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NOTICES

When Governiaent drawings, specifications, or other duia
are used for any purpose other than in connection with a definitely
related Government procurement operation, the United States Govern—
ment thereby incurs no responsibility nor any obligation whatsoever;
and the fact that the Government may have formulated, furnished, or
in any way supplied the said drawings, specifications, or other data,
is not to be regarded by impiication or otherwise as in any manner
licensing the holder or any other person or corporation, or conveying
any rights or permission to manufacture, use, or sell any patented in-
vention that may in any way be related thereto,

Qualified requesters may obtain copies of this report from
the ASTIA Document Service Center, Arlington Hall Station,
Arlington 12, Virginia.

Copies of AMC Technicai Reports she.:ld not be returned
1o AMC Aeronoutical Systems Center unless return is required by
security considerations, contractual clligotions, or rotice on a

specific dor unmaent.
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This Is the final tecnnical englneering report covering all work performed undec Contract

AF33 (500)-36450 from March 1958 to May 1760. The manuscript was released by the author
on May 30, 1960 for publication as an AMC Technlcal Report

This contract Is a continuation of the work started by National Research Corporation to
develop titanium casting fundamentals under Contract AF33(600)-328C1, Project 7~216~n.

This ~ontract with Boeing Alrplane Company was Inltlated under AMC Monufacturing Methods
prolect numbe, 7-656, "Development of Titanksn Alloy Casting Method.* The contract was
administered under the direcrion of Mr. A, H. Langenhelm of the Metallic Materlals Branch
(LMBML-1), Manufacturing and Alaterials Technology Divislon, AMC Aeronautical Systems
Center, Wright Patterson Alr Force Base, Ohio.

Mr. R. V. Carter, Research Engineer, Aero-Space Dlvision of Boelng Airplane Company
was the engineer in charge of the program. The work was supervised by Mr. J. W. Swest,
Chief Metallurgist, Materials and Processes Staff, Aero-Space Division, Boeing Airplane

Company.

The primary objective of the Alr Force Manufocturing Methods Program is to increase
producibitity and improve quallty and efficiency of fabrication of aircraft and missiles
and comporents thereof, This report is being disseminated In order that the methods and/o-

processes developed moy be used throughout industry, thereby reducing production costs and

obtaining "MORE AIR FORCE PER DOLLAR",

Your comments are sollcited on the potential utilization of the dote and Information contained
In thls report as applied to your present or future production program. in addition, ony sug-
gestions concerning additlonal Manufacturing Methods developments required on this or

simllar subfects will be appreclated.

PUBLICATION REVIEW
This report has been revievsd and is upproved.

FOW THE Ot AN IDER
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SECTION A

INTRODUCTION
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This is the final report on Confract AF 33{600)-36450.
This research and develcpment contract was initiated approximately
1 March 1958 and had the following objectives:

(a) Develop a complete commercially feasible process, on
a non-proprietary basis, copable of producing close~
tolerance titanium-alloy castings of the type, size, and
quality required for aircraft application.

(b) As a practical demonstration of the validity of the deve-
loped process, produce and evaluate pilot production
quantities of several different casting designs.

(c) Establish procurement specifications, quality control pro~
cedures, inspection methnds and standards, and design
criteria necessary for extensive opplication of titonium
designs.

This program consisted of four phases summarized as follows:

Phase | ~ Preliminary, Establish the present state
of the art; select components
for development as titanium
costings.

Phase il - Process Development,  Develop a practicable casting
process; investigate melting
and pouring procedures, mold
materials, mold design, casting
alloys, surface treatments, and
casting design.

Phase 111 - Trial Production. Produce and evaluate test parts;
develop quality control methods,
inspection standards, procurement
specifications, design procedures,
heat treatment procedures; es—
tablish design allowakles by test.
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Phase IV - Pilot Production. Produce pilot production
lots of several casting de-

signs in aczordance with
specifications, etc. deve-
loped in Phase ill.

Oregon Metallurglcal Corporation was selected as subcontractor
for this program, and conducted the necessary foundry research and deve-

lopment work.
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CASTING PROCESS DEVELOPMENT
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MELTING PRACTICE DEVELOPMENT

Because of the extreme reactivity of titanium at and
above its melting ..oint, an entirely new melting process has been
devezioped s, -ecifically for casting titanium and simllar metals.

The rapid contamination of titanium at elevated temperature by
oxygen and nitrogen and the severe damage to ductility by small
percentages of such contaminants requires that all high temperature
processing of titanium be done in the obsence of air. Also, since
molten titanium reacts readily with almost all crucible materials,
the problem of containing the heat until enough stock is melted to
make a our has required special attention. The only satisfactery
furnace for production casting of titanium was developed previous
to this program by the Albany, Oregon experimental station of the
U.S. Bureau of Mines. The equi,ment used in this program is pat-
terned after the Bureau of Mines furnace, with improvements in

the mechanisms and controls. Briefly, the furnace consists of a
cylindrical tank with a tower for containing and feeding the elec-
trode, a water cooled copoer crucible sup.orted on trunnions inside
the tank, provisions for centrifuge casting, and the necessary
vecuum pumps and controls. A sketch of the vertical axis centrifuge
furnace is presented as Figure B1.

Furnace Characteristics and Operation

Two furnaces were used during this program. One was
a static casting furnace with provisions for horizontal axis centri-
fugal casting. 1he.econd was a vertical axis centrifugal casting
furnace designed and built by the subcontractor to meet requirements
developed during this program. Both units operate with the electrode
at negative polarity.

All ex >erimental melting and casting was done under a
dynamic vacuum. Melting wos started by striking an arc between
the electrode and a small quar.tity of sponge or solids placed in the
copper crucible or against the skull from a previous melt. Melting
power was hen rapidly increused to the desired level where it
mainiained until the electrode was consuned und the molten pool
uu'equuiely supetheuted. Uoon accumulation of the proper amount

3 - o) i . - H y .
of molten wmeial in the crucible, ihe power is cul, the elecirode is
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3. MIGARTA INSULATOR

4. ELEGTRODFE

5 WATER COOLED VAGUUM GHAMBER

6. LIGHT PORT

7. MOBILE VACUUM CHAMBER
8. MOLD SPIN TuB

9. WATER COOLED GRUGIBLE

an .

1O VAGUUM PORT

il VIEW PORT

FIGURE B1

CASTING FURNACE

|
i
J

ig)

(SR

!




B-: D2-278 -5

e 3

ra-i"" - retracted by an :neumatic cylinder, and the crucible tipped
to make the pour. Pouring of the mold is completed in four to six
seconds after the arc is extinguished. Table J1 lists the melting con-
ditions recorded for each heut made in this program. The maximum
poured weight during this program was 340 pounds.

Cooling of the molds and furnace is usually accomplished
by backfilling the furnace chamber with inert gas, or occasionally

by allowing slow cool in vacuum.

Electrode Preparation

Electrodes for meiting were prenared from ingot, wrought
products scrap, or casting recycle material such as gates, risers, and
rejected castings. An electiode prepared from ingot requires only
the welding of the stub {which is attached to the stinger) to the ingot.
The preparation of an electrode from scrap as shown in Figure B2 re~
quires additional fabrication of the electrode by welding.

The general procedure for areparation of an electrode
from casting recycle material is as follows, The gates and risers are
removed from the castings by (-ower saw, abrasive cut-off, or by oxy-
acelylene torch. The material is then cleaned by shot blast, The
scrap is segregated fo f.ermit control of chemical analysis by biending.
The cleaned materiai is next assembled Into an electrede by Heliarc
welding in air atmosphere. Figure B2 is a photograph of an electrode of
commercially pure titanium which was used to pour experimental
castings. Thls electrode was made from sprues, gates, and risers
from previous heats »lus a slab of wrought scrap plate which was added
to dilute oxygen to an acceptabie level. The entire electrode, except
the attachment stub, is melted in one pour.

The welds must be large, since they must carry the entire
current load being used 1o melt the electrode. in some instances, in-
adequate welds have resulted in electrodes beirg prematurely dropped
into the crucible. As the consumable electrode is melted, hot spots
occasionally occur on the electrode, requiring that the power be re-~
duced. If welding cracking is @ wroblem in fabrication of alloy elec~
trodes, commercially ~:ure weld filler wire can be used to dilute the
alloy content in the weld. The elocirodes are welded as symetrically
as possible to uvoid 1 rohiusions which could cic to the crucible.
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Recycling of Foundry Scrap

It was decided that maximum recycle of gates, risers,
and other foundry scrap would be utilized to gain expetience on the
effects of melting on chemical analysis and the effects of analysis on
mechanical properties.

Three series of heats were poured to experimentally de-
determlne the sources of melting contamination of the cast titanium .
alloy. The variables in each serles were as follows:

Series 1 - Control of melting at the normal operating
standards, with electrode preparation by welding in an
inert~gas (helium) tank using carbon welding electrode.

Series 2 ~ Melt under varying furnace vacuum (simulating
poor melting practice), with electrode preparation as in
Series 1.

Series 3 ~ Controlled melting as in Series 1, with elec~
trode preparation by cutting and welding (Heliarc) in
alr atmosphere.

The results of these trials are shown in the series of graphs
comparing each of three series of casting conditions. Each of the three
casting condltions are plotted on the same graph for comparing the in-
terstitial rise in each controlied series.

rigure B3 illustrates the vacuum control held during the
three casting series. The three curves plotted on each graph (Series 1,
2, and 3) are drawn to show the starting vacuum reuading, the vacuum
reading during the melting cycle, and the vacuum reading directly
after pouring. The vacuum is measured in microns of pressure con-
tained in the furnace chamber. [t is evident from the *during® melting
curve that outgassing occurs from the melting of the ingot and as con~
tinved recycling is conducted, the amount of outgassing increases. The
"after® pouring reading follows very closely the “during” melting vacuum
readings, demonstrating that little gas is liberated by pouring metal into
the graphite mold.
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The vacuum pressure in Series 2 deliberately varies over
a large range as this series was conducted to determine the effect of
varied melting conditions. The first recycle heat of the Series 2 tests
was starfed at 50 microns and the remaining heats were varied to com-
plete the recycle experiment. The conditions in the furnace were
varied by backfilling to maintain the desired vacuum reading. The
second recycle heat in Setles 2 illustrates that although the furnace
was backfilled to 200 microns, vacuum condition improved during
the run due to the continuous pumping of the furnace atmosphere.

The casting trials in Series 3 were conducted to determine
the effect of welding the electrodes in air. As the vacuum curve shows,
control of atmosphere during the entire series closely parallels Series 1,
illustrating that normal vacuum control was held. The *during® and
"after® vacuum readings vary over a wide range relative to the initial
micron readings, due to welding of the electrodes in air. Because of
the method in which the electrode was made for the continuous recycle
heats, little welding was necessary. To determine the effect of con-
ventional welding requirements on interstitial contamination, additional
welding was performed by welding beacs along the side of the ingot. It
is evident from the graphs that outgassing occurred during the melting
stage in larger proportion than in the other two series. [t was concluded
that the welding in air does increase gas evolution during melting.

The series of graphs in Figure B4 illustrate the increase in
interstitlals In the recycled 6Al~4V. The graphs show carbon, oxygen,
hydrogen, nltrogen, and iron content. Each of the series of casting
conditlons plotted on the same graph illustrates by comparison, the
increases in interstitials due to dlfferent melting conditions.

The carbon rercentage graph demonstrates that in the
original heat, carbon increased as the recycle heats continued. Carbon
in recycle heat five is low, probably because that electrode was pickied
prior to casting. In recyclc Licat six the carbon content again increases.
It is evident that the increose In corbon is o function of the number of
times the material is cast in the graphite mold. Melting conditions in
Series 2 evidently did not have o separate effect upon carbon increase.
The rate ot carbon increase is similai to that of Series 1.
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The increase in oxygen does not show a great deal of
variation, there being a slight increase In all the heats as recycling
continued. Poor aitmos~here control and welding in air are both de-
trimental to oxygen control. Since oxygen must be maintained within
close limits, the foundry has the option of tight process controls to
minimize oxygen pickup during the process cycle or addition of higher
purity raw stock to the heat to dilute the contamination to the proper
level.

The hydrogen curve illustrates a rapid Increase in hydro=
gen when electrode is fabricated in alr by welding with Hellarc.

The increase in nitrogen occurs slowly as recycling con-
tinued. In heat five of Series 1, a reduction in nitrogen is noted on
the graph. The reason is not known. Serles 2 increases in nitrogen
are gradual and uniform and increases In nitrogen, therefore, seem
to be consistent with uncontrolled furnace conditions.

The Increase in iron in recycling titanium does not seem
to be separately influenced by furnace conditions. It is expected that
the iron content would not increase appreciably os recycling continued.
The source of iron contamination was shot blasting of the ingot material
for cleaning and, as very little cleaning was necessary for recycling,
the contamination level was kept quite low.

Mechanical property tests of each of the recycled heats
are reported In Table J2 and are plotied on graphs in Figure BS . Yield
strength, ultimate tenslile strength, elongation, reduction of area, and
Brinell hardness are included. Each plotted point is based on the average
of three tensile specimens tested. Series 1 strength curves show a small
Increase in strength over the perlod of recycle heats. The second series
strength curves show higher, but consistent strength in recycle heats
except for heat four, where the specimens falled without yield.

The Series 3 conditions resulted In a gradual increase in
strength as recycling continued.

the ultimate strength curves are generally similar to those
shown for yleld strengths. The average ultimate tensile strength of the
fourth heot of Series 2 dropced to 81,000 psi, with no ductility.



B8

D2-2766-8

After recycle heat three, the chemical analyses and pro-
perties showed greatest variation between the three practices investi-
gated. This indicates that recycling of selected fouidry scrap Is ac-
ceptable If the scrap is properly diluted with new metal.
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FIGURE B3

FURNACE PRESSURES DURING EXPERIMENTAL RECYCLE TRIALS
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FIGURE B4

INTERSTITIAL ANALYSES OF RECYCLE HEATS
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4 {Continued)

FIGURE B

INTERSTITIAL ANALYSES OF RECYCLE HEATS
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FIGURE B5

PROPERTIES OF RECYCLED Ti-6Al-4V
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FROPERTIES OF RECYCLED Ti-6Al-4V

FIGURE BS (Continted)
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MOLD DEVELOPMENT

A major problem in the development of a practical
process for casting of the 1eactive metals has been that of finding a
suitable mold. The conventional mold materials used for casting of
steels {(such as sand, shell, or ceramic molds) are completely un-
satisfactory for titanium, since titanium above or near its melting
point will violently react with those materials. The only materials
which have been found to satisfactorily withstand contact with molten
titanium are metals or grashite. Of these, graphite has been the most
satisfactory.

Machined Graphite Molds

At the time of initiation of thls contract, usable titanium
castings of simple geometry had been produced In machined graphite
molds. This material was used for much of the early work in this
program, such as the flrst trial casting of the developmental bracket
and the first feeding studies. [t was soon found to be unsatisfactory
for the developmental bracket, because the high strength of the mold
would not allow proper contraction of the casting during cooling, and
consequently would cause hot tearing In the restricted web area and
mold spailing, partlcularly ot corners and restricted areas. Mold life
can be extended by use of repiaceable mold Inserts.

In general, machined graphite molds are useful for simple
shapes, where the mold does not restrict contraction of the metai
during cooling. Reproduction of surface detall Is good, and close
dimensional tolerances can be mointained. Some loss of dimensional
telerance casability occurs if mold inserts are used.

