mechanical properties establish the fabrication limits of these mate-
rials.

Temperatures to which the metals can be heated for forging are determined
by the incipient melting temperature as an upper limit and strain hardening
capacity indicating the lower limit. Thus, the acceptable forging temperature
range is narrowed by 60° to 175°F for some of the nickel-bage alloys,

The amount of reduction and the working temperatures, particularly in the
final working operations, greatly affect the mechanical properties. Therefore,
these factors presented particular problems in the develcpment of the radial
extrusion process.

Cobalt-bage alloys also have been used as a high temperature material.
However, the development of these alloy systema has been less prominent bacause
no intermstallic compound, analogous to the gamma-prime phase, has been developed,
Most cobalt~base materials are only solid-solution strengthened and carbide
hardened, of which very few are fabricable. The most advanced cobalt-base alloys,
such as WI-52, SM 302, and H-151 are strictly cast alloys. However, Haynes 25
and S-816 are fabricable and have been used in a number of applications, particularly
in the presence of corrosive media,
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IV EXPERIMENTAL PROCEDURES

Development of the forming process and techniques for producing turbine
wheels and gearsa involved a thorough study and selection of process components.
The planning, deslign, and manufacture of tooling used to evaluate and demonstrate
the radial extrusion process, and the development of setisfactory expendable dle
ingerts were major reguirements in the program. Having developed suitable pro-
cess components, svaluation of tooling performance and process reliability were
required, Accordingly, the program was divided into two sectlions. PFirst, a
single station sereening program was designed to develop tool concepts, process
parameters, and potential die insert materials. And second, a full scale forg-
ing program evolved as an extension of the single station forging trials to
fabricate full size turbine wheels with integral blades and gears.

A. Tooling

An initial requirement established by earlier work on the radial extrusion
process was a need for the design of reliable forge tooling. The close tolerances
demanded for gear and turbine wheel products and the support required for expend-
able die insert materials made necessary exceptionally rigid tooling. This
bagic requirement was considered in designing the initial evaluation tooling
and the full scale development tooling.

l, Single Station

4 tooling desipn incorporating a die and insert configuration
simulating a section or single station of the turbine wheel or gear was
egtablished, This design offered the advantages of economy and adaptability
to several types of forging presses, Yet 1t approximated the flow characteristics
of full size wheels or gears. Basically, the tooling consisted of a die cavity,
ingert hold-down mechanism, and a punch. 4n exploded view of the components
comprising the single station tooling is shown in Pigure 15, The function of
these components is described as follows:

a) A die containing a cavity for the inserts and forging slug
is secured by a clamp ring.

b} A die pad supports the inserts and forge slug, and serves
as an ejection pad.

¢) Wedges apply lateral pressure to the die inserts.

d) A hold-down bar bolted to the die applies a vertical pres-
gure and holds the wedgeg in place,

e) A punch affixed to the ram is activated by the forge press,
£f) A pneumatic ejection cylinder (not shown) is mounted below

the die fixture and serves to eject the die pad, inserts,
and forged slug after the metal has been extruded.
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- Punch

Hold-Down Bar

Insert Wedges

Forging Billet

Ejection Pad

' - Adapter Ring

Die

Pressure Plate

Die Nest

Approx. 1/6 actual size

MODIFIED SINGLE STATION TOOLING UTILIZED FOR PROCESS
COMPONENT DEVELOPMENT WITH THE MECHANICAL PRESS

AND DYNAPAK, FIGURE 15
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Ag a result of the simpliclty of working parts, this tooling was
adaptable to a gmall mechanical press and a high velocity metalworking machine

(Dynapak) «

An important feature of the single statlion toollng design was the
gimplicity of the die insert. Instead of the complex blade or tocoth con-
figuration, the inserts were essentially cubes having a wedge form in one
surface as shown in Figure 16. This gimple form served several purposes:

a) The wedge-shaped cavity provided extreme limits of blade
thickness,

b) the simple shape expedited procurement, and

¢} the reduced cost allowed a varlety of materials to be
evaluated.

Performance of the inserts were greatly dependent on satisfactory support
by the wedges and hold-~down bar.

Z2e Full Scale

The basic tooling for full scale radial extrusion was designed to
be adaptable to either gear or turbine wheel forging. This flexibility was
attained by removable die inserts for the particular pert and replacement of
insert adapter rings, punches, and dies, A primary difference in the design
of the single station and full scale tooling was the method of securing the
inserts in place. Instead of the clamp bar bolted to the single station dle,
the  full scale tooling used a hydraulic hold-down device termed a secondary
closure mechanism.

The actual forge tooling components for the turbine wheel are
shown in Figure 17. The insert adapter ring shown in the photograph con-
tains an access slot with a removable plug to faecilitate loading the last
insert in the ring. Figure 18 1lllustrates the loading slot with the last
insert ready to be positiocned in the assembled ring. The individual place-
ment of the inserts in the adapter ring relies upon the strict dimensional
control of the inserts to provide the proper fit in the assembled ring.
Since several thousandths ¢learance is required to allow the insertion of
the final ingert, it is not possible to create a pre-stress on the inserts.
Thus, an alternate method of assembling the insgerts by shrinking a ring
around them (Figure 19) provided a pre-stress on the inserts and allowed for
easier handling. Development of the shrink ring method was accomplished by
an interference fit {0.010 inch) between the ring and assembled inserts, As-
sembly of the component parts was facilitated by heating the steel ring to
700°F, causing it to expand In exceas of the insert dlameter. The heated
ring was positioned around the inserts then air cooled, allowing the ring to
contract against a 2° angle on the matching surfaces.

Conversion of the basic tooling to accomodate the gear tooling rew
quired the replacement parta shown in Figure 20. The insert adapter shown in
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INDIVIDUAL DIE INSERTS SECURED IN POSITION BY STEEL RING, INTER-
FERENCE FIT BETWEEN THE RING AND INSERT DIAMETERS CREATES A
PRESTRESS ON THE INSERTS PRIOR TO FORGING.

FIGURE 19
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FORGE TOOLING REPLACEMENT COMPONENTS REQUIRED FOR RADIAL
EXTRUSION OF GEARS, ILLUSTRATED ARE: (a) CLOSURE RING (TOP),
(b) PUNCH (LOWER LEFT), (c) DIE ASSEMBLY WITH INTEGRAL DIE
ADAPTER (CENTER), AND (d) DIE PEDESTAL (LOWER RIGHT), (REDUCED
APPROXIMATELY 80% FOR REPRODUCTION,)
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Figure 21 illustrates the integral die with the gear teeth cavities, having
zero draft on the sides, machined directly in the adapter. It was possible
to use this approach for the gear since the straight sides on the teeth al-
lowed the forged part to be ejected from the die. The alternate approach to
forging gear teeth using individual die inserts was effected by replacing
the integral die with an insert adapter that accomedated the individual in-
serts secured in a shrirk-ring (Figure 22).

Bs Inserts
Two primary approaches were taken to develop forging die inserts:

l. Expendable inserts, which were precise and serviceable, yet
Inexpensive encugh to be used only once; and

2. Permanent inserts capable of being reused sufficiently to
Justify their high initial cost,

The major effort in the earlier part of the program was placed on expendable
materials, But later developments showed a feasibility of using permanent
type inserts for the complste-airfoil::shapes.

1, Expendable Type

The potentially useful types of expendable materials considered for
forging die inserts included ceramics, plastics, cermets, powder metallurgy
parts, and castings. Procurement inquiries were submitted to more than twenty-
five suppliers of precision products associated with the above materials., In
addition to the dimensional requirements, the anticipated forging pressures
and temperatures were given. The response.indicated that suppliers interested
in attempting to fabricate expendable die inserts in accordance with the pre-
dicted requirements were extremely limited. The majority of suppliers indicated
that it would be impossible teo adhere to the atrict dimensional tolerances with
either pressed and sintered, molded, or cast parts. S8Similarly, maeterial sup-
pliers were uncertain whether their products would satisfy the forging condi-
tions.

a) Cermets

{ermet development arose from a demand for materials serviceable
at temperatures above 2000°F. Cermets contain both metal and ceramic phases
that retain adequate mechanical strength at high temperatures, and provide
reslstance to thermal shock, oxidation, abrasion, and erosion.

The inherent high temperature features of cermets indicated
they might be suitable for radial extrusion die inserts. Property data for
three types of cermets are shown in Table III,

Although cermet products appeared to satisfy the mechanical
and thermal shock properties required for the radial extrusion process, their
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1 2 3 Inches

DIE INSERTS ASSEMBLED IN SHRINK RING FOR RADIAL EXTRUSION
OF GEARS,
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high initial cost and inability to be economically fabricated prohibited
further investigation as die insert materials., Becauss cermets are & new
development, a reduction in material cost and improvements in fabrication
technology may warrant a more thorough investigation of this material as an
expendable die insert material in the future,.

Inquiries concerning types of cermet materials, such as the
metal carbides and metal nitrides, resulted in costs which did not justify
further investigation.

b) Plastics

A program was established to determine the properties of come
mercially available plastics and to select those offering the most promisse
of belng able to withstand forging temperatures and pressures for several
seconds., The effort consisted of a material survey, tool design and manufac-
ture, process development, and prototype production.

Three fiber-reinforced plastic materials were selected for
initial processing. The strengthsof ‘these glass-phencolic and glass-epoxy
materials shown in Table IV are considerably lower than the minimum antic-
ipated compressive strength required for forging. Consideration of using
these low compressive strength materials was based on the short duration of
both high temperature and compressive load,

The process and techniques for producing the precision formed
inserts was developed for each of the selected materials. Molding character-
igtics, including pressure-temperature dependence and shrinkage, were establish-
ed to determine the dimensional limitation of the as-molded parts. The initial
process feagibility stuwdy indicated a dimensional compatibility with the insert
requirements.

Compressive gtrength and hardness of representative samples of
inserts fabricated from each material lot was taken. These data were typical
of the material properties specifisd by the manufactyrers, except the glass~
phenolic exhibited slightly lower strength.

c) Powder Metallurgy Products

In addition tc the non-metallic materials, powder metallurgy
preducts alao were evaluated, Three commercial grades of iren powders were
pressed and gintered to provide insert blanks. The process data indicated a
maximum sintered density of 90% which was improved to 94% by coining. The
compressive strength, as reported by the suppliers, was 23,000 to 48,000 psi.
It is possible to increase the strength of the powder compacts by the addition
of carbon and subsequent heat treatment, but the increase is not significant.

d)} Ceramics

0f the materials selected for evaluation, a high density alumina
product offered the greatest potential as an expendable insert, In addition to
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alumina, other metal oxides such as magnesia and zirconia were considered

as candidate materials. Because the material selected must have high com-
pressive strength, impact, thermal shock and wear resistance, a high density
alumina was selected for further evaluation. This choice also was supported
by the past experience with the radial extrusion process at TRW. This work
indicated that a high alumina ($5-97%) product, with small amounts of silica,
magnesia, and chromic oxide performed satisfactorily under certain conditions,
Although these dense alumina inserts exhibited the capability of withstanding
the forging conditions, removal of the insert from the forged turbine wheel
wag extremely difficult.