Metal Moldi

ketal malds are satisfactory for only the simplest of
shases. Any restiiction of contuction during cooling of the casting
will cause rupturing of the restiicred ateas. The cost of preporing @

1 .
metal mold is higins
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Rammed Gra :hite Molds

Shortly before initlation of this program, details were
aublished on research work on rammed graphite mold mixtures carrted
out by A.L. Feild, Jr. ot the E.l. duPont de Nemours experimental
station at Wilmington, Delaware. The mold mixture consisted of
powder grashite as a base, corn starch for a green binder, pitch and
carbonaceous cement for a high-temoaerature binder, and water with
@ wetting agent to provide molding plasticity. Further development
of the mold was done by Andes, Norton, and Edelman at Frankford
Arsénal. This work provided a starting point for develooment of a
suitable rammed-graphite mold for production casting of titanium.

A total of 133 experimental mold mixtures were prepared
and tested during this program. Parameters used in judging the mix-
tures were mold shrinkage; oresence or lack of reaction with titanium;
carbon contamination of the titanlum; green strength, permeability,
and hardness; and general handling and casting characteristics.

All batches were mixed in a Carver Muller, Model
|-GF. The generai mixing rocedure was:

(a) mull graphite (or other base} and starch dry for
g b4
two minutes,

{b) add »itch and mull for two minutes,
(c) odd water and cement and mull for four minutes.

Samples of each batch were hand screened through an sight-mesh
riddle for testing. In most cases, molds were prepared from the re-
maining materlal for shrinkage determinations and casting trials.
Compositions of the various mixes are in Table J3 . Grain size
distributions of the graphite base materials are i : Table J4.

Two-inch diometer by two-inzh length standard
American Foundrvmen Society briquette secimens and standard
A.F.S. tensile specimens were prescred from the screened material.
These specimens were hand rammed to o hardness of ALF.S. 80 when
mix properties permiited.
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After the properties of the green specimens had been
determined, specimens were air dried for @ minimum of 16 hours at
250°F and then fired. Firing was accomplished by packing the
specimens in graphite powder in corrosion resistant steel boxes, and
placing the box in an electric-resistance he-ated furnace at 1200°F,
The temperature of the furnace was raised to 1600°F for three hours
and the furnace then turned off and allowed to slowly cool. The
specimens were removed after the furnace had cooled to 1200°F,
After air cooling to room temperature, the specimens were tested
using standard foundry sand-testing equipment. The results of tests
on the trial mold mixtyres are given in Table J5. *

Next, rammed molds for casting 5/8-inch thickness by
six~inch diameter plates were prapared from the experimental mix~
tures. These molds were used to determine mold shrinkage during firing
and to determine carbon pickup, resistance of the mold to reaction
with the titanium, and surface quality of the cast part. Most of the
molds were produced using a split core box technique where the
paitern halves could be assembled to form the completed mold. Molds
were bench rammed to a mold hardness of A.F.S. 80 using a pneumatic
hand rammer. The patterns were drawn using a vibrator draw machine.

The molds were partially dried at room temperature and
finish drled at 250°F, usually for 16 hours. They were then packed in
graphite powder in corrosion resistant steel boxes and placed in an
electric-resistance heated furnace at 1200°F, The furnace was then
raised to 1600°F, held for three hours, and the power shut off.

The molds were removed when the furnace had cooled to 1200°F,

The firing cycle requited approximately 24 hours. Fired molds were
stored at 250°F until about two hours before pouring, when they were
assembled. It is desirable to keep the molds hot until they are placed
into the casting chamber, to avoid moisture pickup from the atmosphere.
This is difficult since the external gating and the mold halves and

cores must be monually assembled after the mold is fired. Later in

the program, moids for production castings were heated to 1650°F
instead of 1600°F, in an attempt to reduce yas porosity defects.

The results of hardness tests on the experimental rammed
molds are in Tabl. 15, The shrinkage meusurements {made by measuring
outside dimensions of molds before and aofter firing) are civen in Table J6.
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Carbion contamination adjacent to the surface of Ti-
6AIl-4V castings produced in rammed-yraphite and machined-graphite
molds was determined by machining 0.003-i1ch successive cuts from
the fuce of cast discs and analyzing the cuttings obtained. The edges
of the discs had been previously machined so that contamination at
the edge would not influence the analyses. Resulis of these tests are
plotted in Figure B6. As shown by thls graph, the carbon contamina~
tion is high odjacent to the surface, but decreases rapidly as depth
increases, and at .025 to .030-inch has leveled off to the base carben
content of the casting. This depth of contamination was confirmed by
hardness traverse technique.

Mixtures 7 through 15 were produced to evaluate
binders. Observations of interest are that laundry starch provides
fired strength, pitch provides fuir green strength and best fired strength,
carbonaceous cement contributes only to baked strength, and foundry
corn flour provides good buked strength but Is weak after firing.
Starch-pitch and starch—-cement combiiations provide goed ¢reen and
fired properties.

Mixtures 19 through 29 evaluate the use of raw linseed
oil as a substitute for carbonaceous cement. Three and four percent
additions of linseed oil produce:} good molds without detriment to
castings poured in these mixtures. However, the mixtures containing
linseed oil were difficult to handle because of "stickiness®, Costs
of the two materials were found to be about equal.

Mixtures 34 through 38 were made with varying amounts
of carbonaceous cement and with corn flour as a substituts for laundry
starch. Although the tests of the low cement mixtures indicated
desirable properties, the molds tended to be weak and brelic cazily
at corners,

Mixtures 3% through 133 were made to Investigate
substitute materials such as coke for graphite, to test a wetting agent,
and to find mixtures that would decrease mold shrinkage.

The addition of “Duponcl G* (du Pont), a wetting
agent, to the rammed graphite mold mixture caused significant in~
crease in fired tersile streng:h, but caused stickiress of the mixture
making preparation of molds more difficuls.
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The use of conventional liquld foundry binders in the
mixture {Mixtures 61 - 64) severely aggravated the gas porosity pro-
blem and caused 200r surface quality in the casting. Soluble amin-
oaldehyde thermosetting resin (a high solid vreatype of water soluble
binder), and a phenol-formaldehyde water dispersed binder were used.
In conventlonal foundry practice, these are used mainly as core binders.
It Is probable that the gas porosity and surface quality problems were
the result of incomplete removal of volatiles during firing of the molds,
and that modifled firlng practice including higher firing temperature
could be developed for these binders.

Mixtures 71, 72, and 73 were made using "Slurry™

{a petroleum residual available from Union Ol Comaany, Los Angeles) .

in place of water. As in other series, the percentages of pitch were
varied. These mixtures exhibited low green strenytn making pattern
withdrawal difficult, particularly with complex molds. Mixtures 74,
75, and 76 also Included Slurry, but no starch or cement. These mix-
tures also exhibited low green strength. Additional mixtures were made
without starch, cement, or Slurry; with varying amounts of pitch and
water; and with additions of coke flour.

Some of the mixtures made contalned coke as a sub~
stitute for granular graphite in an effort to reduce mold cost. However,
coke was unsatisfactory beccuse of severe reaction with the molten
titanium, apparently because of high sulfur In the coke.

Mixtures 1 and 17 were considered the best of those
tested. They handled well during ramming, provided good casting
surfaces and had desirable strength levels. Mixture 17, with less
moisture than mixture 1, had superior flowabllity and produced the
better casting surface of the two but because of Its lower green and
fired strength, requlired more careful handling of the mold. Mixture 17
was selected as the most satisfactory mold material and was used for the
pilot oroduction shose.

B1?
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Shell Graphite Molds and Cores

A partially successful program was conducted to develop
a shell process for making graphite molds and cores. The resulting
shell was used primarily for cores, and was satisfactory except when
exposed to a large volume of metal or when a sharp corner of the core
was exposed to metal on both sides, in which cases penetration of metal
into the shell occurred.

The experimental shell grophite mixes used in this work
are listed in Table J7. The mixture selected as best and used in pro-
ductioi: of Phase IV castingsis mixture 4.

The mixtures which contained calcined coke as a substitute
for granular graphite produced excellent surface finishes but sometimes
caused reaction with the molten titanium, apparently because of sulfur
in the coke.

The investment cycle found to be best was 8 seconds, with
a one minwvte cure. Variation in investment time directly couses varia~
tion in thickness of the shell. Curing longer than one minute does no
harm but was unnecessary. After a one minute cure, the sheil wos
quite strong and was durable enough to be handled without undue break-
age. Investing and curing are accomplished at 350° F. At temperatures
above 350° F, the shell adheredtightly to the pattern and was difficult
to remove. Various parting agents were tried but did not eliminate the
stickiness problem at high curing temperatures.

Air pressure used to force the mixture into the corebox was
found to be an important factor in producing good shells. To obtain
consistently strong and dense shells, it was necessary to use on air pres-—
sure of 20 - 25 psig. A problem was experienced in some tricls, because
of the rapid set~up of the mixture. During the build~up of the shell, a
bridging of the initial layer over parts of the corebox was observed,
particularly over sections thet had re-entrants such that the mixture
entering did not impinge directly on all portions of the corebox. Venting
along the parting line of the corel.ox aided in reducing this croblem,
When molds or cares containing biidged areos were fired ond used, metat

cenetration occuned inte the Liidged roitians of the mold.
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Sheil cores were experimentally used to core the cavities
in the Sway Brace Case, the Torsion Fittlng, and the Flap Track Link, and
to form the pockets in the Developmental Bracket. These experiments
demonstrated that the shell cores are not suitable adjacent to heavy
sections or to form sharp fillets, because of penetration of metal Into
the core. The heavier volume of metal around the shell apparently
does not permit the initial chilled skin to remain in place next to the
core wall. Consequently, molten metal remalns in contact with the
shell and penetrates Into it.

Corckoxaes were machined from aluminum or block graphite.
The sheils prepared in graphite coreboxes were equal In quallty to those
made In the conventional aluminum coreboxes. Graphite coreboxes
were preferred for experimental work because of the ease of making
dimensional changes. The graphite and aluminum boxes were initially
prepared for investing by applicatlon of a stlicone parting compound
{grease) and then spraying with a sliicon-water emulslon to facllitate
shell removal. The silicon-water emulsion was re-applied before each
investment cycle. -

The shell graphite process was further studied to determine
if complete molds could be produced in multiple stacks. A corebox was
prepared to make multfiple molds for casting discs. The pattern equip~
ment conslsted of two 1/2% x 9% x 10" aluminum plates separated by a
3/4* x 1" frame work around three sides to make the box. The cavity
for the casting was a 5/8" x 6" diumeter disc, half of the disc on the
interlor, of each of the box halves, A central 1" diameter core was
also located to provide the sprue in each of the molds. The graphite
material was Invested from the bottom of the box in the shell core ma-
chine, The completed mold was then fired at 1650°F in the standard
manner . The shell molds, when stacked together, formed a complete 5/8*
x 6" diameter disc with ocne-half of the disc In the cope section of each
mold and one-half of the disc in the drag section; the parting line of
the casting belng between the two surfaces of the molds. The sprue was
centrally located to permit a single gate at the bottom to feed the entlre
stack of castings. Twelve 5/8" x 6* diameter discs were to be cast In
a single stack. Two attempts were made to pour the stack of molds.
The flrst aHem: t failed because of severe mold reaction between titanium
and coke molds. The second peur was partially successfui but Insufficient
metal was poured to fill the entire set of plates and only ien of the twelve
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discs filled. The second series of molds was made of granular graphite
materlal. There was no penetratlon into the graphite material and the
castings were relatlvely clean with no surface burning.

Conclusions reached as a result of the shell mold studles
are as follows:

(a) The shell molding process offers excellent potentlal for
production use.

(b) At the present stage of development, shell graphite molds
or cores are not sulfable for shapes with relatively large
volume concentration or with sharp fillets, because pene-
tration of metal into the shell occurs in these areas.

(¢) The feeding distance in shell graphite molds appecrs to
be approximately 1.5 times that typical of rammed graphite

molds.

Investment Molds

The Initlal experiments with Investment casting techniques
were conducted with a proprietary Investment mold developed by Misco
Preclsion Company, Muskegon, Michigan.

The results of the first investment casting trial are shown in
Figure B7 . The castings had good reproduction of detcil, but rough sur-
face and some surface burn—in. The major defect was the severe gas poro-
sity In the casiing. Figure B8 is a print of the x~ray of the tensile test
specimens and clearly shows the extreme porosity.

Figure B? is a photogreph of a casting made In another type
of investment mold which was mode with a graphite primary coat., Gas
porosity was extensive throughout the castings, but surface finlsh was ex-
cellent. The mold waos centrifugelly cast In the vertical axls centrifugol
furnace in an attempt to climinale the gas porosity :roblem. The ingates
into each of the molds broke and corplete meld filling did not occut.
The threaded portions of the tesi bars showed evidence of reaction between
the mold material and the metai.
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Castings made in a third type of Misco Proprietary invest~
ment mold showed severe surface reaction and gas porosity. The primary
surface of this mold was composed of graphite and zirconium oxide.

The type of binder used is not known. The photograph in Figure B10
illustrates the severity of reaction.

A general observation in connection with experimental
casting of these molds is: o obtain a gas free casting, a binder that
does not retain oxide materials must be used to prevent reaction and
subsequent gos in the castings.

Additional investment casting trials were conducted using
molds developed by Oregon Metallurgical Corporation. The program
was aimed at producing an experimental mix that would not react with
the metal and that would produce gas-free castings. The mixtures tried
are listed in Table J8. Casting trials were conducted on only those
mixtures that showed promise as an investment material.

Castings were poured into simple bar molds made from mix~
tures 11, 14, 15, and 16.

The molds made from mixtures 11 and 15 exhibited violent
reaction with the molten titanium, only about half the metal remaining
in the mold. It is believed that moisture in the second coat caused
the reaction. The mold made from mixture 14 ulso reacted violently,
with no metal remaining in the mold. This is believed due to the oxides
and silicates in the second coat.

Mold mixture 16 was used to make four trial castings with
no evidence of reaction. A prohlem of mold-face porosity was caused
by bubbles in the mixture and resulted in rough surface on the costing.
It is expected that further development of the process {such as mixing
of the ingredients in a vactum chamber and mechanical vibration during
investment) would solve this problem.

In general, the development of a satisfactory investment
mold for casting of titanium appears feasible if basad on the use of
graphite .
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Recycling of Mold Materials

The object of this study was to determine if mold materiais
could satisfactorily be reused to make new moids and, If so, to establish
sultable preparation methods to obtaln proper grain size and distribution
in the recycle materlals.

The process for reclaiming the rammed grophite molds in~
volves crushing, pulverizing, and screening. The crushing operation was
to reduce the size of mold fragments broken from the castings to approx~
imately 1/2-Inch size for feeding to the pulverizer (a hammer mill) which
then reduced the materlal to the proper grain size for making new molds.
In some Instances when crushing machined graphite, a large proporation
of flnes were produced and screen classification was necessary to separate
the useful portion from the fines.

To establish a procedure for obtaining material of proper
grain size from the pulverizer, several samples were processed using
different rotor speeds and screens, these being the variables most ef-
fective In adjusting grain size. Table J9Is a tabulation of graln size
distributions of the test samples. The rotor speed of the pulverizer was
varied between 14000 and 607G RPM. The higher rotor speeds produce
larger proporations of fines. The rotor speed of 6070 RPM combined
wiih the 1/8-inch mesh herringbone screen produced the lowest per-
centage of flnes.