2., Permanent Types

The category of permanent inserts included those materials capable
of being reused several times. The application of permanent die inserts for
radial extrusion initially was directed toward simple spur gears and axial
flow turbine wheels having straight blades with positive draft angles.

As a means of comparing the test results of expendable insert
materials, tool steel (AISI H-21) and low alloy steel (AISI L3L0) single
station die inserts were used, Later in the full scale forging development
precision cast inserts were produced from AISI 6150 steel,

3. Fabricatign

On the basis of the single station test results, full scale in-
serts for the turbine wheel and gear were fabricated from a speclal grade
of high density alumina and H-21 tool steel, The turbine wheel inserts
where provided with a recessed slot, as shown in Figure 23, to facilitate
removal from the forged wheel. -

One of the problems with alumina turbine wheel inserts was
maintaining the precision required to provide intimate contact between
mating surfaces of adjacent insertsz. Precision grinding of the contact-
ing surfaces was required to insure preper fit, Intimate contact between
inserts and proper support of the remaining surfaces are imperative to the
success of using this high compressive strength, brittle material.

Individual die inserts for the gear tooling (Figure 24) were
fabricated from alumina then used in a shrink ring assembly described pre-
viously. Theproblem associated with the fit betwsen turbine wheel inserts
was not present in the gear inserts because of better dimensional control.

A3 a result of the high initial cost of fabricating full scale
turbine wheel inserts by machining and preeision grinding H-21 tool steel,
precisicn casting was investigated. The initial feasibility study with
ingerts precision cast from AISI 6150 steel indicated the process was
economically desirable. Also, the required dimensional tolerances could
be attained by finish grinding the critical dimensions.
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TOOL STEEL (H-21) DIE INSERTS FOR RADIAL EXTRUSION OF TURBINE
WHEELS, THE RECESSED SLOT IS PROVIDED IN THE TOP AND BOTTOM
SURFACES TO FACILITATE AN INSERT REMOVAL FIXTURE, THESE PIECES
ALSO CONTAIN THE 20 TAPER ON THE OD SURFACE, (APPROXIMATELY 2X)

41 FIGURE 23



Inches

INDIVIDUAL DIE INSERTS FABRICATED FROM HIGH DENSITY ALUMINA FOR
GEAR FORGING STUDIES, THE TOOTH CONTOUR IS THE AS-FIRED SURFACE,
WHEREAS THE FLAT SURFACES HAVE BEEN GROUND TO PRECISION

TOLERANCES.

42 FIGURE 24



Although the casting supplier would not guarantee dimensional
tolerances better than .005 in., inspection data for thirty random samples
of the as-cast inserts was male to evaluate the process capability. In-
spection of the blade contour of the inserts was made by means of an optical
comparator chart. All of the pleces inspected were within +.002 in, of the
absolute form and the variation between pieces was within 0.001 in. A
qualitative inspection of the mating surfaces revealed high dimensional
uniformity; therefore, additional ‘inspection was performed ito determine the
possibility of using cast inserts without finish grinding. Dimensicnal data
of the as-cast inserts before snd after heat treatment were obtained at the
locations indicated in Figure 25. The data shown in Table V and VI were
statistically analyzed to determine the probability factor and confidence
levels of the dimensional reproducibility for large quantities., A summary
of the statistical analysiss, shown in Table VII, indicated a possibility that
inserts could be used in the as~cast condition.

C. Equipment
1. Forging Machines

Earlier development work at TRW on the radial extrusion process
was accomplished using a 2500-ton mechanieal forging press, Although this
work defined several problem areas in the radial extrugion process, con-
siderable preliminary development was necessary to establish process variables.
The initial process development studies of the recent program were conducted
using a Dynapak. Since the single station tooling was adaptable to the Dynapak
or a mechanical press, similar tests were performed to provide comparative data
for the two machines, Investigation of the effecta of forging deformation rate
on the material behavior was possible because of the significant difference in
ram velocities of the two machines. The ram velociiy of the mechanical press
was approximately 20 in./sec., while the Dynapak produced 200-400 in./sec.
(for the energy levels used in this program). Within the limits of these
tests, no outstending difference in forging response could be observed between
the Dynapak and a mechanical press.

Although the single station forging trials were accomplished with
small mechanical presses, full scale forging of turbine wheels and gears
was performed on the 8000~ton mechanical press shown in Figure 26. The
forging capacity of this press was considerably greater than the loads
necegssary to deform the turbine wheels and gears, but the hold-down mechaniam
for the inserts required the increased capacity to funetion properly.

2. Secondary Closure Mechanism

This unique closure mechanism 1llustrated in Figure 27 was designed
expreassly for operation in the 8000-ton mechanical press to apply a secondary
pressure during forging., The principle on which the unit was based evolved
from preliminary design studies of mechanical and hydraulic closure systems.
It Involves a closed hydraulic system that uses pressure obtained from the
movement of the press ram. The downward movement of the ram cauwses a down-
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DIMENSTIONAL

TABLE V

SURVEY FROM A RANDOM SAMPLE OF CAST STEEL DIE INSERTS

Piece

No.

G 00 ~3 O - po

10

Note:

A

«0
+ 001
.0
.0
.0
.0
= ,001
0
.0
»001
« 001
.002
«002
« 001
. 001
+0
0

11 ++ 1011

.0

+ 001

. <0
.0

- 001

+ 001

+ 001
Io

& .001
.0
.0

BEFORE HEAT TREATMENT

B_ c D E F g H
+ 00% = o003 + ooml «0 + CO% 576)4 0765
+ 005 ~ ,002 + 003 - .001 + .003 «T70 767
+ 006 - ,003 « ,003 ~ ,002 « ,003 767 « 767
+ 005 = .,001 + .003 .0 + 005 W 765 767
+ 00, - ,002 + .003 + ,001 + .008 764 . 766
+ ,005 =« ,001 4 .00k + .003 + 007 . 766 766
+ .00y - ,002 + ,003 4+ ,002 + ,003 . 764 . 766
+ ,00, = ,002 + .,003 + .001 + ,005 .768 . 768
* -ooh - ,003 "‘000,4 - 001 + 0005 0768 +T70
+ Oooh had -ma +* l003 * 0001 + oOOh .765 .765
+ 005 = ,003 + ,003 +0 + ,002 . 763 767
+ -006 0 + .00,4 + ,001 + 000)4 0765 0769
¢ .008 = .00l + .00L4 « 001 + 005 «7170 o173
+ 1005 = 002 + cOOh - JO00L + .003 0765 .766
+ 005 = 002 + ,003 =~ 002 « .002 767 « 166
4,005 =~ ,002 + .003 - .002 ¢ .002 .766 @ ,772
+ .0% - -003 +* 0003 - 0002 + .003 c769 -770
# 005 = .,002 ¢+ 005 + ,001 + 004 « 766 . 765
# 007 = ,002 # 003 =~ .001 + .002 +763 767
- .OOh - 0003 * 0003 - .002 L 0002 0767 .?69
« 00, - ,001 + ,003 + .00l + ,002 «765 770
+# ,005 =~ ,002 4+ .005 « ,003 # ,005 770  .769
4,004 = ,002 4,003 « .00l ¢ .00L .765  .769
+» .0014 - 0002 +* -003 .O > -00)4 .?66 .?67
+ .,005 =« ,001 + ,005 = ,001 & .00 #1767 . 766
+ ,007 = ,002 + ,005 « ,001 « ,003 + 766 771
« 004 =~ .001 + ,005 & .00l « 004 763 @ .765
¢« ,006 - ,001 + ,004 0 + 004 « 170 169
4+ 005 = ,002 + .003 -0 + 002 .T6L 769
+ -00)4. - .001 + .003 + .001 + .00)4 -765 !767

Columns A through F are deviations from reference point (See Figure 25)
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TABLE VI
DIMENSIONAL SURVEY FROM A RANDOM SAMPLE OF CAST STEEL DIE INSERTS

TT
Piece
No. 4 B ¢ D E F G H
1 .0 + ,005 - ,002 + ,007 .0 + .008 . 765 « 765
2 + ,003 + 007 0 + 005 - o002 + 004 L7770 773
3 + 002 + ,007 .0 + 005 = 002 + 005 768 769
N + 002 + ,007 .0 + ,004 + 001 + .006 . 768 . 768
5 + ,002 + 006 »0 + 005 + 002 + 006 Y . 767
6 + 003 + 007 + 001 + 006 + D03 + ,007 766 769
T + 002 + 006 «0 + 004 + ,002 < ,004 764 . 767
8 + ,002 + 006 0 + 005 + 001 + .005 . 769 «T70
g + 002 + ,006 20 4+ 005 = ,002 4 ,006 .768 o772
10 + 001l + ,006 = ,001 4 005 4+ ,002 + 006 767 76l
ll 00 + 0005 - .001 + .003 .0 * .003 0761‘ .768
12 + 004 + ,007 + 002 + ,006 4+ 001 & ,007 . 767 766
13 + 004 + 009 + 001 + 006 .0 + ,007 771 .775
lh 50 + .0% - 0001 4+ oooh 00 + 0005 .76? .?68
15 + Gml + .005 + eOOl + oOOh - .001 + -00!.]. .768 0769
16 + ,001 + ,006 = ,001 + 005 = ,002 + ,003 o768 o775
17 + 002 + 007 + 001 + ,006 - ,001 + ,00% 771 772
18 + ,001 + 006 o0 + 006 + ,001 + ,005 « 765 . 767
19 + ,001 + 006 + 001 + ,005 + ,001 + 005 . 766 167
20 + ,001 + ,005 = .003 + ,003 - J002 + ,003 (70 «T73
21 + ,003 + ,006 0 + 005 + ,001 + .004 766 <772
22 + ,002 + 008 .0 + 007 0 + 006 o772 «770
23 + .,002 + 005 .0 + 400l .0 + 005 767 »770
2l .0 + 005 .0 + 005 + 001l + 006 T66 . 768
25 + 002 + ,006 + ,001 + 007 + .00OL + 005 «769 772
26 + ,003 + 007 »0 + .005 = ,001L + ,003 768 « 772
27 + ,002 + 006 + ,001 «+ 006 + ,002 + 007 . 765 . 766
28 + ,003 + 006 + ,001 + 006 =+ ,001 + ,006 J72 771
29 *» .002 + .007 - 1001 + .001; + .001 + uOOh 5766 -770
30 + 002 + ,005 + ,001 + 005 ¢ .002 + ,005 767 .769

Note: Columns A through F are deviations from reference point (See Figure 25)
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FRONT VIEW OF THE 8000 TON MECHANICAL FORGE PRESS USED FOR
FULL-SCALE FORGING OF TURBINE WHEELS AND GEARS

FIGURE 26
48



FRONT VIEW OF SECONDARY CLOSURE MECHANISM SHOWING RAM RETURN
HYDRAULIC SYSTEM (FRONT) WITH OIL ACCUMULATOR AND NITROGEN
TANKS (REAR), (COURTESY OF NATIONAL MACHINERY COMPANY)

L9 FIGURE 27



ward movement of the closure slide simultaneously with, but slightly ahead
of, the ram until the closure ring contacts the die inserts contained in the
insert adapter. A constant pressure is created on the inserts by the closure
ring as the ram continues 1ts downward movement and reaches the bottom of the
eycle. Pressure is attained by metering the oil from the closure through a
series of orifices and returning the oil to reservoirs. At the completion
of the press stroke, the closure system retracts from the die with the punch
allowing the forged component to be sjected from the dis. A schematliec il-
lustration of the secondary closure mechanism and tooling arrangement is
showm in Figure 28.

The pressure exerted by the hydraulic system on the closure slide
imparts a load on the closure ring, calculated to be approximately €00 tons.
The actual magnitude and duration of the load created by the action of the
press was determined by a test ring (Figure 29), positioned between the
lower die assembly and the closure adsapter., JStrain gages mounted on the
inside and outside diameters of the test ring were used to measure the
elastic strain induced in the ring during the closure cycle. The lead on
the ring and the duration of applied load were determined from strain-time
plots recorded on a variable speed strain recorder. The load as a function
of time and displacement with respect to the ram position was then determined,

A series of tests with closure travel variations between 2 and 6
inches indicated the load to be unaffected by closure travel distance. The
load applied on the test ring was greater than 600 tons and was maintained
during the full travel of the closure. A typical irace of the load as a
function of press cycle time 1s shown in Figure 30. This trace, obtained
with the variable speed strain recorder also reveals the total load applied
by the press as the ram passes through the bottom of the stroke. These
patterns 1lllustrate that the closure load 1s maintained during the complete
forging cycle then released as the ram begins its upward movement.

D. TForging Parameters

In addition to the evalvation of potential expendable insert materials,
the gingle station forging was used to evaluate the forging parameters;
lubrication, heating, and protective coatings. The various forging para-
meters evaluated are listed in Table VIII,

1. Heating

The materials used in the single station and full scale forging
were classified as readily-forgeable and difficult-to-forge alloys. Those
alloys which were considered as being readily-forgeable were AISI 9310 and
Nitralloy, which are gear materials. Since the gear forging was not con-
gidered as difficult as the turbine wheel forging, forging temperatures were
not evaluated for these materials, A-286 and Waspaloy have g limited forging
temperature range; therefore, all forging was conducted toward the upper
limit of the forging range.
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TEST RING USED TO EVALUATE THE SECONDARY CLOSURE MECHANISM, STRAIN
GAGES ATTACHED TO THE INSIDE AND OUTSIDE DIAMETERS WERE CONNECTED

TO A VARIABLE SPEED STRAIN RECORDER TO DETERMINE THE APPLIED LOAD AND
DURATION,

FIGURE 29
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TABIE VIII

SINGLE STATION FORGING TESTS CONDUCTED ON. MECHANTCAL PRESS
Piece No. Material Ceoating Lubrication Inserts Forge Temp.

1 ATSYI 9310 Nickel Fi4C3 Steel 1500° F

p) " " L " i

3 " " n Alumina n

L " Copper T~lube Steel n

5 " ] " Alumina It

6 " " FILC3 Steel "

7 " None " Alumina(H) "

8 " " o Steal "

9 L] n t " "

10 " f Delto 45 " n

11 " n n Alumina "
A1 4 286 Nickel FILC3 Stenl 2000° F

A2 " Ceramic n " "

A3 " 1 n Alumina "

AL " " T-Iube Steel "

A 5 " ] n Alumina "

A6 " " Delto L5 Steel "

A 'f’ " ” i Alumina n
N1 Nitralloy Nickel F1LC3 Powder AIM  1900° F

A2M

N2 n " L n )_,_, 5 H

N 3 n n n L] A"l,A“g n

N U " Copper " " B-1,B-2 "
W3 Waspaloy  Ceramic F14C3 Stesl 2050° F

Wk f " Delto L5 Alumina (H) "



TABLE VIII (continued)

Piece No, Material Coating Lubrication Inserts
W5 Waspaloy Ceramic Delto U5 Steel
W6 " Nickel F14C3 "

‘w 7 " It n n

WE n i " n

W o " " " Alumina
W10 u " T-lube Steel
'Wll H " n L

(H} Inserts in horizontal plane.
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Heating of all pisces was done in an electric furnace controlled
within +25%, The heating time was established to provide a S-minute soak
at temperature., For the full scale forgingsg a temperature measurement was
taken on each piece with an optical pyrometer before forging.

2s ILubrication and Coating

Lubrication evaluation for the closed-die forging was restricted
to non-volatile aqueous graphite lubricants.because of the gases evolved
from oil suspensions, greases, mnd other volatile or combustible products.
These gases could, if trapped in the closed-die cavities, restrict metal flow
and result in an incomplete fill of the forged product. As listed in Table
VIIT, three commercial graphite lubricants wers evaluated. Seven lubricants
were evaluated originally, however, four were eliminated due to inferior
netal mgvement as determined by upset tests,

Bvaluation of the three remaining lubricants showed no apparent dif-
ference in metal movement or surface quality. Therefore, all full scale forg-
ing was conducted with a commercially availalle ‘aquecus graphite lubricant (*T*®
lube) .,

Since considerable stock is removed after most forging operations,
the as-forged surface quality is not a major consideration. But the radial
extrusion process requires little or no metal removal after forging. Theres
fors, scale and surface contamination normally considered minor becomes a
major consideration. Thus, three coatings were evaluated for surface pro-
tection; copper and nickel plating and metal oxides,

3. Preforms

Precision closed-die forging requires-tooling, forging parameters
and preparatory operations to be designed and controlled to produce accuracy
and reproducibility within thousandthe of an inch. - In addition, controlled
metal flow 1is necessary to obtain the maximum attainable increase in strength
in the highly stressed areas. Thus, three turbine wheel and three gear pre-
form configurations {Figure 31 and 32 respectively) were designed. Because
of the necessary close volume control, each preform was machined to a calculated
weight and controlled to within .05 pounds.

The bottom surfaces of both gear and turbine wheel preforms B and C
contain a contour similar to that of the die pad, thereby providing positive
location of the preform in the die cavity. The difference in volume required
to provide these contours was compensated by angular differences on the top
surfaces,
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¥ . EXPERIMENTAL RESULTS

A, Single Station Evaluation

The objectives of the single station forging trials were to evaluate the
forging parameters that could be applied to the full scale forging and te
screen potential die insert materials,

1, Tooling Design

The -original single station tool design included a spring-loaded
pressure plate to hold the inserts in position, In addition the sides of
the die insert adapter were designed with straight walls. The initial forg-
ing trials demonstrated that these itwo factors were not adequate. The
spring-loaded pressure plate did not provide adequate support to the inserts,
and the gtraight side walls would not allow for =sasy removal of the inserts
and forged plece. Thus, the single station tooling was redesigned as pre-
vipusly i1llustrated in Figure 15, The success of the modified single sta-
tion design provided a basis for the full scale design. Since the die inseri wedges
provided adequate support for the single station inserts, the concept was
used in the full scale shrink ring insert assembly design where the 8° match-
ing angle of the shrink ring and die adapter was similar to the relief angles
provided on the single station die pad and adapter die,

2a Inserts

0f primary importance to the development of the radial extrusion
process was the development of either expendable or permanent dle inserts.
The insert material had to be capable ofs (1) withstanding the forging pres-
sures, (2) being formed into complex shapes, and (3) manufactured economically
in large quantities. Thus cermets, ceramics, plastics and powder metallurgy
products were evaluated as expendable products.

Three commercial fiber reinforced plastic materials were fabricated
into inserts. Forging results with AISI LO3 stainless steel billets caused
all three materials to upset and deform. The wedge-shaped die cavity becams
closed as a result of the upsetting as illustrated in Figure 33. Additional
billets were forged after heating to 2000°F, but again the forging pressure
exceeded the compreasive strength of the plastle material,

Preferred fiber orientation and other strengthening mechanisms are
knmown to inerease the stirength of filber reinforced plastic materials, but the
increagse would not be of sufficient magnitude to satisfy the forging require-
ments. Therefore, further investigation of reinforced plastics were not
warranted.

Iron powder compacts with compressive strengths similar to the
plastic products (23-48,000 psi) were evaluated. The forging response with
pressed and sintersd iron powder inserts paralleled that of the plastic
materials, The inserts upset into the wedge-shaped cavity, thereby pre~
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venting the billet from extruding into the cavity. Again some strengthening
mechanisms are available, but the increase would not be adequate,

During the early development stages of the radial extrusion process
at TRW a high density alumina was evaluated. Although complete success was
not achieved at that time, the results were promising enough to include alumina
as a potential die insert material in this program. Thus, approximately twenty
sets of single station inserts were fabricated.

The first piece forged in alumina was AISI 103 stainless steel which
was successful as illustrated in Figure 3L4. Post forging examination of the
inserts revealed no evidence of insert failure during the forging cyecle. The
spalled surface on the lower insert occurred during removal of the inserts and
forged billet from the die adapter.

On a substantial number of additicnal tests with alumina inserts,
the results ranged from complete success, no breakage and only slight cracking
as illustrated in Figure 35, to complete failure, total breakdown and embedding
of the insert material into the forging as illustrated in Figure 36. This
wide range of results was attributed to insufficient support on the inserts,
which was caused bys

1. 1lack of hold-down pressure on the two wedpes and
hold~down bar, and

2, lack of contact on the complete surface of the
inserts by the two wedges,

Evaluation of the forging quality obtained with alumina insertis as
compared to AIST L340 steel inserts showed the flat surfaces of the extruded
wedge to be comparable, but the thin edge of the wedge was improved with the
alumina inserts. This improved condition with alumina inserts could be ate
tributed to the different lubricating effect between steel and alumina and/or
the insulating properties of alumina.

Finish grinding of the steel inserts produces microgrooves, which are
parallel to the flow of the metal as illustirated in Pigure 37. As a result,
the lubricant, which is not mechanically bonded to the surface of the die, is
Wiped away as the metal flows across the die surface. The alumina insertis,
also shown in Figure 37, contain micropits rather than grooves. The plis, in
contrast to the grooves, tend to retain the lubricant; therefore, a contlinuous
film of lubricant between the forged metal and the die surface is maintained.
In addition to the effect of lubrication, the insulating properties of alumina
would permit greater heat retention in the forged part. Thus, the forged
metal would retain the greater ductility and reduced strength at the higher
temperature thereby contributing to an improved thin edge.