The present stage of reclamation of the pulverized graphite
mold materlal involves a screen classification process to obtain the
desirable portion of the pulverized material. The material as recovered
from the pulverizer can be used in two different ways. The first Is to
use that materlal which will pass through the Na. 20 sereen of a vibra-
tory shaking unit, The distrlbution of the materlal is listed as Sweco
No. 20 1:: Table J4. Thismureriai vas somewhot coorre, but produced
acceptable molds where fine surfoce finish was not essential. The most
satisfactory combinction of closificd materic! has been found to be
80 percent Sweco Nu. 20 and 4D pescent Sweco Mo . 40 mixed to~
gether and used with the slandard n:ix 'ng.rs»ci!enf:-.. s comblnation

contains a hlgher voilion of fines thac I conpedy
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FIGURE 86

CARBON CONTAMINATION DEPTH IN Ti-6Al-4V CASTINGS
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FIGUREBR7

INVESTMENT CASTING
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FIGURE B8

X~-RAY OF INVESTMENT CASTING
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FIGURE B9

INVESTMEINT CAST Ti-6Al-4V
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FIGURE BIO

INVESTMENT CAST Ti-6Al-4V
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FEEDING STUDIES

Feeding Distance in Flat Sectlons Cast In Machined~Graphite Molds

An early study in this program consisted of the casting of
Ti-6Al-4V titanium alloy into a serles of round, flat discs of varlous
diameters, thicknesses, and riser sizes, using machined graphite molds.
The purpose of the study was to become familiar with the feeding charac~
terlstics of thianium alloy castings.

The specific objectlves of the study were:

(o) to determine minimum riser diameters required to pre-
vent under-riser shrinkage porosity,

(b) to determine the "edye effect®, or soundness contri~
buted by faster cooling adjacent to the disc edge,

(c) to determine feeding distance changes caused by
rlsering variations,

(d) to measure the total effective feeding distance con-~
tributed by the riser and by edge effect.

Plate dlameters of five and six Inches were cast, with thick~
nesses from 3/8 to one Inch in 1/8-inch increments. Riser diameters
were equal to their heights and were varied from one to 2 1/2 Inches.

In all cases, the risers were concentric fo the plates. A typlcal casting
heat Is shown In Figure BI1. One inch gates were used. Ali molds for
this serles were machined from graphite block. A typical mold setup

is shown In Figure B12,

After casting, the plates were x-rayed and examined for
under-riser shrinkage, shrinkage beyond the rlser, and soundness adja~
cent to the edge and riser. The total soundness is expressed as "T* and
Is equal to D/t where D is the sum of the sound distance measured
radially from the edge of the riser and from the edge of the piate, and
t is the thlckness of the plate.

The results of the study are tabulated in Table 110,
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After the first three trial pours, It was established that
bottom gating, as shown in FigureBl], produced the best casting de-
tatl. This general setup was used for making all subsequent static
pours of this type.

Examples of extreme conditions of shrinkage observed are
{Hustrated in Figures B12, B13, and B14. These Illustrations are photo-~
graphic prints made directly from x~ray films.

The following was concluded from this study:

(a) Feeding distance in flat sections (no taper) in un~
heated machined-graphite molds does not exceed 1T
for consistently sound castings.

(b) Riser diameter at its junction with the casting must
be not less than two times the casting thickness, to
prevent under~riser shrinkage In castings made in
unheated machined~graphite molds.

(c) Bottom gating provides casting detail superior to top
gating.

Feeding Distance In Tapered Sections Cast in Machined and In Rammed
Graphite Molds

A second feeding distance study was conducted to evaluate
the effect of taper on soundness of cast titanium discs. n this study,
both rammed-~graphite and machined~graphlte molds were used. All
discs were tapered such that thickness Increased from edge to center,
and were cast in edge thicknesses of 1/8 to one-inch In 1/8-Inch In-
crements, The following types of siatic molds were used:

(a) unheated machined-grarhite,
(b} unheoted rammed-rashita,
(¢} heatzd machired-grophlte,
(d) bheated rammed-graphlte.
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The results obtained on study of x-rays of the castings made
in unheated machined-graphite and rammed-graphite molds are pre~
sented in Tables J11 and J12. The parameter *T* (defined on page B30
Is plotted agalnst taper for various disc edge thicknesses in Figures B15
through B17. Figure BI8relates the taper required for sound castings
to the edge thickness of the discs, for castings made in machined or
in rammed~graphite molds.

The results obtalned in similar trials using heated machined~-
graphlite molds are in Table J13. These tests were made using discs
of 1/8 16 ons Inch edge thicknesses with zero, one, three, five, and
seven~degree tapers. The mold temperature at the time of pouring
varied from 210 to 355 degrees fahrenheit. The parameter *T* for the
heated molds is plotted against taper for various edge thicknesses in
Figures B2 through B21, along with the *T" values obtained from the
similar tests of urheated machined-graphite molds.

A similar series of trials was conducted using heated ram-
med graphite molds. The mold temperature at the time of pouring
varied from 200 to 400 degrees fahrenheit. The results obtained are
tabulated in Table J14and plotted in Figure B22 to B24,

The following observations were made from this study:

{a) increased taper in unheated machined~-graphite molds
Improves soundness primarily by increasing the edge
effect, Increased taper In unheated rammed-graphite
molds improves soundness primarily by increasing riser
effect. Less taper is generally required in rammed~
graphite molds than in machined-graphite molds, for
equivalent soundness.

(b} Shrinkage porosity in cast titanium appears as distinct
voids rather thon as cloudy low~-density areas on the
x-roy film, Microshrinkage has rnot been observed.
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(d) Increasing the amount of taper progressively improves
feeding distances in rammed molds. In the case of
machined-graphite molds the feeding distance de-
creuses until taper exceeds three or four degrees,
and then Increases,

(e) The effectiveness of taper decreases as the section
thickness is increased.

{f) The tapers required to cast sound sections have been
established in relation to thickness, and are shown
in Figure B18in graphical form for machined and
rammed-graphite molds,

(g) The use of heated molds did not appreciably improve
the feeding of cast Ti-6A1-4V alloy but did decrease
the gas porosity problem, apparently because of re-
duced moisture pickup during mold assembly.

Feeding Distance in Shell Graphite Molds

The experimental castings of plates in shell graphite molds
exhibit greater areas of soundness than castings in the other mold ma-
terials. The initial casting of the plates was primartly for determination
of carbon contamination from the shell graphite material. Due to ex-
cesslve distoriion of the shells during casting, the plates were not used
for carbon contamination studles. X-rays of these plates revealed only
small dispersed shrinkage areas, us contrasted to general heavily dis-
persed shrinkage in previcus castings produced in rammed graphite and
machined graphite in the 5/8* plate thicknesses without taper. There
was evidence of gassing occurring in two of the four plates cast in the
heat, The second experimental casting of shell graphite plates was
made with a supporting arrongement to prevent sagging about the peri-
phery of the plate. The casting experiment was not successfui due to
inadequate support on the surface of the cope, resulting in mold rupture.
The chilling effect was sufficient to prevent loss of metal through the
cracks in the mclds sven though the plates waere much thicker than de~
sired, because of the moid deformation. ¢ appears that slight tapars
in plates cost in shell grephite nolds would grectly extend feeding dis~-
tance, because thc cusenci of an cffective amourt of chilling permits
the metai to solid s in = <dnw and wors directicnal manner toward
the casting tisers.

B33
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Feeding Distance In Centrifuge~-Casting

A comparative study of feeding distance in centrifuge-cast
discs was conducted using 1/2-inch thickness by six inch diameter disc
molds mounted on a central sprue. Four plates were cast in machined-
grophite molds in each of six heats. The casting setup is shown in
Figure B25.

The oblect of the study was to determine the effect of in~
gate size and centrifuge speed on the feeding distance. The data ob-
tained are in Table J15.

The feeding characteristics In these discs wers not signifi-
cantly different from the similar discs which were statically cast, except
the edge effect on soundness was somewhat less in the centrifuge-cast
piates. There was not an appreciable difference in soundness when
rotation speed was increased.

It was noted that the portion of disc which was forward of
the gate during centrifuging had improved soundness over the tralling
section. A second group of centrifuge-cast discs were made with the
gates at the trailing edge. This modification did not improve casting
soundness.

Several casting tricls were made to investigate gating tech~
niques in centrifuge casting. Molds were prepared to produce 1/4 by
three by five Inch plates, and were arranged so that the plate mold
could be filled either from the leading or trailing edge, by reversing
the direction of rotation of the centrifugal casting apparatus. A photo-
graph of a typical casting produced during these trials is shown as
Figure B26. When the centrifuge was rotated counterclockwise the
plate molds were effectively “top filled”, and were *bottom filled"
when rotated clockwise. A comparison of surface qualities of castings
produced at various ratation speeds (200, 700, and 1600 rpm) and direc~
tions demonstrated considerably superior surface qualily in the *bottom
filled™ plates at all centrifuge speeds. Comparison of x-ray quallty
showed little diffurence in clockwise o1 counterclockwise rotatlon at
{ow rotation spzed (200 rpm) but comiderobie advariogs in *botrom
filling® ot the higher rciation specds.
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The centrifuge casting of up to twelve 1/2-inch thickness
by five inch diameter discs in a single pour was investigated to deter-
mine the practicability of the proposed multiple centrifuge casting
technique. A machined~graphite mold setup was prepared as shown
in Figure B27. Figure B28 is a photograph of a typical trial heat,
showing the arrangement of molds, gating, ond central sprue. 1he
gates were one inch in diometer from the sprue to the two inch diameter
I ngates feeding the casting.

Examination of the X-rays of these plates revealed that the
gating size was not sufficient to provide soundness in the discs. The
locations and sizes of the shrinkage voids in the twelve discs were
very consistent. Additional trials were made using three-cavity
mold setups such as shown in Figure B29. Llarger and smaller diameter
gate and ingate diameters were tried with some improvement in sound~
ness but complete absence of shrinkage porosity was not obtained.

There was no evidence of turbulent metal flow on the
casting surface, except for a very slight surface ripple near the in-
gate. As the radius at this junction was increased, the surface ripple
appearance decreased. The entire set of castings had consistently
good surface finish.
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FIGURE B11]

TYPICAL FEEDING STUDY ARRANGEMENT
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FIGURE B12a

GENERAL DISPERSED SHRINKAGE -~ FEEDING
DISTANCE EXCEEDED GREATLY




D2-2786-8 CASTING PROCESS DEVELOPMENT B37

fIGURE 812

TYPICAL PLATE MOLD SETUP
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FIGURE B13

SHRINKAGE IN SLIGHTLY EXCEEDED
FEEDING DISTANCE
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FIGURE B14

FEEDING REQUIREMENT SATISFIED
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TOTAL SOUND DISTANCE
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FIGURE B15

FEEDING DISTANCE N 6™ DIAMETER DISCS
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FIGURE B16
FEEDING DISTANCE IN 4% DIAMETER Discs
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FIGURE B17

~ FEEDING DISTANCE IN 6" DIAMETER DISCS
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DISC EDGE THICKNESS

FIGURE 818

TAPERS REQUIRED TO CAST SOUND 6™ DIAMETER DISCS
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FIGURE B19
FEEDING DISTANCE IN 6™ DIAMETER DISCS
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FEEDING CISTANCE IMN 6" DIAMETER DISCS

FIGURE B20
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FIGURE 821

FEEDING DISTANCE IN 6" DIAMETER DISCS
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FEEDING DISTANCE IN 6" DIAMETER DISCS
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FIGURE B
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FEEDING DISTANCE IN 6" DIAMETER DISCS
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FICURE B 25

TYPICAL SETUP FOR CENTRIFUGED PLATE CASTING TRIALS
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FIGURE B26

CENTRIFUGALLY CAST PLATES
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FIGURE B27

TYPICAL MOLD SETUP FOR CENTRIFUGALLY CASTING DISCS
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FIGURE B2

LGALLY CAST DISCS
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FIGURE B29

CENTRIFUGALLY CAST DISCS
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SURFACE TREATMENT OF TITANIUM CASTINGS

Removal of Gates and Risers

Gates and risers were removed from the castings by oxy-
acetylene torch cutting, power hack-sawing, and abrasive cui-off wheel.
Of these the use of the ubiasive cut-off wheel was found to be the most
satisfactory. The oxy-acetylene torch cut-off increases oxygen con-
tamination of the foundry scrap and requires excessive hand grinding to
clean up the casting. Although power sawing produces a satisfactory
cut, the abrasive cut-off wheel can trim closer to the casting and s
much faster than sawing. The cost of the abrasive discs was compensated
by lower labor cost compared to power sawing.

Grinding and belt sanding of cast titanium was used for pri-
mary cleaning. Rough grinding to remove material at gt -, risers,
and flash points vas the most effective method of metal removal. Aluminum
axide v-heels were used and are operated at approximately 3,030 surface
feet per minute. All castings were hand held.

The grinding kelt was used for finlshing the cast titanlum to
remove rough grinding marks and for slight blending and flash removal.
Matertal removal wos fustand efficient, with metal removel efficiency
increased by using a white~tallow base belt lubricant, Belt operating
speed vas 1100 surface feet per minute with average belt life of 8 hours.
The telts were made of silicon carbide abrasive bonded to heavy cloth.
The most efflcient sanding was accomplished using a ribbed hard rubber
wheel at the point of pressure contact., The ribbed-rubber wheel gives
maximum life to the sanding beit coupled with efficient metal removal.

Using present methods of grinding, there has not been any
evidence of grinding damage of cast surfaces. An attempt was mode
to damage a cast titanium specimen by poor grinding techniques. The
experiment consisted of hond finishing the specimen on a grindling belt
using abnormally high hand pressures. Microstiucturel examination of
the surface did nct reveal any discontinities in the ground surface.
The experiment 1csulted in destruction of the grinding belr.
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Cleaning of Castings

The use of a shot type abrasive was rot sultable for cleaning
castings. Shot blasting does not adequately remove surface oxides or
fused graphlite. The shot provided a surface deformation actlon whereas
titanium castings require an abrasive that will produce a cutting action
to remove the surface contaminants,

Grlt blasting of castings with an angular abrasive material wos
a satisfactory method of cleaning. The angular grit cleaning material
preduced a cutting action and readily removed surface oxides and graphite
from titanium alloy castings. The most satisfactory cleaning material of
those used has been a chilled iron blasting grit. The material continually
breaks up to produce new cutting edges and as used, a finer surface finish
vas obtained. Adding a small quantity of new material at frequent inter-
vals maintains the cleaning action and surface finish at acceptable stan—
dards. A detrimental effect of using the sharp cast iron material is the
coating of the cleaned part with finely divided iron particles, which
later rust with detriment to appearance. A second although not serious
effect of the use of iron shot is possible siow build-up of the iron level
in chemlcal analysis of the cast titanfum due to use of shot blasted scrap.
This effect is not serious as additions of new material dilute the Iron to
acceptable levels. If necessary, surface contamination by iron dust can
be removed by light pickling of the scrap.

Other types of grit used were "malledbrasive® grits of various
grain sizes. The malleabrasive grit is more ductile than the chilled Iron
grit and wears by deformation rather than by breakdown. The wearing
action causes the sharp angular structure to become round and Ineffectlve
In removal of surface oxides and fused material. The material gradually
performs as shot in reduced cleaning effectiveness.

Sand blasting of cast titanium has been effective in producing
a fine surface finish with snull metal removal rate. Three types of sands
that have been used are Garnet sand, Banding sand, and Flint sand obtained
from ldoho Garnet Company, Spokane, Washlington, and Ottawa Stlica
Company, Ottawa, [{linois,
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The Garnet sand is the tougher abrasive and holds up well
during use. Metal removal is slow, therefore, primary cleaning of
surfaces with this material is not recommended. The materiai used was
fairly coarse and did not give a fine appearing surface finish.

The Flint sand and Banding sand provided a relatively flne
surface finlsh, These were used as a secondary cleaning medium to
remove any fron contamination caused by the initial cleaning with the
chilled iron grit. The Flint and Banding sands have rapid breakdown
characteristics and, after one hour’s use the major portion of the abra~
sive is reduced to fines.