3. Coating

Materials used dpring the single station forging trials were coated
with either a metal-oxide or a ,002 in, plating of nickel or copper. Copper
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2 3 Inches

SINGLE STATION FORGING PRODUCED FROM AIlSI 403 STEEL BILLET EXTRUDED
INTO ALUMINA INSERTS

62 FIGURE 34
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Piece No. A-5 A-7 A-3

1 2 3 Inches

A-286 FORGINGS PRODUCED ON A MECHANICAL PRESS WITH ALUMINA DIE
INSERTS, THE INSERT FRACTURE WAS INDEPENDENT OF THE THREE DIE LUBRI-
CANTS USED FOR THESE PIECES,

FIGURE 36
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Steel Insert (1X) Alumina Insert (1X)

Steel (10X) Alumina (10X)

STEEL AND ALUMINA INSERTS ILLUSTRATING MICROGROOVED (STEEL)
AND MICROPITTED (ALUMINA) SURFACES CONTRIBUTING TO THE DIF -

FERENCES IN FORGING RESPONSE,
FIGURE 37
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plating was evaluated on AISI 9310 and Nitralloy. Metallographic examination
of as~forged piéces showed negligible decarburization, as illustrated in.
Figure 38.

Nickel plating was evaluated on AISI 9310,Nitralloy, A-286, and
Waspaloy. Metallographic sexamination of the as-forged pieces showed ex-
cellent protection, as illustrated in Figure 39, No apparent surface con-
tamination occurred on Waspaloy and a maximum of .0005 in. contaminated sur-
face resulted on A-286. For AISI 9310 nickel offered protection equivalent
to copper, but on Nitralloy, nickel was not adequate.

A metal-oxide coating was evaluated on A.286 and Waspaloy. Pogte
forging metallographic examination indicated no detectabls surface oxide cn
either the Waspaloy or 4-286. Because of ease in application, the metal-oxide
was'sﬁlected for the full scale turbine wheel forging of A-286, Waspaloy, and
Rene 41,

All of the pieces used in the coating evaluatlion were sand blasted
and evaluated for surface quality. None of the coatings exhibited any detri-
mental effects on surface quality when compared to forgings of the same
material without coating.

B, Full Scals Forgi&g

The full scale forging consisted of precision forging gears and turbine
wheels with integral blades. Forging was conducted on an 8200-ton mechanical
press using the previously discussed secondary closure mechanism. The turbine
wheel selscted as being typiecal of the high performance products nesded by
Industry wag the axial flow impulse type turbine wheel illustrated in Figure LO.
Desgign parameters for this turbine wheel are shown in Table IX. The gear selected
was a high speed, high precision helicopter transmission gear shown previously in
Figure 7, with nominal dimensions of 3.75 inch diameter, 1-5/16 inch tooth length
and 31 teeth. -

The initial full scale forging was to establish optimum metal flow by
macroexaminations of forgings produced from three preform configurations., Early
attempts to illustrate the flow condition were not completely successful. There-
fors, composite preforms, Fligure L1, were fabricated and forged. The photomacro-
graphs in Figures 42 and L3 illustrate the transverse and longitudinal metal
flow. The continuous flow into the highly stressed areas of the gear tooth and
turbine blade clearly illustrate the desgirable metal flow obtainable only by
precision forging., Also, precision forging minimizes the amount of metal re-
moval after forging, thereby eliminating undesirable end-grain effects normally
produced by machining an oversize forging. Thus the performance and reliability
factor of the highly stressed components can be improved.

1. Turbine Wheel Development

The forging sequence for turbine wheels was established as followss

a. heat preform (2050°F)
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Surface Scale

Copper Reaction Products

Subsurface Contaminations

Base Metal

Copper Reaction Products

Subsurface Contamination

Slightly Decarburized
Base Metal

(c) AISI 9310

SUBSURFACE MICROSTRUCTURE AND REACTION ZONES OF COPPER
PLATED NITRALLOY AND AISI 9310 FORGING SPECIMENS AFTER
HEATING AT 1900°F FOR 15 MINUTES,

2% Nital Etch Mag. 250X
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(b) A-286 - 2000°F, 15 Min. Refractory Metal Etch

Surface Scale

Subsurface Contamination

Decarburized Zone

Base Metal

(c) Nitralloy - 19009F, 15 Min. 2% Nital Etch

SUBSURFACE MICROSTRUCTURE OF NICKEL PLATED WASPALOY, A-286
AND NITRALLOY FORGING SPECIMENS AFTER HEATING AS INDICATED,
FIGURE 39

Mag. 250X
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TYPICAL AXIAL FLOW, IMPULSE TYPE TURBINE WHEEL
IN THE FINISH MACHINED CONDITION

69 FIGURE 40



TABLE IX

TURBINE WHEEL AVD BLADE DESIGN PARAMETERS

Parameter Definition Forged Wheel
1 & = No., of blades ‘ Lo
mean blade chord
2 d = Solidity = mean Dlade Spacing 1.21
blhde height
3 A = Aspect ratio = ESEE'EIEEE'EEEFE 0.81
max. blade thickness
- w
L 7Tnax, ® ~mean blade chord 04376
min. blade thickness
5 T min, = mean blade chord 0.05LL
6 R b4 L
= reaction parameter -STn-—G_E - 0
7 ¢ = Camber = 180° - (91 + 92) 120°
8 P o it = 01 7 %2)e = @1 = 8)r (deg/in) 0
(dt - dr)
9 dy = Overall diameter (inches) 5.25
10 C = Blade cross sectional area ratio = M 1
q area root
11 (3 = Hub-tip diameter ratio = <= 0.855
t
Chbng
j
Blade
n Spacing
Blade Root (r)
Blade Tip (t)
I
6
{ 8,
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Top Surface

—e
N

3 Inches

a) Gear b) Turbine Wheel

Bottom Surface

P ,’ ? l? Inches

COMPOSITE, GRIDDED STEEL PREFORMS USED TO STUDY FLOW CHARACTERISTICS
OF GEAR AND TURBINE WHEEL FORGING BY THE RADIAL EXTRUSION PROCESS.

FIGURE 41
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PHOTOMACROGRAPHS OF COMPOSITE GEAR FORGING ILLUSTRATING
CONTINUOUS METAL FLOW INTO GEAR TEETH.

FIGURE 43
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b. iInstall.inserts into shrink ring

¢, load ring and inserts into die cavity and lubricate
d. forge

e, remove inserts

This sequence of operations was used to precision forge turbine
wheels with alumina inserts., The initial full scale forging with alumina
was successful as illustrated in Figure L. However, in subsequent forging
trials the inserts were broken to such an extent that they could not be re-
moved from the forged blades. Many methods were attempted to remove the
inserts including mechanical and thermal shock, and ultrasonic vibratlon.
None of these methods were successful,

The causes of failures and difficulties in removing the alumina
inserts from forged pieces were investigated. One cendition revealed 0.012-
0.015 in. separations at the inside edge of assembled inserts (Figure 45).
This condition was caused by inconsistently grinding a 9° angle on mating
surfaces of the inserts. Dimensional inspection of one set showed that the
angle varied between 9° and 9°30'. Thus when a set of 40 inserts was as-
gembled into a shrink ring the mating surfaces of two adjacent inserts were
not In intimate contact. Aa determined from the single station forging
tests, full support on all surfaces of the inserts was necessary to with-
stand the impact and compressive stress of the forging operation. Since
this undesirable condition existed on almost all alumina inserts, precision
ground AISI H-21 tool steel inserts were used,

To prevent surface annealing of the steel inserts during the time
required to remove the inserts from the hot forging, an oil quench was in-
cluded after the forging operation. As a result, it was possible to forge
eleven pieces using one set of steel inserts. These included the A-286y =~
Wagpaloy, and René Ll turbine wheels shown in Figure 46. After eleven
pleces, wear on the inserts began to detract from the surface and dimensional
quality of the forged pleces.

As material forgeability decreased from mild steel to Ren; 41, the
lack of fill of the blade thin edge became more severe as shown in Figure L7.
Therefore, the insert design was modified as shown in Figure L8 to inorease
the thin edge from 0.025 to 0.072 in.

To evaluate the minimum thin edge thickneas attainable for each
material, eight steel inserts were modified to produce edge thicknesses of
04040 and 0.050 in, Bach of the alloys (A-286, Waspaloy, and René L1) wers
forged into the modified inserts with the following resultss:

a, A-286 did not tear at edge thicknesses greater than 0.04D
in. (Figure ,4-9) o
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1 2 3 Inches

TURBINE WHEEL FORGING PRODUCED BY THE RADIAL EXTRUSION OF A 403
STAINLESS STEEL PREFORM IN ALUMINA DIE INSERTS,
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TURBINE WHEEL CERAMIC INSERTS ASSEMBLED IN STEEL SHRINK RING
ILLUSTRATING UNDESIRABLE GAP BETWEEN INSERTS, THIS CONDITION
RESULTS IN PREMATURE FAILURE OF THE INSERTS DURING FORGING.
(APPROXIMATELY FULL SIZE.)
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a) A-286

b) Waspaloy

¢) René L1

AXIAL FLOW, IMPULSE TYPE TURBINE WHEELS PRODUCED FROM VARIOUS ~ TIGURE 46

ALLOYS BY THE RADIAL EXTRUSION PROCESS.
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a) Original Design

L7

b) Modified Design

SCHEMATIC ILLUSTRATION OF TURBINE WHEEL BLADE CROSS SECTION SHOWING
THE MODIFIED EDGE THICKNESS DESIGNED TO ELIMINATE A TEARING CONDITION
AT THE THIN EDGE
79 FIGURE 48



0.050" 0.0Lo" 0.072"

EFFECT OF VARIOUS BLADE EDGE THICKNESSES ON THE EXTRUSION FLOW
CHARACTERISTICS OF A-286 FORMED AT 2050°F BY THE RADIAL EXTRUSION
PROCESS, THE DEFORMED EDGES RESULTED DURING INSERT REMOVAL,

(SEE FIGURE 48 FOR THICKNESS DETERMINATION,) Mag. 3X

&0 FIGURE 49



b. Waspaloy showed some tearing at 0.0LO in. and very little
at 0.072 in. (Figure 50).

ce Rend L1 exhibited tearing at 0.072 in. and, as illustrated
in Figure 51, showed a significant amount of resistance to
deformation as the restriction became greater.

However, to achisve these results the time interval betwsen removal of the
plece from the heating furnace to the completion of the forge cycle must be
held to a minimum.

The change in insert design was accompanied by a change in insert
fabrication and material. As previously discussed, precision cast and machined
inserts were manufactured to the new design. Approximately thirty turbine
vheels were forged successfully with cast inserts of which twenty are shown
in Figure 52,

8ince the blade profile of the cast inserts was not machined, as
illustrated in Figure 53, the as-cast surface finish was important. Profilo-
meter readlngs on ten as-cast and healt treated inserts showed the blade sur-
faces to be 100 rms or finer., Although the as-cast surface was not as fine
as desired, the surface quality of the as-forged blades was affected to a -
larger degree by the insert wear rather than the initial surface quality of
the inserts. Evidence of insert wear is reflected by the five pleces shown
in Figure 54, These five pleces were forged using the same set of inserts
to determine nominal insert life., The absolute insert life depends on
surface quality requirements of a particular turbine wheel, since the surface
quality of each succeeding piece progressively decreased.

2. Qear Development

After the gear preform configuration and volume wera established, forg-
ing followed two successful rcutessz (1) the use of expendable ceramic inserta,
and {2) the use of an integral-splined die. Although the integral-splined
die was designed with zerc draft, the initial pieces were forged with satis-
factory fill on each tooth and were ejected from the die cavity without
difficulty.

When a sufficient number of pleces were forged successfully to prove
the feasibility of the integral die, an alternate adapter for individual in-
serts was used. Here again, the success achieved on the initial plieces showed
that this method also was satisfactory. Approximately twenty pieces of AISI
9310 and an 18% nickel maraging material were forged in alumina inserts to
prove the use of alumina as an expendable die insert material for gears.

To further determine the capabilities of this forging process, the
temperature of the forging billet was decreased to 1500°F, and under some
conditions, no lubricant was used. Visual examination of the pieces forged
at the lower temperature and without lubricant showed no detrimental defscts
on surface quality or lack of fill on the as-forged gear,
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0.050" 0.oLov 0.072"

/N /[ \ 1

EFFECT OF BLADE EDGE THICKNESS ON THE EXTRUSION FLOW CHARACTERISTICS
OF WASPALOY, THE BLADES WERE FORMED AT 2050°F BY THE RADIAL EXTRUSION
PROCESS. THE TEARING CONDITION AT THE 0,050 IN, THICKNESS WOULD BE
ELIMINATED BY FINISH MACHINING OPERATIONS, Mag. 3X

s 82 FIGURE 50



0.050" 0.0holl O¢072"

PN\ /o \ !

EFFECT OF BLADE EDGE THICKNESS ON THE EXTRUSION FLOW CHARACTERISTICS
OF RENE 41 FORMED AT 2050°F BY THE RADIAL EXTRUSION PROCESS, THE
TEARING CONDITION ENCOUNTERED AT THE 0.050 IN, THICKNESS IS NOT

ACCEPTABLE, Mag. 3X

83 FIGURE 51
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PRECISION FORGED TURBINE WHEELS WITH INTEGRAL BLADES PRODUCED

AS PART OF A PROTOTYPE PRODUCTION RUN,
FIGURE 52
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PRECISION CAST STEEL (AISI 6150) DIE INSERTS FOR TURBINE WHEEL
FORMING BY THE RADIAL EXTRUSION PROCESS. FINISH MACHINING
AND GRINDING STOCK WAS ALLOWED ON THE AS-CAST PARTS

SINCE THE CASTING SUPPLIER WOULD NOT GUARANTEE DIMENSIONAL
TOLERANCES CLOSER THAN + ,005 IN.

85 FIGURE 53



DETERMINATION OF CAST INSERT DIE LIFE BY REPEATED FORGING OF A-286
TURBINE WHEELS AT 2050°F INTO ONE SET OF INSERTS., EVIDENCE OF INSERT
WEAR ON THE EXTRUDED BLADE SURFACE APPEARS AFTER THE FOURTH PIECE.
FIGURE 54
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For protection against decarburization and scale, the initial pieces
were plated with a 0,002 in. layer of nickel or copper. Preliminary mstal-
lographic examination of single station forging: showed that both platings
offered adequate protection against decarburization. Therefore, these pieces
were evaluated for surface quality only. Although both nlckel and copper
produced satisfactory quality forgings, coprer was selected because of
facilities and economics. However, subsequent evaluation of these pieces
showed an undesirable surface on the as-forged parts. The surface quality .
representative of the initial and subsequent pieces is shown in Figure S5,
BEvaluation of the plating thickness before forging showed a 0.005 in,
layer of plated copper rather than the desired .002 in., The excess copper
extruded into the tip of the tooth die cavity and adversely affected surface
quality and dimensional reproducibility. A sufficient number of quality
pieces were forged to show that the irregular surface finish could be im-
proved by maintaining proper control of plating thickness. The excessive
plating did, however, show the need for adequate quality control in all
stages to produce high quality forgings. The as-forged and finish machined
gears illustrated in Figure 56 represent the attainable surface quality and
proximity of the as~forged toocth profile to that of the finished gear,

During the final stages of development, approximately thirty-five
pieces were forged as a part of a prototype production run. Because of
limited furnace capacity, the pieces were forged in groups of five at 1.5
minute intervals, The time delay between pleces was provided to assure
proper functioning of the secondary closure, eject the forged pilece from the
integral die and lubricate the die in preparation for the next forging cycle.
No difficulties were encountered in forging either the AISI 9310 or the 18%
nickel maraging steel,
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a) 0,005 in, or Greater

b) 0.002 in. or Less

EFFECT OF PREFORM COPPER PLATING THICKNESS ON THE SURFACE

QUALITY OF AS-FORGED AND SAND BLASTED GEAR TEETH. FIGURE 55
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THE SMOOTH SURFACE FINISH (75 RMS) OF THE AS-FORGED GEARS PROVIDES
THE PRECISION CONTOUR AND TOOTH SPACING FOR FINISH GRINDING
TOLERANCES REQUIRED FOR HIGH SPEED, HIGHLY STRESSED GEAR APPLI-
CATIONS,

89 FIGURE 56



VI PRODUCT EVALUATION

A+ Turbines Wheel

l, Dimensional

Preliminary dimensional evaluation of the forged turbine wheels
indicated that the blade profile deviation was less than 0.002 in. and a
maximum blade displacement of (.015 in. from true position. Ten turbine
wheels (5 Waspaloy and 5 A-286) were inspected for blade spacing. These
results were statistically analysed to determine realistic blade spacing
tolerance limits. Representative blade spacing data for five of the wheels
inspected are shown in Table X and the statistical evaluation of the data
for all ten wheels inspected are shown in Table XI. From these results,
it can be predicted with 99% confidence that 99% of the turbine wheels can
be precision forged with blade spacing between 0,026 in. and with 9% con-
fidence that 90% of the blades will be within +0,016 in. The dimensional
quality of the blade spacing is dependent upon the insert guality; therefore,
the blade spacing quality can be improved with an appropriate improvement in
insert quality at an increase in insert cost.

2« SBurface Quality

A visual examination was made on every forged part to detect any
gross defecta. Fluorescent penetrant inspection techniques were used to
reveal any laps, cracks, folds, or other surface defects. The surface
finish of the forged turbine blades were acceptable having a surface finish
between 70 and 110 rms. The poorer surface finish resulted from insert wear
which caused strlations on the blade surface. However, no machining or re-
palr work was required,

3. Metallographic

Both macro- and microexaminations were made on the forged turbine
wheels of A-286 and Waspaloy. The surface area was examined for surface
oxidation, however, as found in the single station coating evaluation, a
maximum of ,0005 in. was evident which was readily removed by a chemical
etchant,

. Mechanical Preperties

Room temperature tensile and elevated stress-rupture propertles of
the forged turbine wheels were determined from specimens located as shown in
Figure 57. The results in Table XII show a uniformity in radial and tangential
properties, but only a slight improvement over the properties reported for the
bar stoek. This condition is attributed teo the insigmificant amount of work
imparted to the hub area as a result of machining the preform directly from
bar stock. It would Qe expected that the mechanical properties would be en-
hanced by forging the preform configuration rather than machining the bar stock.



TABLE X

TURBINE WHEEL BLADE SPACING DATA RECORDED AS
VIATIONS FROM TRUE POSITION

Turbine
Wheel
Noi 2 3 L 6 10
Blade
Nos 1=20 21-40 1-20 21-40 1-20 21-40 1-20 21-40 1-20 21-40

-.002 +,007 ~.,004 +.00, +,00, <.001 +.001 0 -.003 +.003
-,002 +.007 0 +,003 +,004 =-,009 «.001 +.003 =-.010 «.002
-.004 +.007 0  +,004 =-,00L =-.001 0 +.004 -.005 -.003
-,001 +.006 +.,001 +.007 0 -.00h ~-,006 +.005 ,004 +.004
--002 "'0003 "'0001 "’-005 +.003 “0005 -.002 "'1006 -.010 "-001
-,002 +,00; +,003 +.,002 +.001 +,002 ~.005 +.005 ~.005 +.002
~-.004 +.003 +,001 +.002 0 +,001 =.003 4,001 +.005 -.00%
-.005 +.006 0 -.006 <.004 +.003 ~,004 +.006 +.005 +.001
-, 002 0 003 ~.006 -.005 +.006 =.005 .002 +,002 0
-.005 .005 4,002 -.002 =006 «.008 ~.005 =-,001 +.003 0
=003 4,003 4,001 ~.001 «,007 4,005 =.006 0 +.002 -,008
-.005 +,002 0 +.,005 =-.C05 0 -, 00 +,002 +,006 -,002
-,005 +,005 +.002 ¥ 0 -,002 «=,003 «,002 +,002 -,007
-.003 +,002 =-,003 =-,001 ~,001 +,001 0 +,002 4,010 -.003
-2 004 0 +,001 0 0 0 0 «,003 +.002 -,001
+,001 «,006 +.002 0 =-,006 #+,007 0 -,003 +,003 -.002
-,002 =-,003 4,005 =.001 ~,003 +.005 -.001 -,001 0 +.001
+,004 -,007 +.005 -,002 0 +,005 0 0 +,002 =-,007
+#,005 =,007 +,005 =-,001 =,005 +,006 +,003 +,002 4,005 «.010
+.005 0 +.,005 =.003 0 +,002 +.002 +,007 0 -,005
High +.007 +.007 +,008 +,007 +.010
Low -, 007 -.006 -.009 -,006 -.010
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TABIE XI

STATISTICAL ANALYSIS OF TURBINE WHEEL BIADE
SPAC ING VIATION M TRUE POSITION
(Based on Data from 10 Turbine Wheels)

X B L
90 S0 -, 01602 = +,01630
90 95 -.01911 +.01939
20 99 -.02617  +.021L5%
95 90 -.01623  +,01651
95 95 -.0L938 +,0L966
95 99 -.02750 +.02878
99 90 -.01666  +.0169L
99 95 -.01989  +.,02017
99 99 ~.02617 +.026L45

(Y) Percent confidence that (P) percent of turbine wheel blade
spacing will be within (L) tolerance limits.
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LOCATION OF MECHANICAL TEST SPECIMENS USED TO EVALUATE TENSILE
AND STRESS RUPTURE PROPERTIES OF A-286 AND WASPALOY TURBINE
WHEELS.