Abrasive tumbling has not been found an acceptable method
of cleaning cast titanium. The abrasive material evaluated was Tumbiex
"a® No. 3, an Alundum material. The cast titanium specimens were
tumbled In the abrasive media for 24 hours to determine the effectiveness
In surface cleaning. At the end of 10 hours, no removal of the oxide
discoloration layer on the cast surface was evident. Surface roughness
was reduced at 16 hours with an acceptable product at 24 hours, The
flash and burrs on the specimen were not removed during the tumbling
cycle but Instead had a polished appearance. [t should be noted that
this was a limited study and more favorable results might be obtained
through more trials using other equipment and abrasives.

Chemical Removal of Suifuce Material

A satisfactory acid solution and processing techniques were
developed for chemical removal of surface material from the castings.
Fatigue tension fests were used to determine the necessity of thls step
and to esiablish the amount of material which should be removed.

The chemical removal sslution developed is as follows:

Nitrie Acid 15 to 25 oz./gallon
Hydrockloric Acid 5ta 9 oz ‘gallon
Ratio HINOZ HCL 7ta 3

Free Hydiofluoric Acit 3 1o 8 oz, ‘yallun
Acetic Acid or . .. 3o das. gallon
Oxalic Acid {opr] Vit Az, aodiorn
Discdive fraa fo T Foo _;-E;:. :

&Vﬂ--“i.n-’.’: s"::~ C-T P S TS TS SF NN £ ISP PP IUS BESER I

TP




D2-2786-8

CASTING PROCESS DEVELOPMENT

This solution may be maintained until 20 ounces of titanium per gallon
of solution has been disselved. It can be operated at 90°F to 130°F to
adjust metal removal rate, which varles from .0003 to .0015 inches per
minute over this temperature range. To malntain a reasonably constant
specific removal rate, the temperature should not vary more than five
degrees from nominal during the removal oeration.

Before being chemically cleaned or pickled, the castings
must be dbrasive blasted to remove any mold particles or oxidation.
During chemical removal several dimensions on the parts should be fre~
quently spot checked for thickness control. After sickling, the castings
must be water rinsed.

A series of tension~tension fatigue tests were conducted to
establish the proper amount of surface removal depth, Specimens were
1/2-inch gage diameter and were tested in the following conditions:

(a) As-cast, with normal dabrasive cleaning,

(b) As above plus chemical removal of .005-inches per
surface,

{c) Same as (a) plus chemical removal of .010-Inches per
surface,

(d) Same as (a) plus chemical removal of .015-Inches per
surface.

The specimens were tested in a conventional Sonntag SF - 10U universal
fatigue testing machine at 1800 cycie: per minute and a stress ratio of
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R=.06. The specimens were ail from the same heut, were x-ray inspected,

and the accejtable specimens selected to randomize quality.

The results of the fatigue tess are tabulaied in Table J16 and
ill-ntrated by S =N curves In FigueB3Q  In general, removing only 005

- ‘i Q. .. i el Feid s . .n.':g - 1
inches per suiface dumaged faiiguc iile, removing (U0 incnes er sur-

face restored the fatigue Life to 1l af of the as—cast « wditior, and removal

of 015 inches per sinface povidad significant im 1ovement over the as—

cast condition.,
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It is recommended that, In titanium alloy casting applications
requiring best fatigue properties, .015-inches per surface be chemically
removed using the solution and process described.
FIGURE B30
FATIGUE PROPERTIES OF AS-CAST AND PICKLED Ti-6Al-4V CAST SPECIMENS
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ALLOY DEVELOPMENT
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Development of Ti-6Al-4V Alloy

Early in this program, it was necessary to choose an alloy for
use in costing trials, mold development trials, and other work which
could not be delayed untll alloy development studies were completed.
Because of the general acceptance of the 6Al-4V titanium atloy for
wrought products, that alloy was chosen for these studies with the in-
tenfion of substituting a more svitable casting alloy when one was
found. As discussed in the portion of this report which discusses

general alloy development, a casting alloy significantly better than
Ti-6Al~4V was not found.

A serles of approximately 440 heats of Ti~6Al-4V was studied
to establish effect of analysis on mechanlcal properties, practical
analysis limlts, practical guaranteed minimum mechanical properties,
and correlations of processing variables with resulting interstitial levels.

First, frequency distribution bar charts {histograms) were pre~
pared to show the distributions of oxygen, nitrogen, hydrogen, carbon,
lIron, aluminum, and vanadium which were characteristic of the equipment
and practice developed in this program. The histograms are presented
as Figures C1 through C7 . Much of the early work In the program was
done without concentrated effort to malntain close control of chemical
analysis, since other varlables received the main focus of attention.

As a result, o falrly wide spreod of analyses was obtained which proved
of benefit in studylng effects of analysls on properties.

As shown In Figure C1, the oxygen content varled from .08
to .37 per cent and averaged approximately .21 per cent. This high
oxygen range Is the result of recycling of foundry scrap, since from .02
to .05 per cent oxygen Is picked up during each melt and recycling of
material from previous heats compounds the plck up. Because of the
economic necessity to use foundry and other titanium clloy scrap In
the castlng process, high interstitial oxygen contamination has been a
problem. To malntaln oxygen at acceptable levels, it is necessary to
occasionally discard a portion of the normal foundry scrap {gates, risers,
etc.) ond difute the oxygen content by adding low-oxygen sponge or
electrode stock to the heut. Theiefore, the amount of axygen that can
be inlerated os o maximun in sitanivos alloy castings has o significant

bt‘nring on the eost 5f the hirot prodee
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For study of effects of each specific element on mechanical
properties, the analysis ranges of the other alloylng and interstitial ele~
ments were restricted to closer~than-normal tolerances, to minimize
obscuring the effects of the element in question by effects of scatter of
the other elements. In the case of oxygen, only those heats were used
which were wlthin the following analysis {imits:

Nitrogen .021 - .032 per cent
Carbon .10 per cent moximum
Hydrogen .010 per cent maximum
Aluminum 5.8 - 6.2 per cont
Vanadium 3.8~ 4.2 per cent

This left 135 heats within these analysis lImlts having mechanical pro-
perties available, with oxygen ranging from .07 to .37 per cent.
Oxygen was then plotted against ultimate tensile sirength (Figure C8)
and against reduction of area (Figure C9) as scatter diagrams. As shown
in the figures, increased oxygen Increases strength with fair correlation
and decreases ductility with consideroble scatter In individual values.
As also may be noted in the scatter diagram for oxygen versus reduction
of area, average reduction of area decreases as oxygen is increased,

but the minimum reduction of area does not appear to decrease in the
range of oxygen covered (l.e. up to about .25 per cent oxygen). Next,
to establish the allowable production maximum for oxygen, all heats
which fell in the normal analysis range (Al 5.5~ 6.5, V 3.5 ~ 4.5,

N .07 max., C .10 max., H .015 max., Fe .30 max.) excepi fo: oxygen
were separated Into groups according fo oxygen content, as follows:

Group A less than .16 per cent oxygen
Group B .16 - .21 per cent oxygen
Group C .21 - ,26 per cent oxygen
Group D .26 ~ .31 per cent oxygen

Histograms for ultimate strength, elongation, and reduction of area were
then plotted for these groups ond are presented as Figures C10, C11, Ci2
and C13. Averages and standard deviations ( ¢ ) were computed for each
curve wsing the conventional statistical analysis method for the "normai®
frequency curve. {It should be noted that the histograms for mechanical
properties are not "normal® distributions but are skewed stightly toward
the high-value ends of the curves, sesulting In conservative minimum
propeities since the standard deviation is slightly enlarged Ly the high
values which are not undesituble  <cept for this influence). Two standard
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desimiions viae sehirac.ed fioan e weonzoe vilues for ecch curve to
es.ublish "minimems* for shis s vd, . Dusign allowuble minimums ure
discussed later in ihis report.  This analysis method is explained in the
appendix. As is shown by the his;ograms and the scatter diagrams, the
average and minimuin values for slrimate strength are increused as oxy-
gen increases, but for boih eiongarion and reduction of area the averages
decrease but the minimuin values either remain fairly constant or actually
increase due fo lesser amounts of scaiter in all properties as oxygen is
increasad.  As a result it is advantageous to allow .25 per cent as a max-
imum for oxygen in titenium castings compared to the .20 per cent maxi-
mum wsually allowed in wrought products, The minimum ultimate strength
Is increased without loss in ductility. Conseql,enﬂy, .25 per cent has

been established as @ maximum for oxygen in the spacification for Ti~
SAl--4V castings.

The scatter diagrams for nitrogen show that it strengthens Ti-
6A1~4V considerably without detriment to ductility, ond that the correlation
between analysis and prope;ties is betrer for nifrogen than for oxygen. It
may be desirable to establish a minimum as well as the present maximum
analysis value for nitrogen to take advantage of its sirengthening effect,

This was not done since nitrugen independently is difficult to control

but as is shown in Figure C16, tends to be high when oxygen is high.

Since recycling of foundry scrap is desirable, oxygen content will nor=-

mally be near the high limiting value, and nitrogen vill be also maintained

at a relatively high value. As aresuit, the minimum design values established

for Ti~6Al-4V during this program may pw;.biy be increused os more produc—

.

tion experience is guined with heats approaching the higher analysls limits
for oxygen and nitrogen.

The scatter diograms and analysis comparisons for aluminum and
vanuadium show negligible effect of analysls on strength or ductility for
the composition ranges typical of the process. For these histograms,
ranges for the other elements were selected to the following limlis:

tor study of aluxsoogm,
Vanadium 18 - 4.7 per cent
O yqen 13~ .25 per cent

C ol N e e
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for study of vanadium,

Aluminum 5.8 - 6.2 per cent
Oxygen .13 = .24 per cent
Carbon 0~ .10 per cent
Hydrogen 0 - .01 per cent

The study of carbon showed that Increasing carbon provides
slight strengthening effect with no significant effect on ductility over
the normal analysis range.

Considering past experience wlth wrought alloys, the normal
analysis distributions characteristic of this process, the econemics of
using foundry and other scrap in the casting process, and the influence
of analysis on mechanteal properties, the followlng analysis limits were
established as controls for production castings of the TI-6Al-4V alloy:

Alumlnum 5.5 -~ 6.5 per cent
Vanadium 3.5 - 4.5 per cent
Oxygen .25 per cent maximum
Nitrogen .07 per cent maximum
Carbon -10 per cent maximum
Iron .30 per cent maximum
Hydrogen .015 per cent maximum.

A brief study sf the effect of groln slze of cast Ti-4Al-4V as
affected by cooling rate during solidification consisted of pouring a
heat of Ti-6Al~4V Into four tensile coupon molds, made of rammed
graphite, sheli graphite, machined graphite, and copper. A macro-
photograph of the sectioned coupons is shown as Figure C17. The
properties of tensile tests of these coupons were as follows:

Y.T.S. Notch *
Mold U.T.S. {(.23) Elong., R.A., Tensile
Material Dsi ne of % Stienyih
Machined Grophlte i35, 000 116,000 7.6 13.0 205,000
Rammed Graphlte 135,000 115,000 7.6 13.0 194,000
Shell Grephite 137, 600 120,000 5.5 10.1 198,000
Copper 137, 500 1,000 7.1 8.3 205,000

* K4~ 3,37 Hueot L. 278 - 1251
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It was concluded thut the vurious molds hud irsignificos.t effect on mechun-
ical properties.

The as-cast properties of the | its of Ti-6Al~4V are tabulated in
Table J17.

Elevated temperature properties of as-cast Ti-6Al-4V were deter-
mined and presented in Table J16 and Figure C18.

Several aftempts were made to improve the strength and ductility
of the Ti-6Al-4V alloy by heat treatments. The first trials were attempts to
modify the cast siiucture by cycling through the beta-alpha transformation
temperature. Next, attempts were made to homogenize the structure by
longer solution times than are used for forgings. Neither of these treatments
produced improvement over conventional heat freutments. In general,
greater strength with concomitant lower ductility was obtained at higher
solution temperatures and lower aging temperatures. As solution temperatures
were progressively reduced to 1550° F and aging temperatures were increased
to 1100° F in attempting to obtain beiter ductility, nltimate strangth increase
over the as~cast condition was in the order of 15,000 psi with an accompanying
loss of ductility to about one half the as~cast ductility values. Furnace cool-
ing from 1500” F to 1000° F followed by air cooling resutted in reduced duc-
tility with no increase in strength, as compared to as-cast properties.

Further attempts to improve the ductility of cost Ti-6Al-4V con-
sisted of annealing for two to eight hours at 1000°F to 1200°F. Although
the results were erratic, the annealing at 1150°F was generaliy siightly
beneficial to ductility without affecting strength. At the other temperatures
tried, no advantage in annealing was found. If annealing of Ti-6Al-4V
castings is desired as a stress relief or for other reasens, the 1150°F treat-
ment is recommended. The carbon, oxyger, nitrogen, iron, and chromium
analyses of the heats used for the annealing treatment investigation were
studied to determine if there was a correlation between the amounis these
elements and the tendency for ductility to be increased or decreased by

onnealing. Such corretarion wus r.i foed,

A heat tientment was develeped which simultaneously increased
strength and ductility by significant aicounts, however the heat reatment

was considered oo difficult or tepositie 1o accowplish on cast shapes,
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The heu: freatmu.? corsisted of holdiig ub 1900°F for 30 minutes,
quenching to 1250°F in less thurn six cconds, hold at 1250°F for 8 hours,
air cool to room tempuru.ure, heat to 1500°F and hold for 2 hours, furnace
cool at not more than 5F per minute to 1000, and uir cool. This treatment
provided approximately 3000 psi strength increase with an increase of re-
duction of area of 5 per cent. A further solution and aging treatment
consisting of 1650°F for 20 minutes, water quench, 1000°F for 4 hours,
and air cool resulted in a strength increase over as-cast of 19,000 psi

with reduction of area loss of 3.5 per cent.

The results of all heat treatment trials on the Ti=6Al-4V alloy
are in Table J19.

Development of Casting Alloys Other Than Ti-6Al-4V

The purpose of this portion of the work was to develop titanium
casting alloys with properties superior to those of Ti-6Al-4V.

The as—cast mechanical properties of the experimental alloys
are in Table J20.

Since the experimental alloys were produced from new sponge
and high purity alloying elements, the carbon, oxygen, and nitrogen con-
tents are generally lower than normally present in the Ti~6Al-4V heats
which were produced from recycled foundry returns. Consequently, in
some instances the experimental alloys are of lower strength and higher
ductllity than would be uxpected if they were used in normal production.

Several elements that can be alloyed with titanium to strengthen
the alpha phase without producing the beta phase in the room-temperature
microstructure are: aluminum, silicon, carbon, oxygen, nitrogen, tin,
and zirconium. Since alpha alleys do not respond to heat-treatment,
they have good weldability. Also because of the relatively small tempera—
ture difference between the ilquidus and solidus of alloys of titanium and
these elements, it would be expected that these alloys would have good
fluidity in the sense of ability to run a thin section without cold shuts or
misruns; and also hove good fecding characteristics in the seme ol endbliing
risers to feed relatively long distances without shrinkage porosity. Hence,
It was hoped that an alpha alloy would be found useful as a low-strength
weldable alloy of good castability.
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Elements known to be soluble in beta titanium and which
tend to make the beta phase stable and strengthen it are: vanadium,
manganese, chromium, iron, columbium, melybdenum, nickel, and
hydregen.

Alloys containing manganese, chromium, iron, and nickel
undergo a eutectoid transformation from the beta phase to alpha and
form inter-metallic compounds as the alloys are cooled to room temperature.
In general, as the rate of transformation increases, the transformation
temperature and the alloy content of the eutectoid composition decreases
for alloylng elements toward the right side of the periodic table and
having greater differences in atomic diamster as compared to titanium.
With the elements vanadium, columbluni, and molybdenum, which ars
not as far to the right of itanium In the perlodic table and have atomic
diameters more nearly equal to that of titanium, the eutectold trans-
formation has not been found to occur.

The 5Al, 2 1/25n alloy and the 8Al, 2Cb, 1Ta alloys were
tried because they were well -known standard algha alloys at the time.

The 6Al and 8Al alloys were tried because investigations
by others had indicated that aluminum strengthens titanium in additions
up to approximately 8 per cent.

The 2Cu and the 6Al - 2Cu alloys were trled because the equili-
brium diagran: for Ti~Cu Indicates that Tl 2Cu can be precipitated from
alpha titanium. It wos hoped that age hardening could be obtained in
these alloys and that in the second alloy, additional solid solution harden-
ing would be cbtained. The 3Mo - [/2Be olloy was tried for this same
reason.,

The 6Al-1Si alloy was hiwd in a tollow-on of work performed
at Watertown Arsenal

Whete a high dos iy o Dlte ollay 1, desired, T1-2Cu

('-HOy 41) appeas foe bove gencfis - 0 oo Yo it g TR
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these relatively large edditions, it was belleved that vanadium would be
preferred to molybdenum because of density considerations.

To gain additional hardening by means of the eutectoid re-
action, a Ti~-15Mo~6V-2Ni alloy was cast. In an attempt to speed up
the eutectoid reaction rate, a Ti-SMo -6V-2Ni-2Al alloy was cast and
tested.

To investigate the possibility of decreasing the required aging
time of the B 120 VCA type of alloy by changes in the aluminum content,
the following alloys were cast:

Ti-13V-11Cr
Ti-13v-11Cr-1.5Al
Ti-13V-11Cr-2.5Al
Ti-13V-11Cr-4Al

Considering as-cast properties only, the following alloys had
properties similar to Ti-6Al-4V:

5A1-2.55n (Alloy 6)

13V-11Cr~1.5Al (Alloy 11)
13V-11Cr~2. 5A1 (Alloy 12)
13V-11Cr-4Al (Alloy 13)
5.5A1-5.5V~-.5Fe-25n~.25Cu (Alloy 16)
7Al-3Mo {(Alloy 19}

6.5A1-3.5Mo-1V {Alloy 29)

6Al-15i (Alloy 47)

6Al-6V-25n {Alloy 49)

2A1-9Zr-135n (Alloy 50)

The following alloys could be expected to be in the same properties class
as TI-6Al-4V, if at the normal interstitial levels:

4A1-3Mo-~1V (Alloy 27)
BAl-EZr-_5Cb~_5Ta (Alloy 45)
6A1-1Si (Alloy 47)
6A1-4V--.5W (Alloy 55)
6AI-4V-_5Ta (Alloy 56}
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Since these alloys did not appeuar to be superior o the 6Al-4V
alloy, work on these uiioys wos discontinued. 1t appears that the alloys
of the following types may be superior to Ti-6Al-4V:

4A[-45n-8Zr-1Fe~1V-1Cr (Alloy 60}
4Al-4Sn-8Zr (Alloys 59 and 64)
4A]-45n~-8Zr-1.5Fe-1.5V~-1.5Cr {Alloy 105)
4Al-45n-8Zr-. 5Fe-.5V-. 5Cr (Alloy 106}
4A1-45n-8Zr-2V (Alloy 108)
4Ai-45n-10Zc-2V (Alloy 110)
4Al-65n-BZr-2V (Alloy 111)
6Al-45n-8Zr-2V (Alloy 112)

Additional study will be required to determine the best range of elements
for thls type of alloy.

The results of mecnanical propeity tests on heat treated experl--
mental alloys are given In Tabie 121,

Most of the beta and alpha-beta alloys could be strengthened by
solution treat and age type of heat treatments, However the increase in
strength was accompanied by loss in ductllity, In general, at any given
strength level an as-cast alloy can be found that is as strong end is more
ductiie than an alloy that was strengthened by heat trcatment. Thersfors,
hardening heat treatments are not recommended for the cast titanium alloys.

Near the end of Hie program, allays which appearsd to be good
candidates were further screened by a heat treatment to test “thermal stability ™,
This consisted of heating for up to 80 hours at temperatures from 600 to 1000°F.
The following were embrittled by these treatments and were eliminated from
further consideration because they would not he suitable for service in this
temperature range:

13V-11Cr~1.5A1 {Alloy 11
8v*5fL‘IAI (A”Olf ]C]\

4A1-BSn-87:-1 ¢ v 0 - 0l
AAT-ASn-B/:~1. »le-t . 0 s oAl 1Yl
. F !
AAI AL T -f-—>(--- L T l‘f’.”ny “,‘(':“
The 6AT 4y, 20 1a0i 40 7 - ST R SO Y
("'.“50.\/ l(){'}, (17”.:_.; L T R R TR TR I ‘."'i'ir' LR

is strenathen 5o



D2-2786-8 ALLOY DEVELOPMENT Cll

Tha chemical analyses of uii heats In this program are given
in Table JZ2.

The following conclusions were reached as results of the alloy
development studies:

(a) At the present stage of development, unalloyed titanium
and Ti~6Al-4V are suitable for "standard® casting alloys.

(b) Ti-2Cu has ductility superior to unalloyed titanlum which
has been hardened to the same strength level through in-
terstitial additions.

{c) The properties of an alloy of titanium containing four to
six per cent aluminum, four to six per cent tin, elght to
ten per cent zirconium, and two to four per cent vanadium
are slightly better than those of TI-6Al-4V. Additional
work Is needed to establish the best composition and in-
terstitial levels of this type of alloy.
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FIGURE C4

CARBON ANALYSIS DISTRIBUTION IN CAST Ti-6Al-4VY
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FIGURE €A
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FIGURE C6

ALUMINUM ANALYSIS DISTRIBUTION IN CAST Ti-6Al-4V

70 —

50

FREQUENCY

20 B LT —_—— S

o 1
1

5 5.5 4 .5 7

ALUMINUM, PER CENT




C18

FREQUENCY

VANADIUM ANALYSIS DISTRIBUTION IN CAST Ti-6Al-4V

ALLOY DEVELOPMENT

FIGURE C7

60

-102 —
34

\“)

20}

1
L Ty

b
bt
=
-~
b
.
S
]

{1

VANADIUM, PER CENT

D2-2786~8




D2-2786-8 ALLOY DEVELOPMENT
FIGURE C8
SCATTER DIAGRAM ~ OXYGEN VS, ULTIMATE STRENGTH
155 :;—- e e B S e , l-—
a : ) : . : 3 ' i .
T - SR TR
8 150 -~ _\i—c—uq—-:———.-.t!o—s-—-;-—!-n [
5 Lot .
g 145 — _.:...;“:_.3 -
n |~ o Pgre
4 - X :
i .
h | . M [ L] .
!-u-‘—' .
< 140 -
= —
=k L
5 o
135 ~ S e B
AN NN NN {14
.05 10 .15 .2C .25 .30 .
OAYGEN, PER CENT




C20

REDUCTION OF AREA, PER CENT
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FIGURE C10
FREQUENCY DISTRIBUTIONS FOR ULTIMATE
STRENGTH FOR VARIOUS OXYGEN RANGES
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FIGURE CI11

FREQUENCY DISTRIBUTIONS FOR REDUCTION
OF AREA FOR VARIOUS OXYGEN RANGES
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FIGURE C12

FREQUENCY DISTRIBUTIONS FOR ELONGATION
FOR VARIOUS OXYGEN RANGES
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FIGURE C13

(FIGURE 12 CONTINUED)
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FIGURE C14

SCATTER DIAGRAM ~ NITROGEN VS, ULTIMATE STRENGTH
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FIGURE C15
SCATTER DIAGRAM - NITROGEN VS. REDUCTION OF AREA
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FIGURE C16

SCATTER DIAGRAM - NITROGEN V5. OXYGEN
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FIGURE C17
EFFECT OF COGLING RATE ON MACROSTRUCTURE
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Selection of Components

Five parts were selected for use as developmental shapes in
this program. The parts represent a varlety of casting problems and are
considered typical of structural members which would be desirable as
castings.

The following parts were selected:
(1) Developmental Bracket

A sketch and a reduced size drawing of the Develop-
mental Bracket are shown as Figures D1 and D2. This
part Is not an actual production component, but was
designed specifically for development work on castings
and forgings. As a shape, it Is difficult to forge or
cast because of the adjacent heavy and thin sections,
the high thin flanges, and the thin confined web. The
part is somewhat typical of airframe structural detail
and is smaii and economical to produce, machine into
a finlshed part, and test. The Developmental Bracket
was used for much of the basic development work in
this contract. As a titanium casting, the machined
shape weighs approximately 2.2 pounds.

(2) Flep Track Support Link

A sketch and a drawing of this part are shown as Figures D18
andD19. This is a redesigned KC~135 Tanker~Transport
structural brace, presently forged from AISI 4140 or

5740 stee! und heui iredied iu ihe 180 ~ 200 ki ulitinuie
tensile strength range. Four of this configuration are

used per airplane. The machined ccmponent weighs 2.9
pounds as a titanium casting.
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(3)

(4)

(5)

CASTING OF SHAPES D3

Sway Brace Case

This Is a B-52 Bomker component, essentially a

spring casing, presently used as an AIS! type 410
steel rough centrifugal casting heat treated to

150 - 170 ksi vltimate tensile strength, The machined
titanium part weighs 7.75 pounds. There are eight
used per airplane. Conversion to a titanium casting
would save 46 pounds per airplane. A sketch and a
drawing of this part are shown as Figures D32 and D33,

Elevator Torsion Fitting

A sketch and a drawing of this component are shown
as Figures D36 and D37. The part is a redesigned
structural component that converts rotation of an
input shaft to change of attack angle of thehori-
zontal stabilizer on the Bomarc missile. The fitting
is designed for rigidity and Is presently an AlS|
type 410 steel casting heat treated to 180 - 210 ksi
ultimate tensile strength. One left and one right
hand versions of this component are used per missile
and weight 4.48 pounds each as machined titanium
castings.

Inboard Horizontal Stabilizer Rib

A sketch of this component Is shown as Figure D4”.
The corresponding production component controls
angle of attack ard attaches the horizontal stabilizer
to the fuselage of the North American Aviation A3J-1
Alrplane. The production part was initially designed
and produced as a titanium alloy forging heat treated
to 150 ksi ultimate strength but was later changed to
a steel forging to increase rigldity. The titanium
forging weighed 160 pounds and was machined to

37 pounds. This component was selected as a large
casting which approached the size limitation of the
available casting equipment. The part was not satis—
factorily developed as a casting.




D4

CASING OF SHAPES D2-2786-8

Casting of The Developmental Bracket

A sketch and drawing of the Developmental Bracket are
shown as FiguresD1 and D2,

The Bracket was first statically cast In both machined
graphite and rammed graphite molds using the Ti-6Al-4V alloy.
These first castings were produced without the optional holes in the
web, and contained dispersed shrinkage In the web. This design,
when produced in a machined graphite mold with a machined graphite
core to form the web and inside surfaces of the flanges, also had
extensive cracks In the web area because the high strength of the
machined graphite restralned contraction of the metal during cooling
aofter solidificatlon. The casting was agaln produced in the machined
mold using a rammed graphite core with no cracking.

Followlng further tests to verify the dispersed shrinkage
distribution In the web area, the patterns were modified to include
the optional holes through the web and castings were then produced
in both machined and rammed graphite molds. The addition of the
holes greatly Improved the feeding characterlstics of the web and re~-
lieved the problem of web cracking when machined graphite cores
were used.

Experience with thls design made it apparent that the con-
ditions which produced web soundness were borderline, since several
of the castings produced had some shrinkage in the web area. A
typical risering and gating technique for statlc casting the Bracket
is shown in Figure D3 . Risers were located at each of the lugs,
which represent three Isolated thermal centers. Gating to the mold
was through the risers so that risers would flll last and thus provide a
greater temperature gradient from casting to riser.

Casting made In machined graphlte molds generally ex~
hibited a surface roughness visually comparcble to a 150 RMS finish.
in general, the surfaces of castings produced in rommed graphite
molds were rougher than those in the machined mold, in the crder of

120 to 300 RMS.
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FIGURE D1

DEVELOPMENTAL BRACKET
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Next, the shrinkage condition in the flanges was experi-
mentally improved by adding a three degree taper to the exterior of
the flanges, from the midpoint of the flange toward the riser connec~
tion. This reduced the shrinkage to very minor areas near the flange-
to-web intersection. Incorporation of a one degree taper from the
center of the web toward the flanges further Improved the soundness
to the point where shrinkage was no longer a problem in the web and
flanges. The corebox was then modified to provide the flange taper
on the inside of the flange to incorporate the web taper. [t became
Increasingly obvious as shrinkage was eliminated that gas porosity
was a major problem.

The initial trials of centrifuge casting the Developmental
Bracket utilized machined graphite molds with machined or shell
graphite cores to provide the web and inner flange surfoces. Cen-
trifuge casting at 850 RPM (160 G's) resulted In nearly sound castings
with slight shrinkage porosity In the heayy section at the small end
of the part.

An addlitional casting was then made using a shell core
with a larger Ingate to feed the small end. This casting was also
centrifuge cast at 850 RPM in a 16-inch diameter mold and had satls-
factory soundness in the problem area. Surface quality of the casting
was poor; because of nenctrotion f inatal Into the core in the web
and flange areas. The core material was easlly removed from the casting
by sand blast, but a rougn surface remalned on the casting. The
roughness Is attrlbuted to lack of density at those surfaces of the core
which are vertical In the corebox and did not recelve adequate packing
during shell molding.

A photograph of three casting made with the above mold
arrangements Is shown in Figure D4,

The Developmental Bracket was next cast by centrifuging
in multiple cavity molds. The arrangement llustrated by Figure D5
was poured In a horlzontal axis centrifuge casting furnace. The photo-
graph shows the front of the mold as poured. The mold was rotated
counterclockwise at approximately $00 RPM. This asrangement was
used fo provlde *bottom pouring® into the mold cavlty to prevent
outward implngement of metal directly into the mold cavity. The
metal enters the gates and is occelerated outward to the ends of the
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gates, fills them, and then enters the mold with 1Hile fubuleace. The
castings produced were sound except for a shrinkage cavit; in the iarge
lug which is not connccted to the ingate, caused by the necessity for
this flange to be fed through the relatively thin sectlons between the two
heavy lugs.

The castings shown in FigureDé were cast In the vertical
axis furnace and were gated and risered at each heavy lug. These
castings were x~ray sound but had slight surface laps or shuts along
the lower flange, caused by metal entering from the top gate and flowing
to meet the metal from the bottom gates.

The casting setup shown in FigureD7was a variation used
In an attempt to prevent surface laps. However this setup produced
heavy surface laps because of too rapid filling of the mold cavity.
The angle of the surface lap indicated a necessity for repositioning the
mold in addition to a new gating arrangement. The resulfs from this
casting experiment Indicated that in centrifugal casting, it is necessary
that each end of the mold cavity be at an equal radius from the central
sprue io permit even filling of the mold cavity.

The casting setup shown In Figure DBwas to determine the
effect of higher casting forces on the outslde mold and a new gating
arrangement on the Inslde molds. The as-cast surface from the outside
mold was improved slightly, and that from the inside mold was greatly
improved. It Is apparent that a reverse gating system Is necessary to
introduce a low-turbulence flow of metal into the mold cavity.