93

FIGURE 57



1000 atre ‘say ot ‘1,001
Tooo ate ‘say fz €4,099T
1002 ave ‘say 7 ‘43,5181

ZoTedseym

Tooo ate ‘say 9T ‘3,52€t
youanb TTo ‘sau 2z “4,069T

982-v

$8quUSWIBOI] 185U SUTMOTTIOJ aY3 J@1Je ST2SUM SUTQAR] PadJo] pue TETJIS4BW 39TTIq WOJIJ PAUTEIQO dJaoM m:meﬁummmﬁav

8°9z  g°0f2 002T 000°S9 TeTusBUuE [ ~1-¥S
g z°gle 0021 000°S9 TeT1uaduej~(~yus
9'¢2  9°S€2 0021 000°59 TeTjuesue I~Z=4S To5uM
€°€2 §*9TZ 0021 000°59 TeTPRY-1-4S :
L*2€ 6°NM¢ 008°TTI 00.°9ST TeTPRY~2~1 eutqan] padaog
L°gT 9°QT 009°91l 008°09T  TETHUeBuei-T-]
TeTJ2%eu
922 ST 0021 000°G9  9°9% 0°lz O00LTTT 001 * €91 1eT11a .ﬁmsmmmmm%.‘ w
9
0°S 0°€2  00ZT 000°G9 0°9T O°ST  000°S8 000°0€T squemsatnboy .owmm<
N'
22 0°¢T  00ST 00S5°.LY TeTqusdue [~=-4g
T°02 J*lE  00ST 005°LN TeTyueduel~-£-4ys
£°91 0°€9 00T 005° LY TeT3usduel-z-us
€°€T 0°€  00ST 005°LY TeTPRE~-T-4S Ta9UM
0°€T Y°ST 009°6T1 005°08T TetpEy-2-1 sutqany, pediog
0*€T 9*NT 009°QTL 00€°6.T TeYUeBuel-T-J
TeTIOY8W
2°fT  6°05  00ST 00S°LY 11119 “wetp 2/1
(2825~ ~dVI~MUIL)
Gl 0°€e 00ST 005°.LN squewaatnbey °s2dg
Fotedsep
3 sanydny g, T8d 3 ¥ Tsd Tad (LG 3Td @95) (T)UOTITPUOD TETILEY
*Suorg o4 *sapy *dway seseayg cy'y ‘BuoTd 415 PISTX  *J18°%1N UOT}BI0T B

*o) *oadg

TVIEALW JATITH 404 VIVA LSHL FHNIdAY SSTHIS NV HFITSNIL

IIX 1€V

9,



A noticeable improvement in the siress.rupture life of the A4-286
turbine wheels in comparison to the bar stock was shown, Also the test re-
sults for both materials were consgiderably above the minimum requirements of
the appropriate AMS gpacifications. Although these tests were representative
of the hub area in the turbine wheels, the results do not reflect the primary
advantage of improved strength in the blade and root areas resulting from the
continuous grain flow pattern. This advantage could be evaluated better by
investigating the complex stress field in the root area by spin tests and
advanced techniques in photomechanics of photoelasticity,

5. S8ervice Testing

One of the basic requirements for the turbine wheel is to satise
factorlly withetand the effects of overspeed spin tests, This test can be
uged effectively to evaluate stress distribution, fallure pattern and burst
initiation points. The apin test was preceded by balancing the turbine
wheels within 0.03 02. in. to minimize vibration end ecceniric loading. Ac-
ceptance test requiremenis for the turbine wheel used in this program inc¢ludes
overspeed spin testing at 66,000 rpm for two minutes. Further analysis in-
volving the evaluation of stress distribution and burst apeed was not included
in this program.

B. Gears
l, Dimensional

Dimensional evaluation of the forged gears included tooth spacing
and diameter measurements over gage pins., 8tatistioal analysis of the tooth
spacing data shown in Table XIII for three gears indicated a .003 in variation
within individual gear samples which was greater than the variation between
samplea. Therefore, it could be expected that the tooth spacing tolerance of
£.,003 in, is characteristic of the precision forged gears.

Diameters over a .216 in. gage pin, shown in Table XIV, were recorded
for ten random samples., Statistical analysis of these results, shown in Table
XV, indicated that gears can be precision forged with 90% confidence that 90%
of the gear diameters over gage pins will be within 20,0075 in. of the nominal
dimension.

The gears used for this dimensional survey represent twe factors that
would detract from the true quallty of the precision forging process. First,
the method of forging is not considered ideal for a true evaluation of the
dimensional reproducibility. All of the piesces forged during this development
program were forged under conditions where die temperatures, handling time and
forging temperature were of secondary importance. 3Since all of these factors
dictate dimensional reproducibility, a true evaluation of the process capabil-
ities must include consideration of the aforementioned factorsg. 8econdly, the
poor surface quality of the as-forged and grit blasted gears influences the
reproducibility of the dimensional analyses., Thus, under controlled production
conditions the dimensional reproducibility should be better than indicated by
the results of this evaluation. '
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GEAR TOOTH SPACING DEVIATION FROM TRUE POSITION (MILS)

TABIE XITI

Tooth

No,.

1

HS{FSBL':"S\O o~1 o0 Ew N

Average

Plece #39
=l.2 0
-1.0 ”loh

.2 =1.2
o5 0.7
-hoo -305
“2.0 -2.0
-200 -0.7
-1.0 -200
-100 '100
'200 -h.O
+0.5 -105
-0'5 “2.5
—1.2 “300
IJD -1.5
-0-5 '3.0
-003 -1-5
=345 =lis0
-0.2 -0.7
-0.8 "105
~0.5 ~240
-1.0 -1.5
0 -0.8
1.5 105
2.0 2.0
1.5 1.0
0 1.0
240 3.5
245 3.8
2¢5 4,0
0.8 2.0
0 1.5
1.2 1.9
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Piece #21
1.3 2.0
0 1.7

~Oel 0
=045 1.7
~1.7 =07
0 13
0.8 1.k
1.5 "1-0
2,7 =-1.0
1.0 2.0
=0,3 1.7
007 2.5
-0.5 1.0
245 3.5
100 1&3
3.0 L.O
1.0 1.5
=0.7 05
1.8 3.3
3.0 03
3.5 3.5
245 245
342 2.7
1.6 1.8
1.5 1.6
1.3 1.8
3.0 3.7
1.0 2.0
3.5 L.5
l.B 2.3
0 2.5
1.4 2,0

Piece #60
-0.3 006
047 1.5
-2.0 “102
i —100 '0.7
-1.0 0
=140 0
0 0.3
-245 =240
“200 -2.0
-h.? ‘ho?
0 0
~3.5 -3.,0
'2.5 -hco
-107 -200
-200 -205
“500 -h.S
02.0 -5.0
1.2 =2 o2
~240 ~1le5
=240 -245
~2e7 =340
-lJD -100
~1.5 0
=0 1.0
1.0 2,0
045 2,0
-1-5 0.7
-2,5 0
2,0 2.5
045 1.0
0 1.6
1.6 1.8



TABLE XTIV

GEAR DIAMETER MEASUREMENTS CVER 0.216 IN. WIRES

Piece #1 4 da
21 3.9551, 3.9559
22 3,957 3,9552
28 3.9619 3.9605
29 3.9635 3.9597
38 39648 3,961
39 3,968 3.9606
52 3,933 3.9641
53 3.9668 3.9592
59 3.9588 3,959
60 3.9619 3.9617

dy and dy correspond to opposite ends of the same
gear tooth,

d
+216 Diameter Gage Pin 1 2

Gear Tooth 3

—

[ Diao

Diameter Over (.216 Gage Pin
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99
99
99

(Y) percent confidence that (P) percent of gears will have diameters

TABIE XV

STATISTICAL ANALYSIS OF GEAR DIAMETER MEASUREMENTS

£
90

R (in.)
3.953 - 3.968
3.951 = 3.969
3.949 - 3.972
3,952 = 3.969
3.950 - 3.970

3,547 - 3.973
3.950 = 3.971
3,908 = 3.973
3.9k = 3.977

over .215 in, wires within (R) range.
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Tolerance %

.0075
.009
.0115
0085
010
.013
0105
.0125
0165



2, Surface Quality

Visual examination of the forged gears did not reveal any gross
defects which would detract from the quality of the as-forged gear, except
the previously discussed undesirable surface condition. Since the undesirable
surface condition was not considered representative of the process, surface
finish measurements were taken on a piece forged with less than 002 in. copper
plating, A surface finish of 60-75 rms was determined.

3. Mstallographic

Since the precision forging allows a minimum ).00L in.) stock removal
after forging, dscarburlzation must be minimized. Surface coating evaluation
performed during the single station forging showed that copper or nickel plat-
ing offered protection from decarburization during forging operations. Addi-
tional evaluations were conducted on the as-forged gears. Typical as-forged
and heat treated samples of both AISI $310 and 18% nickel maraging steels are
illustrated in Figures 58 and 59, A decarburized layer is not evident, but
the microhardness data in Table XVI indicate a decarburized layer lsss than
»0025 in,, which is within the .00L in. envelope to be removed by subsequent
finishing operations,

L. Service Testing

Four gears of satisfactory quality were heat treated and finish
machined by Bell Helicopter Company then evaluated in a transmission test
gtand. These gears were run in conjunction with four standard production
gears to compare tooth patterns and evaluate wear under full load conditions,
Inspection of the gears after 500 hours revealed a crack in one gear which
was attributed to grinding burna. Examination of other gears revealed
similar burns. Therefore, the test was discontinued. 8ince the crack was
not associated with the forging process, Bell Helicopter Company concluded
that the forged gears were equally serviceable with their standard production
pinion gears,

C. Finishing and Machining

1. Turblne Wheels

The as-forged parts were sandblasted then deburred before heat
treatment, A typlcal heat treatment cycle used for the Waspaloy turbine
wheels included four hours at 1975°F, followed by 2L hours at 1550°F and
16 hours at 1LOO®F; each cycle succeeded by air cooling to room temperaturs,

The machining operations required to produce turbine wheels are
gignificantly reduced by preecision forging the blades as an integral part
of the wheel. By precision forming the blade contour, the need for complex,
time-consuming milling operations is eliminated. Although special machines
have been developed to produce blade sections with automatic indexing and
contour followers, the main problem associated with machining the high work-
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Before Heat Treatment

After Heat Treatment

GEAR TOOTH ROOT RADIUS OF AISI 9310A STEEL BEFORE AND AFTER HEAT
TREATMENT ILLUSTRATING THE FINE GRAIN SIZE IN THE FORGING.

100X FIGURE 58
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Before Heat Treatment

After Heat Treatment

GEAR TOOTH ROOT RADIUS OF 18% NICKEL MARAGING STEEL BEFORE

AND AFTER HEAT TREATMENT, 100X FIGURE 59
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TABLE XVI

KNOCP MICROHARDNESS (100 GM IOAD) OF REPRESENTATIVE GEARS

Distance
From .Edge

xlO- in.