The setup shown in Figure D?did not Improve the casting
surface to any great extent. The single gating arrangement did not
reduce the turbulence for proper filllng of the: mold cavity.

The setup shown inFigure D10 ustrates liprovemenis mude
in gating systems and mold position as a result of previous experimental
heats. The mold posltion was changed such that a line through the mold
cavity would be perpendicular to a iine from the center sprue. This
position permits low-turbulence filling of the mold cavlity. The gate
plpe feeding the ingates to the mold cavity has beer redured 1n sizg
after the first gate opening in cieate shuh* pressure head at the firt
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ingate. This method of gating was to provide equal flow of metal into
each of the ingates. However, the small ingates (1™ O.D.} did not
permit the metal to enter at the proper rate and some surface laps
appeared as shown in the sketch in Figure D10,

The photograph in Figure D11 illustrates a setup simllar
to that shown in Figure D10 with a gating change that increased the
ingate into the mold to 1 1/4" O,D., This Increase in gating size
further improved the surface finlsh obtalned.

The casting setup shown in Figure D12 is *he same as
shown in Figure D11, The variatlon in casting was to increase the
centrifugal forces by rotating at 215 RPM (25 G's force at the cavity).
The surface finish of the castings produced was not improved over
previous castings cast af 140 RPM (12 G'%). The noticeable difference
was that the surface laps were only on the straight flange and the
angular flange. There was no change in metal penetration of the
shell core or the rammed graphite mold. [t was concluded that the
relatively high rotating speed was not advantageous as there was no
improvement in surface finish. The effects of centrifugally casting
at high speeds will become important where molds are stacked inwards
towards the center of the sprue, enabling rotation at high enough
speeds fo obtain x-ray sound castings at the inner locations without
detriment to the molds rotating at high speeds nearer the periphery of
the plate.

The photographs shown in Figure D13 illustrate the casting
setup used o test a higher production experimental pour. The top
photograph illustrates the arrangement of four molds on the central
sprue and the bottom photograph shows the gating system, devsloped

VRS M SRV S JUVIPUY JON SRR S SRS Sy
i INe previous SAperificitiGy CUsring 3&iups.

Of the entire quantity of castings produced in these trials,
only two experimental heats failed to yield x-ray sound castings.
One of the two heals was relectable because of gas porosity. It was
centrifugally cast at only 5 G' force which is evidently too slow to
completely re.xove gas porosity. The second heat was refectable because
of shrinkagz porosity and was made with the molds reversed such that the
risers had insufficient effect in feeding shrinkage prone arecs.
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Next, the Bracket was experimentally cast using a variety
of mold setups aimed at the development of an improved gating system
and of multiple~mold centrifugal production setups. Radiographically
sound castings were consistently produced,

Figure D14 illustrates o setup of two castings produced with a
two-ingate mold-filling system. The molds are attached to the periphery
of the runner bars with vertical ingates feeding the risers. The runner
bar is reduced in size after the first ingate, to create a pressure head
and increase the metal flow through the first ingate, thus providing a
more uniform filling of the mold cavity. This change in the gating system
for tha Bracket was made to prevent surface laps in the castings caused
by turbulent mold filling. Examination of the castings showed them to
be free of such laps.

Figure D15 shows a four-casting arrangement and an eight-
casting arrangement used in developing multiple-mold production
setups. Visual examination showed these castings also to be free of
surface laps.

In this production~setup work, the approach taken was
to use a casting method which has been proven successful for small
pours (as illustrated in Figure D13), and adapt the method for increased
numbers of molds until a maximum Is reached as dictated by equipment
size. Figure D16 illustrates the pouring setup used for casting a 16~-mold
production arrangement, This was found to be the maximum number of
castings that can be made under the existing casting conditions. The
setup consists of eight stacks of two molds each. The molds are attached
to a runner bar and gate mold of rammed graphite. The lower photo-
graph in Figure D16 shows the setup affer pouring was completed. Very
iitile metal was lost through splashing and spilling from the sprue.

Figure D17 is a photograph of castings produced in the setup
shown In Figure D16, Visual examination showed these costings to be
free of surface iaps.

X-roys of the 16 castings made ir the first maximum production
pour revealed a void in 15 of them. Thase voids were all located In the
same portion of the casting. The cause of the void hes been traced to the
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FIGURE D3

TYPICAL RISERING AND GATING TECHNIQUE

D11
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FIGURE D4

EXAMPLES OF SURFACE CONDITIONS
OBTAINED IN BRACKET CASTING TRIALS

Left - Centrifuged, Machined Graphite Mold and Core
Center - Centrifuged, Machined Graphite Mold, Shell Core
Right - Statle Cost, Rammed Grophite Mold and Core
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FIGURE D5

CENTRIFUGALLY CAST DEVELCPMENTAL BRACKET
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FIGURE D6

BRACKETS CENTRIFUGALLY CAST
AT 125 RPM {10G)

Rammed Graphite Mold, Shell Core

Below: Castings were X-ray Sound
Surface Showed Slight Laps
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FIGURE D7

BRACKETS CENTRIFUGALLY CAST
AT 125 RPM (10G)

Rammed Grophite Moid, Shell Core

Below: Castings were X-ray Sound
Surface Showed Heavy Laps
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FIGURE D8

BRACKETS CENTRIFUGALLY CAST
AT 140 RPM (OUTER 126, INNER 106)
Rammed Grophite Mold, Sheii Core

Below: Inner Castings Had Light Laps,
Outer Had Medium Laps. Both
were X-ray Sound
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FIGURE D9

BRACKETS CENTRIFUGALLY CAST
AT 137 RPM (12G)

Rammed Graphite Mold, Shell Core

Below: Casting was X-ray Sound
Surface Had Medium Laps

D17
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FIGURE D10
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BRACKETS CENTRIFUGALLY CAST
AT 130 RPM (10G)

Rammed Graphite Mold, Shell Core

Below: Casting was X-ray Sound
Surface Had Slight Laps
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FIGURE D11

BRACKETS CENTRIFUGALLY CAST
AT 130 RPM {10C)

Rommed Graphite Mold, Shell Core

Below: Casting was X~ray Sound
Surface Had Slight Laps
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FIGURE D12

BRACKETS CENTRIFUGALLY CAST
AT 215 RPM (25G)

Rammed Graphite Mold, Shell Core

Below: Casting was X-ray Sound
Surface Had Medium Laps
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FIGURE D13

T S

BRACKETS CENTRIFUGALLY CAST
AT 135 RPM (12G)

Rammed Graphite Molds, Shell Core
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FIGURE D14

CENTRIFUGALLY CAST DEVELOPMENTAL BRACKETS

Two~-Casting Arrangement
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FIGURE D15

CENTRIFUGALLY CAST DEVELOPMENTAL BRACKETS

Four-Casting Arrangement

Eight-Casting Arrangement
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FIGURE D16

SIXTEEN-MOLD CENTRIFUGAL SET UP
FOR DEVELOPMENTAL BRACKET

Before Pour
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FIGURE D17

CENTRIFUGALLY CAST DEVELOPMENTAL BRACKETS

Sixteen~Casting Arrangement
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method of feeding the upper riser. An analysis of the gating system
showed that a large volume of metal was being fed through a thin web
to the riser, from where it was subsequently fed back to the casting.
This situation caused improper thermal gradients to be set up across
the riser and casting.

The gating system for this part was then revised o allow
metal to flow to the mold cavity through each of the three risers as
shown in Figure D6. The surfaces of castings made with this system
were found tobe free of visible laps, and x-rays showed them to be
sound. This mold arrangement was used to produce the pilot pro-
duction lot of 50 castings.

To obtain the production lot of 50 parts, it was necessary
to cast five heats, a total of 80 costings. The rejection rate was
approximately 33 per cent, of which half the rejections were because
of surface defects and the remainder because of internal (radiographic)
defects. The foundry yield (acceptable casting weight/weight of poured
metal) was in the order of 14 per cent.

Of the castings shipped, none were entirely within the
dimensional tolerances established as targets early in the program or
within the tolerances latsr established as representative of this process,
mostly because of pattern errors which were not corrected before ba-
ginning the production phase. All of the shipped castings were x-ray
acceptable. The ranges of deviation from average of several specific
dimensions on the 50 production phase parts was determined and is
discussed in the section of this report dealing with development of
specifications. Representative tolerances were statistically developed
from these data,

Casting of The Flap Track Link

A sketch and drawing of this component are shown in
Figures D18 and D19, Initial design of this casting included a cored
hole through the cylindrical portion, but this requirement was removed
in favor of machining the bore when it did not core satisfactorily.
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FIGURE D18

FLAP TRACK SUPPORT LINK
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The Initlal castings were made in rammed graphite molds
with rammed and with machired graphite cores. The first results ob~
tained were considered generally good. The tool held~down [ugs
(along the flanges reinforcing the tubular section) represent Isolated
therma! centers that caused shrinkage voids. Other Isolated shrinkage
areas are located at the junction of the tubular portion and the trans-
verse flange at the wide end of the part. A photograph of the first
casting made is shown as Figure D20. The gating and risering setup is
shown as Figure D21,

Next, a shell core wos used in an attempt fo cast the
Flop Track Link to soundness. It had been established that the use of
the shell core promoted soundness by reducing the chilling effect and
extending feeding distance. The web areas aof the large end of the link
presented a borderline shrinkage problem with soundness being obtained
part of the time. Some of the castings exhibited shrinkage at riser
junctions, because of the difficuity of attaching properly sized risers
to the casting without obscuring casting detail. Large heavy risers
were added at the top of the casting at the heavy sections in an af-
tempt to betier feed the casting. The riser was necked down to - tain
casting detail and unforfunately the necked down portion of the riser
closed off feed metal before the casting solidified.

The two tooling lugs extending from the sides of the casting
were, af this time, problem areas in shrink porosity. Chilling of the tool
Jugs and use of shell cores promoted directional solidification to the
point where the shrink void was focated just inside of the casting at the
riser function, The location of the single shrink void in the middle of
the tool lug is acceptable since these lugs are removed ofter the part
has been machined, but since the location of the shrink void was partially
in the casting when shell cores were used, an attempt was made to remove
the shrink by supplementary gating from the riser jocated In close proxi-

vees

Exparimental castings were next made without coring. This
method permitted the shrinkage to concentrate along the centerline areas
where it is removed by machining the center of the tubular section.
Castings of the {ink were made while varying the position of the meld.
Most of the variatlons In positicnlng resulted In very poor surface finish
due to cold lups being formed by metal impinging on the sides of the mold
cavily.
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Figure D22A illustrates the shrinkage in the Flop Track Link
cast in a rammed grophite mold with rammed core at the small end and
a machined graphite core thiough the center bore. Six thermal areas
are represented by the six localized sirink arcas shown at the relatively
isolated heavy sections. Slight dispersed shrinkage occurred in the thin
triangular web area. The cesting was side gated through four risers lo-
cated as shown on the sketch,

The skeich of the Link in Figure DZ2B represents u variation
to determine the effect of copper chills placed at the tool hold down
lugs to remove the shrinkage oreas present., The copper chills moved
the shrinkage area into the casting und reduced the size of the voids
slightly. The six Iocalized shrirkage oreus remained,

Figure D22C represents o Link cast in a machined graphite
mold with 2-1/2-inch diameter risers atfached. The anly noticeable
difference in casting in the machined graphite mold wus the change in
location of the shrinkage at the tip of the thin triongular web area
into the body of the casting,

Figure D23A arrangerent was cast without a core in the center
section to determine the possibllity of fscluting shrirkage at the center
of the casting. This Flap Track Link was cast in a rommed graphite mold
preheated in & vacuwas heating oven 15 3707, The major shrinkage
areos occurred along the cenier line of ine casting. The previous
shrinkages ot the tip of the trianguin web shopzd area ond near the
core af the wide end of the casting were removed. The two shrinkage
areas ot the teol hold-down lugs remaiped with seme change in loca~
tion toward the center of the sinting  Gsnoral dispersed shrinkage
again occurred tn the wob area of Hie casting.

The Flop Track Uiak JHsteerad o Figu s 0223538 had on exiio
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gradients conducive fo removal of the shrink areas ot the tip of the web
area. lIsolated shrink remained near the core at the wide end of the
Link. The shrinkage areas in the tool hold down lugs also remained.

The illustration in Figure D23C is of a second experimental
casting without the core through the center. Shrinkage was isolated
along the center line with the exception of the tool hold down lugs
and the web. Figure D24A Is the same casting x-rayed after drilling
through the center of the casting to remove shrinkage.

Figure D24B represents a modification of the Flap Track Link
by varying the method of gating. In attempting to remove the shrinkage
area In the tool lug, a slot from the riser to the tool lug was milled
into a rammed mold to provide a feed channel and gate. The shrinkage
area In one tool lug was absent and in the other lug it developed as
an elongated center shrink in the head along the thin web section.

One Isolated shrinkage area still remained at the wide end of the flange.
The shrinkage had been reduced to one side of the casting, possibly in~
dicating incorrect flow of metal into the mold cavity and the setting

up of higher thermal gradienis on one side of the casting.

Figure D24C is an illustiation of a core modification in an
atternpt to remove shrinkage by a larger taper towards each end of
the casting where risers are located. A two piece core of shell graphite
and machined graphite was used. The shrinkage was generally isolated
to the tip of the trianguler shaped web areas.

Figure D25A illustrates a variation in the core by machining
a straight machined graphite core and uslng it in conjunction with a
shell graphite core at the small end of the Link. The stralght center
«&i5 causas the shrinkage to be isolated at the tip of the thin triangular
web section. The same 7/8-inch diameter center core with a slight
modification as in Figure D25B eliminated shrinkage in the casting. The
variation in Figure 0258 reduced tie concentration of metal by coring a
portion of the critical area and establishing a favorable directanal
solldification condition. A general gas candition has prevented definite
soundness conclusions to be reached.
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The photograph shown In Figure DZE is of a static casting
setup with gating ond risering oftached. Using the stotic casting
method, the Flap Track Lirk con be produced with shrirkage only in
areas which are sthsequently machined out. The mmior problem in
static casting, h. wever, is the presence of dispersed gas poresity.

The problem is an uncontrollable factor influencing the soundness
quality of oll of the statically cost parts. The sketch in Figure D26
illustrates areas where shrinkage is fypical. Further experimental static
casting was discontinued in favor of centrifuge casting to solve the grs
porosity problem.

Next, experimental pours of this part were made in a
vertical~axis centrifugol fusicce. Figure D27 illustrates the setup of
the part and the attached gating ond risering. The mold was made
using the same pattern and risering os Is used for static costing. The
gating arrangemant was revised and repositioned to accommodate the
centrifuge arrangement. A detrimental centerline shrinkage area occurs
at the narrow end of the casting as shown in Figure D27. The method
used to gate the casting was not satisfactory and medium surface laps
occur along the surface of the part. A modification o introduce a
smooth low-turbulence flow was necessary to remove the surface lap
defect and produce o smooth cast surface.

Figure D28 illustrates 6 different experimental setup poured
in the verticcl~axis centrifugal furnace. The gating, risering, and mold
position were modified in an atterpt to arrive ot a workable pouring
setup. The sketch illustrates the location of resuiting centerline shrink-
age. The major shrinkage area occurred in an area wherz normal ma-
chining would not remove the defect. The risers iocated at the narrow
end of the Link were intended to feed the area where shrinkage occurred
and to feed the two flanges ot that end. The thin section adjacent to
the risers prevented adequet= feoding of the heavier section where major
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shrinkage in the area. The position of the parts shown in Figures D29
and D30 during casting was such that the casting waos self risering with
the exception of the wide end, which wos located nearest the center
sprue. The shrinkage void at the riser, shown in Figure D30 could be
removed entirely by enlargement of the riser,

Further modifications in the risering and gating system for
this part are shown in Figure D31. In the system shown in the lower
photograph of Figure D31, the large risers at the narrow end of the
Flap Track Link were modified. This modification did not provide a
sufficient volume of metal to feed the narrow end, aifowing shrinkage
to occur. To eliminate this shrinkage, small risers were added ot the
narrow end of the Flap Track Link. The risers at the narrow end of the
part in the top photogroph of Figure D31 cre unnecessarily large and
contribute little to the soundness of the casting.

The method of gating the Flap Track Link at the outer ex-
tremity of the casting, as shown in Figure D31, is necessary to achleve
a bottom pour with low turbulence as mstal enters the mold cavity.
Gate sizes are varied to cause an even flow of metal Into both of the
Ingates.

Next, a preliminary dimensional analysis of the Flap Track
Link was made. The general trend wos for the parts to be oversize, In-
dicating that the combined miold and metal shrinkage averages slightly
less than 3/8 inch per foot.

The pattern equipment was modifiad prior fo casting pllot
production heats. Risers were added to the narrow end of the Link and
a riser was added to the center of the wide end to reduce the large
shrinkage vold occurring of that point, A 1/8-inch-radius fillet was
added to the edges of the pattern to provide a mold with rounded
edges, thus preventing a mold crushing problem and possible graphite
Inclusions,

The production run set of Links was to be made In five
heats of twelve castings per heat. Mishaps and rejections caused an
increase 1o six heats. A total of 50 parts was produced. Of the 72
castings made, 50 were accepted. Seventy-five per cert of the
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refections were because of mold shift during costing and incomplete
filling, the remainder were rejected because of grinding errors, The
overall refection rate was 35%.

The castings were centrifugally cast twelve molds per
heat. The molds were rotated at 130 RPM to cbtain 10 G's on the
center of the part.

X-ray quality of the accepted castings was good. Dimen-
sional accuracy was fair but not within the specified tolerance.
Tolerances are further discussed in the section on specifications.
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FIGURE D20

FLAP TRACK SUPPORT CAST IN RAMMED GRAPHITE MOLD
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FIGURE D21

TYPICAL GATING AND RISERING
SETUP FOR FLAP TRACK SUPPORT LINK

D2-2786-8
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FIGURE D22

Porosity In Flap Track Link

P142
Rammed Mold

) 7 v - Co T .
Rummed -7 R ) \ Machined
S ‘

Graphlite \ Graphite
Core Core
B )‘ : P157
- - Rammed Mold
— -
7“’ ey -:\L ::‘ RN S
Ranmed s LSS S ~ Machlned
- — ———-—/ ‘\\~
Graphite }— Shrink vold ‘\\o\ \.__ Graphite
Core g\) Fink volds ‘,L [ ) Core

" Copper chills U
R
Isers at tooling lugs -

[ £ J ~ : Pi58
( —- T o Machined
. . ‘[.r‘\ e N Gl‘uphi te MHuid
) (_) i N - " and Cores
Coiy e T |
i | J v O 1 ”_]

Risers




D36 CASTING OF SHAPES

FIGURE D23

Porosity In Flap Track Link
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FIGURE D24
Porosity In Flap Track Link
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FIGURE D25

Porosity in Flap Track Link
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FIGURE D26

FLAP TRACK LINK, STATICALLY CAST
Rommed Graphite Mold, No Core
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FIGURE D27
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FIGURE D28

FLAP TRACK LINK CENTRIFUGALLY
CAST AT 110 RPM (10G)

Rammed Graphite Mold, No Core

Results below
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FIGURE D29

X-RAY OF FLAP TRACK LINK SHOWING
SHRINKAGE IN CYLINDRICAL SECTION

D2-2786-8
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FIGURE D30

X-RAY OF FLAP TRACK LINK SHOWING
SHRINKAGE ADJACENT TO INADEQUATE RISER
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FIGURE D31

CENTRIFUGALLY CAST FLAP TRACK LINKS
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Cesting of The Svray Brace Core

The Sway Brace Case was first cost fro.a Ti-6Al-4V alloy in
static :olds of ra.a.:ed grophite with rasamed graphite cores. The
casting was poured in the horizontal position, gating through four
risers. A riser was located ct each corner of the casting and connected
to the casting through the lugs on one side and directly to the heavy
section on the other side. Basic problems exist with this design for
casting in titanium. If should be noted that minimum wall thickness
throughout the cylindrical section of the part is 1/4-inch and that no
difficulty was experienced in producing a smooth casting without mis-
runs. However, as would be expected from the feeding studies, the
uniforily thin center section had dispersed shrinkage porosity. As the
section increased in thickness toward the ends of the casting and the
riser locations, the shrinkage disappeared and the casting was sound
with exception of the theral centers adjacent to the lugs. Connection
of the risers to the casting was difficult at these lug positions since an
udequate connection would destroy definition of the lug outlines.
Shrinkage occurred in the characteristic manner at the thermal centers
behind the lugs, appearing as a single concentrated void existing ot
each location as shown in Figure D34B. It should Le noted that the two
tapered ears and the closed end of the casting were completely sound
since their design produces exceptionally good directional solldification
conditions,

Figure D34A shows the effect of pouring position on casting
soundness. The casting was poured with the open end down. It was
evident that gas was rising to the surface of the mold and being col-
lected under the surface of the retal In all castings poured in this
position. Shell cores were used for these trials. Risers were attached
to the lugs extending from the parting line plane. The mold cavity
was gated through each of the four riser locations. Shrinkage in the
thin tule section was dispersed indicating poor feeding of the wall
area. Heavy shrinkage was located at the lugs extending from the

.. 3 £ =i .
VP S Ul HIG CUiing.

Figure D34B illustrates a casting that was poured with the open
end at the top of the mold. The casting was gated through two of the
four side risers with an additional four risers attached o the top of
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FIGURE D32

SWAY BRACE CASE CASTING

D2-2786-8
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FIGURE D33
SWAY BRACE CASE CASTING
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the casting. Dispersed shrinkage was still present in the tubular sec-
tion. The four top risers were attached to the fop of the casting in an
atterpt to feed the lugs extending from this area, The riser connec-
tlons were not sufficient to pennit the metel to fead the top of the
casting.

The initial pcttern revisions were decided upon the basis
of the experimental casting shown in Figure D34C. In this casting a
heavy shell core was tapered frotn one end toward the open end of
the Sway Brace Case to provide a ihicker wall section near the top
end of the casting. The core modificat’on increased the feeding of
the top section to the tube sectlon. Shrinkage wos still evident in
the heavy top end, since no provisicns were made in this modification
for additional feeding of the heavy sectlon at the top of the costing.

Figure D34D illustrates the modified costing with redesign
and location of risaers. The top riser is o wedge shaped ring covering
the entire area ot the top of the casting, to provide more efficient
feeding of this ares. The shall core was modified to include o 53° taper,
starting at approximately 2 Inches from the kottom of the core. This
amount of taper was belisved to be mere than needed to establish
proper directional solidification and soundness of the tubular section,
The top section of the casting did nat feed properly to oliain sound=-
ness because of the greater volume of metal located af the top of the
open end of the casting.

The tubiular section of the costing poured in thls manner did
not show any shrinkage. There was some surface roughness from both
the rammed graphite meld and the machined graphite core. The core
was machined hollow i3 1/4-inch thizkness at the oper end fo reduce
the chilling effect and clcur -out problems. There were a few cold
shuts in the interior of the rasting due 1o the rapid skin chiiling effect
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relatively thick (1/2-inch) to give it sufficient thermal capacity to
prevent penetration by the molten metal. Breckage of the core at
the support hole occurred after the casting had solidified, without
damage to the casting. Movement of the shell core, if any, wos
very slight.

The photograph in Figure D35 is of a casting setup in which
a rammed graphite core was used. The use of a rammed graphite
core with a machined graphite insert ot the support end of the core
gave consistently good results. The major disadvantage in the
rammed graphite core is that it was difficult fo remove from the cast-
ing. It was necessary to chip almost the entite core free from the
casting. An advantage of the rammed core over shell core was the
better dimensional accuracy in the finished castings .

The Sway Brace Casting was bottom gated through two side
risers attached to the closed end of the part. These two risers provided
feed metal for the two end lugs and the heavy portion of the casfing to
which they were uttached. This gating arrangement provided uniform
metal flow to the top riser, which was attached to the entire open end
of the part, forming o ring riser. The inner portion of the Sway Brace
Case was tapered from the open end to the closed end to provide
a sound wall section. With incorporation of this taper, the woll sec-
tion was consistently cast with very little shrinkage or gas defects.

The ring riser o* the top of the part supplied metal for the wall section
and the heavy portion at the open end of the part. The part as centrif~
ugally cast was consistently sound. The production run of 16 Sway Brace
Cases was completed by pouring four heats of four parts each.

The parts were cast with 12 G force on the mold cavity by
centrifuging ot 140 RPM. This speed was found to be necessary to obtain
proper feeding from the ring riser attached to the top of the casting.

The ring riser was relatively close fo the spin axis of the mold setup and
did not teed properly at reduced speeds.

The 1¢jection rate for Sway Brace Cases was 25%. The cause
of rejection was insufficient metal to fill the mold cavity. Costing
yield was 28 per cent. There wos no difficulty encountered in the pilot
production casting of this part. The incorporation of toper in the bore
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of the part provided adequate thermal gradients to propetly feed the walls
of the cylinder and heavy riserings in close proximity to thermal centers
prevented shrinkage In the heavy sections.
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FIGURE D24

Porosity in Sway Brace Case
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FIGURE D35

CENTRIFUGALLY CAST SWAY BRACE CASE

Rotated of 140 BPM (12 G)




D2-2786-8

CASTING OF SHAPES D55

Casting of the Elevator Torsion Filting

The Elevator Torsion Fltting was first cast in machined
graphite with a machined graphite core, in machined graphite with a
rammed graphite core, and in rammed graphite. Machined cores pro-
duced the same cracking difficulty in the thin flot areas ot each =nd
of the casting as wos experlenced with the Bracket, This condition
was readily coriected with the use of a rammed graphite core in the
mechined mold, As wos expected from the result of the feeding srudies,
the costing evidenced shrinkage porosity in the wide thin webs at each
end as shown in Figure D38, and in the four heavy sections around
the center of the part. Approximately two degrees of taper were
added to the webs, thickening the casting foward the heavy center
which decreased the total shrinkage but did not remove all shrinkage
in that area.

The four heavy sections around the center of the Elevator
Torsion Fitting presented difficulty in risering with sufficiently large
riser connections, because the wall thickness of standard graphite
tubing held the risers at least 1~1/4~inches apart, and the slight jog
at the edge of the casting prevented o {il- width riser connection
without loss of casting detajl, Characteristic shrinkage in these heavy
sections is shown in Figure D 3%.

Through further casting ottempts, it was determined that
the web section with taper to approximately 1/4-Inch of the center
did not have sufficient taper to promote direction solldification.

In attempting to obtain sound web sections, rlsers were focated along
the edges of the channel fo feed the web area. This was not success-
ful. The thin sections required feeding to remove dispersed shrinkage,
but were not thick enough thot risering at the edges of the channels
would provide the directional solidification required to remove the
shrinkage.

The next trlals In statically casting the Torsion Fitting were
based on increasing the toper of the thin web section and Increasing
and modifying gating and risering.
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FIGURE D346

ELEVATOR TORSION FITTING
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FIGURE D37
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The tapor odded o the thin web areas wos varied from
12° to 14° by tapering fiom the center of the webs towoard the edges
where a rectangular riser was attached to each side for the entire
length of the web aiea . The 12° inper in the web area did not free
the area of shiinkage. Siight dispec.ed shrinkage was still evident
In the center of the wel.. The 14” roner <lid not show any deflnite
shrinkage aieas, but gos potosity wes oxfensive and conclusive 1e-
sults were pot abtainad.

Figure D43 A js the initial type of set up used in af-
tempting tc obtaln a sound pait by static casting. The mold was
made of rammed giophite with rammed giaphiie cores, Risers were
attached to the meld extermclly ond fed into the codling through
gates. The entire cayvity was fed by runners und gotes that entered
through the iiser locations, estatlishnng 1thesmel gradients toward
the risers. Dispersed shrinkage necuned in the web areas in all of
the static castings made with ihis cirangeament i'i:yu'!d{:;sb of riser sice
and location, iLocalized sinink areas ocenred ot the cenier of the
heavy sections near the hoie wiwce Tsolated thomel arens were formed.
The riser locatiai va- ciitical aith read to feeding this central ared.

tgsre D 4UR seprotents o casiing modification with riser

attached io the top o _ i conaceted thiough a necked-
type core sysiem to fucifitate remonol. the actial riser connection
to the custing was forimed by canean®og the opening o fit the shape
of the ateas to be fed.  The madificotizi: did no! movide o sound

casting. The mold cavily was site goied in four places af the heavy
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The photograph in Figure D41 illustrates a static casting
setup with side risers along the tapered web area. The web area
had Leen revised 1o include a 14° taper from the center of the web
to the edges in an attetpt to obtain a sound casting. The addition
of 14° of taper to the web section did not provide adequate thermal
gradients to obtain soundness. Adding taper from the center of the
web section to the edge did not successfully remove shrinkage in any
of the trials conducted. The heavy rectangular riser shown located
at the central portion of the casting, fecding the heavy section, did
not result in a sound heavy section.

The photograph in Figure D42 is of an experimental pour
made to determine the effectiveness of adding taper from the extreme
ends of the web towards the center section. The taper added to the
web section was parabolic, starting at 7° at the extreme ends of the
casting. The tapers required to feed the section of the casting were
determined froin the feeding distance studies; i.e. for the first inch
from the end a 7° taper Is required to cast a one~inch length of
1/8~inch section thickness sound or fo oLtain a soundness ratio of
eight. The second taper was &° to the two~inch length and there-
after 2° to the five-inch length.

The X-ray of the casting did not reveal any dispersed
shrinkage, although some gas porosity was apparent. This type of
taper was more effective in Increasing the feeding distance than
a straight taper. Upon stralght tapering 6° from the end of the
casting to the heavy center section, dispersed shrinkage occurred at
the outer edges of the thin web sectlon. The parabolic taper not only
Increased sound feeding distance Lut reduced the total volume of
metal required to pour the casting. As experimental casting trials
progressed, experience showed a necessity for large tapers
on large thin sections and less taper as section thickness increases.
Several factors involved in tho cooling of the matal contributed to
this. The rapid chilling effect of the graphite mold causes thin
sections to freeze very rapidly. and as section thickness increases
heat transfer is tess rapid. The problem is similar to all casting
processes but is exaggerated in the case of titarium because of
high melting temperatures and high thermal conductance of the
mold moterials.
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The casting was made centrifugally in rammed graphite
molds. Figure D43 A Is asketch of the first centrifuge cast part.
Some dispersed shrinkage was prominent in one of the web areas while
the opposite end had slight amounts of shrinkage close to the heavy
center section. Isothermal areas under the Ingates presented two
shrinkage areas at the same end of the heavy sectlon that contained the
greatest degree of shrinkage in the web area. The part wes gated at
the four heavy sectlons at the center of the casting. The four gates
were attached perpendicularly 1o the casting and centered sprue.

The - astings were In a horizontal position attached centially about

a sprue. Castings poured in this arrangementdd not give satisfactory
results in surfece quelity because of excessive turbulence as the
metal enters the mold.