5
1.5
2.5
4,0
5.0
70

11.0
13,0
18,0
20,0
25,0
30.0
Lo.0
75.0
100.0

Ni plated piecess
Cu plated plecess

Plece #6 Piece #17 Piece #18 Plece #0 Finished Gsar
DPH DPH DEH DFH DPH
177 307 342 291 695
321 329 400 Loo 757
400 372 Loo 400 757
koo 372 Loo 400 757
Loo 372 Loo 400 757
400 372 Loo Loo 757
Ls2 372 Loo Loo 757
u52 372 Loo L0oO 757
452 L00o Loo 400 691,
452 4oo Loo 400 612

600
561
L67
Lé7
L67
#18 and #20
#6 and #17

Finished gear as supplied by Bell Helicopter Co. in carburized condition.
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hardening, nickel-base alloys is the very short cutter life. The precision
forged turbine wheels required less total machining time than similar wheels
produced from upset forged blanks.

An analysis of the particular machining operations required to
produce a finished turbine wheel from the precision forged part illustrated
the significance in minimizing material losses. Turbine wheels with integral
blades machined entirely from upset forged blanks reguire 20 in.3 (5.7 1lb, of
A.286), while similar wheels precision forged with integral blades require an
initial volume of only 12.5 in.3 (3.6 1lb. of A-286). A comparison of the
finish machined wheel produced from a precision forged part 1s shown in
Figure 0.

2. Gears

8imilarly, the precision forged gears eliminate the need for hobbing
or green grinding the tooth contour. Although other machining operations are
required to produce a finished part, the amount of machining can be reduced
by precision forging the hub contour within 0,0L0 in. of the final shape. By
forging the gear teeth within 0,004 in. and the hub configuration within 0.0hLO
in. of finished sizes, it is possible to eliminate most of the machining
operations before carburizing. This would provide not only substantial re-
ductions in machining time and material losses, but also improved quality of
the gear as a result of controlled metal flow into the tooth and hub areas,

3. Cost Analysis

The initial effect of the radial extrusion process on product cost
is evident from a comparison of raw material requirements. Since the radial
extrusion process precision forms the material into the desired configuration,
excess stock is not required for finish machining. The conventional method
of machining turbine wheels with integral blades from upset forged blanks
requires 37% more matsrial than the same wheel produced by the radial extru-
gion proecess, This asignificant difference ls realized by elimination of
blade machining and by more precise forging of the wheel disc. Considering
the eurrent cost of high temperature turbine materials, the total product
cost can be substantially reduced by the radial extrusion process.

The effect of die insert cost on the overall forging cost depends
greatly on the performance of the inserts. Low alloy steel (AISI 6150) ine
serts produced by precision casting and finish grinding were approximately
one-sixth the cost of tool steel (H-21) inserts produced entirely by machin-
ing from bar stock. However, the comparative life of the machined tool steel
pleces was only =slightly better than twice that of the low alloy cast inserts.
Die ingerte produced from high density alumine were approximately one-half
the cost of the cast steel pieces, but the alumina inserts could not be reused.
Considering the initial cost of the inserts and their apparent life as a re-
usable die, the precision cast parts appear to offer a greater economic
advantage over the othsr materials and types. However, there is the pos-
8ibility that ceramics still may effer an advantage if their 1life can be
improved, particularly if the ceramics offer lower friction surfaces.,
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The importance of the precislon forging operation to the overall
product cost is reflected in the reduced machining operations, By completely
eliminating three milling operations including rough milling of the blade
contour, and reducing the finish milling operations, the total machining
time is significantly deereased.

Considering the thirty operations required to machine, test, and
inspect the turbine wheels produced from the upsset forged blanks, the total
manufacturing cost can be reduced at least 10% by forging the turbine wheels
with the radial extrusion process. The cumulative effects of process dif-
ferences indicate the radial extrusion process offers a 10 to 20% net savings
in the production of small turbine wheels with integral blades.

The basic technique for precision forging turbine wheels is readily
adaptable to gear forming., The inherent features and cost savings provided
by the radial extrusion process are applicable to both products. Material,
manufacturing, and machining cost reductions can be effected by precision
forging the individual teeth as an integral part of the gear. A reduction
of one-third in the mtierial utilization factor contributes significantly to
the overall cost, not only in raw material costs but also in decreased machine
ing time., It is difficult to apply a quantitative evaluation of menufacturing
and machining operations to the total production costs of gears because of the
extreme variance in specific requirements imposed by the gear consumers.
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VII CONCLUSIONS

A state-of-the-art survey confirmed the need for developing an improved
process to produce precision turbine wheels and gears. Both improved per-
formance and reduced costs were cited as reasons for the industry's interest
in such a proceas,

Present machining methods for producing turbine wheels with integral
blades result in considerable waste of material, and the loss beccmes greater
as more expensive metals are required. The close spacing and tolerances for
the blades also have made machining a costly process with the superalloys.

In machining the blades and hubs, the metal flow lines are cut through which
cause deleterious end-grain conditions.

Therefore, the radial extrusion process has been developed and demonsirated
as an improved method for producing precision gears and turbine wheels with
integral blades. The process development resulted in several significant con-
clusions regarding forging procedures, die materials, and product quality.

ls Precision forged products requirs accurately controlled preform
configuration and volume to provide proper die fill and grain flow
characteristica.

2, The feasibility of precision forging small turbine wheels with
integral blades was accomplished by the development and sueccessful
operation of a unique secondary closure mechanism in an 8000~ton
mechanical press,

3. Forging die insert materials capable of withstanding the conditions
incurred in the radial extrusion process are extremely limited,
Screening tests indicated that plastics, ceramics, and powder metal-
lurgy products having compressive strength less than 100,000 psi
were inadequate. Cermets appeared to satisfy the property require-
ments, but economics precluded their use.

4. A high density alumina product with several metal oxide additions
offered the greatest potential as an expendable insert. Satis-
factory performance of alumina inserts depended on adequate pre-
stress during forging to obtain the benefit of the materialls high
compressive strength (300,000 psi). Removal of the alumina inserts
from the forged part caused considerable difficulty. Mechanical,
chemical, and thermal techniques were ineffective in removing the
ingerts from complex parts, thereby limiting their use to simple
shapes with straight sides and positive draft angles,

5., Permanent type die inserts were capable of being reused several .

times. Precision cast steel (AISI 6150) inserts satisfied the
dimensional requirements and were economically desirable,
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6. The precision forging process produced high quality forgings with
continuous grain flow patterns following the finished part contour.
Dimenaional reproducibility within +0.003 in. of the finished cone-
tour, surface contamination less than .0025 in., and surface finish
better than 75 rms contribute to approximately 20% reduction in
machining time, As a respult, significant materlal savings are
reglized, :

107

R CEEE




Le

2.

3.

ho

VIII REFERENCES

"Extrusion Slashes Wheel Assembly Costs", Steel, May 12, 1958.

WRadial Extrusion of Turbojet Discs®, AMC Contract AF 33(600)-37191,
Curtiss-Wright Corporation, Wright Aeronautiecal Division, Interim
Engineering Reports 1-11, October 1958-June 20, 1961.

E. J. Krabacher, "Three New Ways to Remove Metal", Materials in
Design Engineering, Vol. 56, No. 2, August 1962,

T. F. Frangas, "New Alumina-Type Cermets", Materials in Design
Engineering, February 1958,

108



IX DISTRIBUTION LIST

AFFDL (FDTS)
Wright-Patterson AFB, Ohio L5L33

AFFDL (FDTS, MSgt. J. C. Ingram)
Wright-Patterson AFB, Ohio U5L33

AFML (MAA, Mr. J. Teres)
Wright-Patterson AFB, Ohic LSh33
AFML (MAAA, Mr, D. H. Cartolano)
Wright-Patterson AFB, Ohio 45433

AFML (MAAM, Library)
Attention: Miss Parker
Wright-Patterson AFB, Ohio L5433 (2 cys)

AFML, (MAAM, Mr. C. L. Harmsworth)
Wright-Patterson AFB, Ohio L5L33

AFML (MAMP, Mr, K. Elbaum)
Wright-Patterson AFB, Ohio L5433

AFML (MAMP, Mr. N. M, Geyer)
Wright-Patterson AFB, Ohio 45433

AFML (MAP, Mr. H. A. Johnson)
Wright-Patterson AFB, Ohio L5L33

AFML, (MAMP, Mr. S. Inouye)
Wright-Patterson AFB, Ohio L5433

AFML (MAX, Dr, A. M. Lovelace)
Wright-Pattersen AFB, Ohio L5433

AFML (MATB)
Wright-Patterson AFB, Ohio L45L33 (6 cys)

SEPIE (Technical Reports Division)
Wright-Patterson AFB, Ohio LSh33

SEPIR (Technical Reports Library)
Wright-Patterson AFB, Ohio L5433

Aerojet-General Corporation
Attention: Technical Library
Pu 0. Box 19147

Sacramento, Califernia

109

Aerospace Industries Association
610 Shoreham Building
Washington 5, D. C.

Aero jet-General Corporation
Attention: Mr., Fred Inouye
P. 0. Box 1947

Sacramento, California

AiResearch Manufacturing Co. of Arizona
Attention: Library

Pc Oo Box 5217

Phoenix, Arizona

AiResearch Manufacturing Company
Materials & Process Engineering, 93-18
8915-9951 Sepulveda Boulevard

Ios Angeles 9, California

Arcturus Manufacturing Corporation
Attention: Mr. L. Parker

14301 Lineoln Boulevard

Venice, California

AVCO Corporation

Lycoming Division
Attentions Superintendent
Manufacturing Engineering
Stratford, Connecticut

Battelle Memorial Institute
Defenge Metals Information Center
505 King Avenue

Columbus 1, Ohio

Bell Aerospace Corporation
Attention: Manager

Production Englneering
P- Oo Box h82
Fort Worth 1, Texas

Bell Aerosystems Company

Attentions Director, Engineering
Laboratories

P. 0, Box 1

Buffalo 5, New York



DISTRIBUTION LIST (econtinued)

Bell Helicopter Corporation
Attentionz Mr, Nairn Ringusberg
Fort Worth, Texas

The Bendix Corporation

Bendlx Products Aerospace Division
Attention: Technical Librarian
717 N, Bendix Drive

South Bend 20, Indiana

The Bendix Corporation

Utica Division

Attention: Director of Engineering
Utlca, New York

Bendix Products fAerospace Division
Bendix Aviation Corporation
Attentions Mr. R. H. Herron
Director Materials Development
L0l Bendix Drive
South Bend, Indiana

The Boeing Company
Aerospace Division
Attentionz Chief
Materials & Processes
Pt 00 BOx 3707
Seattle 2l;, Washington

The Beeing Company

Aerogpace Division

Attention: Manufagturing Development
2-930 U5-23

P. 0. Box 3707

Seattle 2}, Washington

The Boeing Company
Airplane Division
Attention: Materials & Process Unit Chief
Renton, Washington

The Boeing Company
Airplane Division - Wichita Branch
Attentionz Manager

Manufacturing RD Section
Organization 3070
3801 8, Oliver
Wichita, Kansas

110

The Boeing Company
Industrial Products Division
Attention:s Mr. W. L. Slosson
P, 0. Box 3955

Seattls 2L, Washington

Brooks & Perkina, Inc,

Attentions Mr, Stuart T, Ress
Vice President

1950 West Fort Street

Detroit 16, Michigan

California Institute of Technology
det Preopulsion Laboratory
Attention: Idbrary

4800 Oak Grove Drive

Pasadena 3, Califormia

Cameron Iron Works, Inc.
Attentions Mr. R. Roshong
P. 0. Box 1212

Houston 1, Texas

Canton Drop Forging & Manufacturing Co.
Attention: President

2100 Wilett Avenue

Canton, Ohio

Chance Vought Corporation
Vought Aercnautics Division
Attentionz Chief Librarian
P, 0. Box 5907

Dallas, Texas

Chance Vought Corporation
Aercnautics & Missile Division
Attention: Mr. W. H. Sparrow
P. 0. Box 5907

Dallas 21, Texas

Continental Aviation & Engineering Corp.
Attentions Mr. R, Beck

12700 Kercheval Avenue

Detroit, Michigan

Curtiss-Wrigth Corporation ¢
Wright Aeronautical Division ;
Attentions: Manager, Metallurgy 3
Wood-Ridge, New Jersey '




DISTRIBUTION LIST (continued)

Curtiss-Wright Corporation
Wright Aeronautical Division
Attention: Mr, E, Gilewicsz
Wood Ridge, New Jersey

Defense Documentation Center (DDC)
Cameron Station
Alexandria, Virginia (20 cys)

Douglas Aircraft Company, Inc,.
Aireraft Division

Attentionz Technical Library
3855 lLakewood Boulevard

Long Beach, California 9$0801

Douglas Aircraft Company, Inc,
Engineering Library

D=260

2000 N. Memorial Drive

Tulsa, Oklahoma

Frankfort Arsenal
Philadelphia 37, Pennsylvania

The Garrett Corporation
AiResearch Menufacturing Division
Attention: Mr. H. E. Stout

9851 Sepulveda Boulevard

Ios Angeles 45, California

The Garrett Corporation
AiRegearch Manufacturing Divigion
Attention: Mr, J. lewis

Pheonix, Arizona

General Dynamics/Fort Worth
Attention: Mr. R, K. May
Pt Oe BOX 7J-|>8

Fort Worth, Texas

General Dynamics/Fort Worth
Attentions Structural Sciences Group
Research Library (Mr. C. W. Rogers)
P. 0. Box 748
Fort Worth, Texas 76101
General Electric Company

Small Aircraft Engine Department
Attention: Dr. A. E. Palty

1000 Western Avenue

West Lynn 3, Massachusetts

111

General Electric Company

Aircraft Gas Turbine Division
Attentions Engineering Manager
Metallurgical Engineering Operations
Large Jet Engine Department
Building 501

Cineinnati 15, Ohio

General Electric Company
Materials Development
laboratory Qperation

AETD Mail Drop G-22
Attention:s Mr, L, P. Jahnke
Cincimnati 15, Ohio

(General Electric Company

Re-Entry Systems Department

Attention: Manager of Manufacturing
Engineering

Room 192k

3198 Chestnut Street

Philadelphia 1, Pennsylvania

Gleason Works

Research and Development
Attentlion: M., Harry J. Hart
1000 University Avenue
Rochester 3, New York

Grumman Aircraft Engineering Corp.
Test Equipment & Process Englneering
Technical Information File
Attention: Mrs, 3. Moxley

Plant No, 12
Bethpage, Long Island, New York

Hamilton-Standard

Division of United Aircraft Corp,
Attention: Mr. H. P. Langston
Windsor locks, Connecticut

H. M. Harper Company
Attentionsz
Lehigh Avenue and Qakton Street
Morton Grove, Illinols

Hercules Powder Company
Attention: Mr. D, E. Borgmeier
Head, Nozzle Design Group
Beehive Bank Building

Salt Lake City, Utah

General Manager of Metals Div.



DISTRIBUTION LIST (continued)

Hughes Aireraft Company
Attention: Mr, H. B, Dobyns :
Manager of Production Engineering
P. 0., Box 90h26

Los Angeles 9, California

Hughes Alrcraft Company
Process Engineering Department
P, 0. Box 11337

Tueson, Arizona

Indiana Gear, Division of Buehler Corp.
Attention: Mr. Wayne H. Glover

158 B. 19th Street

Indianapolis 7, Indiana

Jet Propulsion Laboratory
California Institute of Technology
Attention: Mr. B. P. Kohorat
Pasadena, California

Kropp Forge Company
Attentions Chief Metallurglst
5301 West Roosevelt Road
Chicago 59, Illinois

Iadisgh Company

Attentionz Mr, Jack Yoblin
Director of Research & Development
Cudahy, Wisconsin

Ladish Company

Attentions Mr. R. Daykin R&D Division
Si81 Packard Avenue

Cudehy, Wisconsin

Ling-Temeo~Vought Incorporated
Vought Aeronautics Division
Attentionz Library

P. 0, Box 5907

Dallas, Texas 75222

fockheed-California Company
Attention: Division Engineer
Value Engineering

Burbank, California

Lockheed-Georgia Company

Attention: Manager

Secientific & Technical Information Department
Department 72-3L, Zone 26

Marietta, Georgla 30061

Iockheed Missiles & Space Company
Attentionz Technical Information
Center (50-14)

3251 Hanover Street

Palo Alto, California

Tycoming Division

Aveo Manufacturing Company
Attention: Mr. William Freeman, Jr.
Stratford, Connecticut

The Marquardt Corporation
Attentiont Mr. Mathlas Klein
P. 0, Box 670

Ogden, Utah

The Marquardt Corporation
Attentions Manager

Manufacturing & Materials Departmsnt
16555 Saticay Street

Van Nuys, Celifornia

The Martin Company
Attention: Chief, Libraries
Mail 398

Baltimore, Maryland 21203

Martin-Marietta Corporation

Denver Division

Attentions Chief, Materials Engineering
Mail No. 1-8

Denver 1, Colorado

Materials Advisory Board
Attentions BExecutive Director
2101 Constitution Avenue
Washington 25, D. C.

McDonnel Aireraft Corporation

Attentionz Manager, Preduction Engineering
Lambert 8t. ILouis Municipal Airport

Box 516

St. Louls 66, Missouri

112




DISTRIBUTION LIST {continued)

NASA

Abttentions Materials Research Division
1520 H Street, N.W.

Washington 25, D, C.

NASA

Attention:s Mr. R, H, Raring, DU2-7026
Code RRM

Washington 25, D. C.

NASA

Lewis Research Center

Attentions Library

Meil Stop 3-7
21000 Brookpark Road
Cleveland, Ohio L4135

National Bureau of Standards

Attention: M, A. Bremer
Mr. W. E. Reid

Weshington 25, D, C,

Department of the Navy

Bureau of Naval Weapons
Attention: Mr. N. E. Promisel
Washington 25, D. C,

North American Aviation Incorporated
Attention: TAD Library, Department 262
International Airport

Ios Angeles Airport 90009

fos Angeles, California

North American Aviation
Columbus Divigion
Engineering Data Services
4300 B, Fifth Avenue
Columbus 16, Ohio

North American Aviaition, Incorporated
Producibility Metals

Department 185-05L4

International Airport

Los Angeles L5, California

North American Aviation,. Ine.
Los Angeles Division
Attentions
International Airport
los Angeles, Californis

Director, laboratories, D/283

North American Aviation, Inc.

Los Angeles Division

Attention: Mr., L. P. Spalding
Seotion Head Design Producibility
International Alrport

Los Angeles L5, Californis

North American Aviation, Inc.

Space & Information Systems Division
Attention: Chief Librarian

1221} Lakewood Boulevard

Downey, California 90241

0TS 8tock
1200 So. Bads Street
Arlington, Virginia

Northrop Corporation

Noralr Division

Attention: Technical Information
3901 East Broadway

Hawthorne, Californla

Pratt & Whitney Aircraft Division

Connecticut Operations

Attentionz Chief of Metallurgical
and Chemical Iaboratory

P. 0. Box 611

Middletown, Connecticut

Pratt & Whitney Aircraft Division
United Aircraft Corporation

Attentions
East Hartford 8, Connecticut

Pratt & Whitney Aircraft Corporation
Attention:s Mr. Eli Bradley
East Hartford, Connecticut

Republiec Aviation Corporation
Attention: Director
Manufacturing Research
Farmingdale, Long Island, New York

Rocketdyne Division

North American Aviation Incorporated
Attention: ILibrarian

Department 586=306

6633 Canoga Avenue

Canoga Park, California 91304

Chief, Materials Engineering



DISTRIBUPION LIST (continued)

Rocketdyne Division

North American Aviation, Incorporated
S0lid Rocket Diviaion

Attentions2 BEngineering Iibrary
MacGregor, Texas

Rohr Corporation

Attention: Mr, Burt F. Raynes
President

Po o. Bax 878

Chula Vista, California

Ryan Aercnautical Company

Attention: Manufacturing Administration
Department 500

2701 Harbor Drive

San Diego, California 92112

Solar, a Subsidiary of
Intermational Harvegter Company

Attention: Mr, Paul Pitt

2200 Pacific Highway

San Diego 12, California

8Space Technology Laboratories
Attention: Dr, Robert P. Felger
Manager, Mechanics & Materials
P. 0. Box 95001

los Angeles 45, California

Stanford Research Institute
Attentlons Director, Research
Menlo Park, California

Steel Improvement & Forge Company
Attention: Mr, J, Ruass

970 E. 6Lth Street

Cleveland 3, Ohio

Swdstrand Aviation-Denver
Attentions Mr. Harry Wilson
2480 W. 70th Street

Denver 21, Colorado

Taylor Forge & Pipe Works
Attention: Mr. B. Hirst
P. O, Box U85 ‘
Chiecago 90, Illinois

THW Metals Division
Thompson Ramo Wooldridge Inc.
Minerva, Ohio

Transue & Williams Steel Forge Corp.
Attention:z Mr. J. W. Ament

Sales Manager
Alliance, Ohio

Utica Division/Kelsey Hayes Company
Attentien: Mr, Philip E, Munson
Facilities Contract Manager

Utica L, New York

Western Gear Corporation
Attention: Mr. Martin Headman
P. 0. Box 182

Iymwood, California

Westinghouse Electric Corporation
Attention: Mr. Frank R. Parks
1306 Farr Drive

Dayton 4, Ohio

Westinghouse Electric Corporation
Attentionz Director

Space Material Department
Churchil]l Borough
Pittsburgh 25, Pemnsylvania

Wyman-Gordon Company

Attention: Mr. A. L, Rustay
Vice President

North Grafton, Massachusetts

Wyman-Gordon Company

Technical Information Center, R&D
North Grafton Plant

Worcester 1, Massachusetts

11k