The sketch In Figure D 43B represents a casting centri~
fuged using the pour *oc"\rique shown in Figure D44, The molds
were side gated and caost {n the horizontal axis centrifugal casting
furnace. The benefits of gating in this manner were reduced turbulence
and continued pressure on the mold cavity as solidiflcation took place.
The thin web section was relatively free of general dispersed shrinkage,
although gas porosity was evident in this section,

Figure D 43C is an exnmple of a casting containing large
amounts of gas porosity. This casting was made by tapering the web
section to obtaln a 14° taper from the center of the web toward the
outside edge and the rectangular riser located to feed the web area,
The gas porosity may have heen intensified by machining the rammed
meld and exposing the subsurface of the rammed graphite mold. The
center section was free {rom shrinkage. The casting was side gated
through the risers located at the heavy center section of the casting.

Figure D 43D illustrates the casting modified to incorporate
® of taper from the end of the casting ot the web area toward the center
section. Risers were located oo the oo Oof the casting end overlopped
ihe sides with BhTre:s galing s tovesd fo teed the ca:ting. Shiinkage
was greatly redu ed, but o838 sceent both By e web oreo and
at the heavy cente: tectinag.
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Absence of gas porosity in centrifugally cast parts was
noted when molds were centrifuged at high speeds. Localized shrink—~
age at the heavy thermal areas in the center of the casting illustrated
that sufficient metal supply was not available to feed those areas as
solidification progressed.

The sketch in Figure {45 shows the characteristic dispersed
shrinkage found In the part when cast with Inadequate padding and
cenirifuged af high speeds. The casting shown was centrifuged at
140 rpm (12 G%). it has been established through experimental heats
that a higher G force will not remove this shrinkage. The ultimate
removal of shrinkage such as this depends almost entirely on improved
padding and risering.

The sketch In Figure D 46 shows the location of shrinkage
when a 1-1/2-Inch diameter riser has been added at the center of the
web. The addition of this riser improved the soundness of the
part by moving the shrinkage area to within 1/2~inch of the ends of
the part. The Illustration in Figure D 47 shows the location of shrink=
age with a 2~inch diameter riser used. The shrinkage still remains
near the ends of the web,

Risering of the center of the web section does not appear
to be an effective method of obtaining a sound section. A thin web
does not lend itself to feeding from a centrally located rlser, as has
also been shown in previous feeding distance studies on tapered platns.
The present casting attempts also demonstrate that the feeding distance
of a centrally located riser Is not influenced greatly by centrifugal
casting techniques,

Figure D 48 illustrates a further modification of the risering
systam. A riser of large connecting area is at the end of the web at
the location of previous dispersed shrinkage. Occaslonal shrinkage
occurred such as shown in the sketch,

Two heats were required to make the pilot production run
of ten castings. Six molds were poured in each heat.
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The gating and risering system was simllar to that shown
in Figure D48. The molds were centrifuged to obtain 12 G' on the
muld cavity, reulring centrifuge speed of 140 rpm to obtain proper
casting conditions.

The rejection rate for the castings was 17%. The two
casting rejections were caused by breakage of mold setup braces and
consequent dislocation of molds during pouring. The yleld of casting
weight to poured welght was 20%.

The Torsion Fitting was the most difficult part to cast to
the internal soundness levels required. The thin web section is very
difficult to feed properly to establish thermal gradients required
for casting sound parts. [n some Instances a random dispersed shrink~-
age was located at the extreme ends of the fittings. The 12 G force
on the mold cavity has succeeded in eliminating the shrinkage occur-
ring in most instances.
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FIGURE D38

DISPERSED SHRINKAGE IN WEB SECTION --
MACHINED GRAPHITE MOLD
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FIGURE D39

SHRINKAGE IN HEAVY SECTION
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Porosity in Toision Fitling
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FIGURE D41

STATICALLY CAST TRSION FITTING
Rammed Graphite Mold, Shell Core

Result below

Gas Shrinkage
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FIGURE D42

STATICALLY CAST TORSION FITTING
Rammed Graphite Mold, Shell Core

Result below

Gas Porosity
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FIGURE D43

Porosity In Torsion Fitting
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FIGURE D44

TORSION SUPPORT FITTING CENTRIFUGALLY CAST
IN RAMMED GRAPHITE MOLD
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FIGURE D45

CENTRIFUGALLY CAST TORSION FITTING

Rotated at 140 RPM (12 G)

Shrinkage




D2-2786~-8 CASTING OF SHAPES D71

FIGURE D46

CENTRIFUGALLY CAST TORSION FITTING

Rotated at 160 RPM (15G)

1 1/2-inch Diameter Riser Added tc Centers of Webs

Shrinkage
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FIGURE D47

CENTRIFUGALLY CAST TORSION FITTING

Rotated at 160 RPM (15 C)

2-inch Diameter Riser Added to Centers of Webs

Shrinkage
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FIGURE D48

CENTRIFUGALLY CAST TORSION FITTING

Rectangulor Riser Added to Ends of Webs

Shrinkage
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Casting of the Horizontal Stobilizer Fitting

The Horizontal Stabilizer Fitting was first cast statically. The
mold required sixteen sections fitted together. Gating and risering was
accomplished by drilling into the rammed graphite mold and by addition
of graphite piping to provide the external connections.

This casting was not sound. Numerous gross shrinkage areas
occurred as a result of insufficient risering. The web areas of the part
contained widely dispersed shrinkage demonstrating that inadequate
topers had been incorporated in the original pattern equipment. In
addition to the shrinkage problem, severe gas porosity was noted.

The photograph in Figure D50shows the front of the casting
with gates and risers attached. In this casting experiment two-thirds
of the metal was theoretically to flow through the large front gate
and through its interconnecting system, feeding the length of the
fitting. The remaining one-third was to flow through the two smaller
gates into the enclosed arm of the part, thereby preventing cold shuts
and surface laps. The system succeeded in minimizing surface cold
shuts, but not in entirely eliminating them. A slight misrun occurred
in one of the thin webs in the bottom of the mold as shown in Figure D51
This misrun was due primarily to too much metal flow through the end
ingates and not through the next inside ingate. It would be necessary
to reduce the size of the runner or ingate feeding the end of the casting
to provide a more desirable flow of metal.

Figure D51 illustrates the bottom of the casting and the cored
out detail. Evidence of blowing is visible in the web areas of the
cored sections. The cause of this ineyularity was not determined.

The second attempt to cast the Horizontal Stabilizer Fitting
was accomplished in the vertical axis centrifuge furnace. The part
was extremely large for centrifuge casting in this furnace.

This custing also was not sound. [t contained numerous shrink -
age defects whete risering was insufficient. There was a noticedble in-~
crease in soundness of the web areas of the angulu 'U* section and the
sxtremities of the Fitting. The center poition of the casting was absent,
due to insufficient metal in the pour. The casting was gated along the
tiailing edges, to provide fow tuibulence metal How into the niold
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cavity. The mold cavity was gated at several places from a main runner,
and gating size changed to provide uniform filling through each of the
gates. The 'U’ shaped exicnsion was also gated in three locations at

the trailing edge to fill this area ot approximately the same time as
filling of the remainder of the mold cavity. It was expected that filling
of the center portion would be difficult, and therefore a large gate was
provided to feed metal to the center. Because of spilling and splashing
there was insufficient metal to fill the mold cavity.

It was concluded that although sufficient development would
be expected to solve the shrinkage porosity problem, the gas porosity
problem could not be overcome without centrifuge casting the part.
This component was too large for centrifuge casting In the furnace
equipment available.
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FIGU.E DA

INBOARD BEARING SUPPORT RIB, HORIZONTAL STABILIZER
(as machined from forgling)
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FIGURE D49A

TYPICAL SECTIONS - INBOARD BEARING SUPPORT RIB
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FIGURE D30

STATICALLY CAST HORIZONTAL STABILIZER FITTING
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FIGURE D5l

STATICALLY CAST HORIZONTAL STABILIZER FITTING
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EVALUATION TESTING D2-2786-8

The following mechanical tests weie used to evaluate the
general properties of cast titanium alloys and to compare the structural
components with conventional mateilals and fabrication methods:

{1} Conventional Materials Tests

{a) Tensile, room and elevated temperature
(b} Compression

(c)

Impact

(d) Shear

(e) Tension fatigue
(f) Notched tensile
(g) Bearing

(2) Component Tests

(o)

(b)

(c)

(d)

(e)

Developmental Bracket - Static and fatigue simulat.
service tests, cast Ti-6Al-4V compared to cast type 410
steel.

Flap Track Link - Static and fuiigue simulated service
tests, cast Ti-6Al-4V compared to forged AIS| 4340
stoel.

Elevator Torsion Fitting - Torsion load vs deflection
simulated service tests, cast Ti-6Al-4V compared to
AIS| 4340 hog~out.

Sway Brace Case - Static simulated service tests,
cast Ti-6Al-4V compared to cast type 410 steel.

fnboard Bearing Support Rib ~ No testing do to failure
to develop a satisfactory titanium casting.

Conventlonal Materials Tests

All tensile tests were conducted on conventional 1/4-Inch gage
diameter, 1-inch gage length tensile specimens similor to those specified

in Federal Test Method Standard No. 151, type R3 specimen. The strain
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rate used was .005 £ .002 In./In./minute through 3.2 per cent strain.
All tensile yield strengths reported are at 0.2 per cent offset. The
results of tension tests are reported In the section of this report on alloy
development.

The notched tension test specimens were as shown In Figure El
and had a notch factor (K3) of 3.3. Results of notched tests were used
to compare properties of experimental alloys and are reported in the
alloy development section.

The impact test specimens were conventional charpy test
specimens, Results of impact tests are reported in the alloy development
section.

The comprassion, shear, and bearing tests were on conventional
specimens and were conducted to provide allowables data for design pur-
poses. Results are in the section on development of specifications,
standards, and design allowables.

Tension fatigue specimens were tested to establish requirements
for chemical removal of surface contamination. The results of the tests
are reported on page B60.
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COMPONENT TESTS

Testing of The Developu nial Brackct

The tests on co .ponents ware to zompae cast titanium
structural shapes with the piesently conventional airciaft maierials
and fal.ricatlon n.athods. All tests waie at 1oom te peratuie and
were designed to sirwlate service conditions applical.le 1o each
part. All parts tested were cor paed with the present production
part, except the developrental Lracket which was not a pioduction
part. Two attenpts were made f¢ produce this pait as @ titanium
forging, but the thin weis and high thin flanges wiade the part im—
practical to forge. Therefore, type 410 steel castin js were olstained
and tested for cos parison with the titaniuim castings.

The Bracket was prepared for testing by milling Loth faces
of the two heavy lujs and a slot in the small lug and then drilling
and reaming the fustener holes. Castings were considured satisfactory
for testing If X~ray defects were absont in all arcas except the web
and the two flanges which received almost no load. In those arcas,
slight shrinkage poiosity was accepted. The castings were fatique
tested using the Jig shown in Figure F2 and static tested in a cowven—
tional tersile test machine using a similar Jig. The castings wae
loaded 26.6° from vertical {as shown In Figure E2) 1o provide a hori-
zontal load vqual to one half the vortical load.

All of the type 410 steal cestlags were X-ray sound and
were heat f1:ated by the vendor to 180,000 psi minimum ultimate
tensile strength, 150,000 psi minimumn yield strength, and 25 per
cent minimum reduction of area. The TI-6Al-4V castings were in
the as-cast condition and had not been pickled. -

Four cast Ti—-6Al-4VY Liackets and one type 410 steel
bracket were statically loaded to failure. The four cast Ti-6Al-4Y
brackets failed ut the mounting hole in the uppur lage lug (Figure E3)
ar 24,400, 27,900, 25,000, asd 21, 800 pounds load. The type 410
steel Lracket failed in the uppe flonge (Figure E3) ar 34, 100 pounds
load. The average of the four cast Ti-3AL- 4V yalues is 73 per cent
of the ultimate loud to: the type 410 steel Lracket. This value is
very close to the ratios of ulthuoie tercile shengths of e tvo materials.
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Yen cast Ti-6Al-4V Brackeis and seven cast 410 steel brackets
were fatigue tested for comparison of faliyue properties. Table J23and
Figure E4 show the results of these tests. The fatigue strength of the
Ti-6Al-4V castings at any given number of cycles is 55 to 60 per cent
of that of the 410 steel castings.

An additional series of futigue tests was conducted on a
modified version of the Bracket to determine the necessity of chemical
removal of surface material from the as-cast surface. Since several of
the brackets already tested failed adjacent to the machined mounting
hole, in the upper lug, that lug was thickened by twenty per cent to
make the casting fail in the flange, which had an as-cast surface. In
addition the flange was tapered fiom its midpoint toward the lugs to
encourage failure at the flange midpoint. Although the static strength
of the medified design was an average of 37,000 pounds load for three
tests (compared to 25,000 pounds for the unmodified design), the casting
continued to fail frequently at the same machined hole. For this reason,
a tension fatigue speciraen having a gage diameter of 0.5 inch was de~
signed and used for the chemical removal study. The results of this
study are reported on pages B59 and B60, in Figure B30, and Table J16.,
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FIGURE E1l

NOTCHED TENSILE TEST SPECIMEN
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FIGURE E2

SETUP FOR FATIGUE TEST OF DEVELOPMENTAL BRACKET
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FIGURE E3

TYPICAL FLANGE FAILURE
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FIGURE E4
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Testir j of The Tl Tack Link

Two typus of tests veo o tsed 1o evalual . the cast Ti-6Al-4V
Flap Track Link. One production AISY 4340 steul pait and one cast
Ti-{Al-4V part were static co.ipnaslon loaded to failure as shown in
Figure E5. Thiee steel puarts and six cast Ti-5Al-4V parts were fatigue
loaded to failue.

The AISI 4340 pails woie olitained directly from production
stock in the finished condition. They had Lieen heat treated to the
180,000 to 200,000 psi ulti...ate strength range, The Ti-6Al-4V
castings were in the as--cast condition and had Leen pickied to re~
move .015 inches material thickness per surface. The static tests
failed the steel component at 127,600 pounds load and the cast
Ti-6Al-4V component failed at 104,700 pounds load. The mechanism
of fallure was uniforw bending of the shank for the steel part and
localized crippling of the tubular portion of the cast Ti-6Al-4V part.

The fatigue tests were conducted in a fixture designed to
load the part in combined hending and torsion, to simulate expected
service conditions. The torsionai ioad on the part is equal to 6,17
times the bending load. The results of the fatigue tests are as follows:

Material Bending Cycles to
Load, Failure
Pounds
Steel 5000 4,667
3000 24,330
2000 148, 231
Cast Ti-6Al-4v 2000 11,602
2000 5,067
1500 A4, 408
1500 57,557
1000 216,833
1000 1,000,000

(Not fatled)

Figure E6 is a S-N cuive of these st results,
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FIGURE ES

FIXTURE FOR COMPRESSION TESTING OF FLAP TRACK LiNK
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FIGURE E6

RESULTS CF FATIGUE TESTS OF THE FLAP TRACK LINK
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Testing of The Sway Brace Case

Static tests were used to compaia the properties of five
cast Ti=6Al-4V components with two production cast type 410 steel
components heat treated to the 150,000 psi ultimate tensile strength
level. The Ti-6Al-4V castings wure In the as~cast condition.

The test setup and loading conditions were as shown in
Figure E7 and were designed to simulaie actual service loads.

No casting fallures were experienced in the tests which
loaded the large lugs in compression {Test B in Figure E7). In all
trials, the bolt which loaded the lug failed in shear.

The 410 steel cast Sway Brace Cases tested as shown
in Test A (Figure E$) failed at 32,700 pounds and 35, 300 pounds
tension load. Both failures were in the upper lug and exhibited
good ductility. The five Ti~6Al-4V castings failed at 22,900;
23,400; 25,000; 25,000; and 28,600 pounds tension loads at the
same location. These failures exhibited fair ductility but not
equivalent to the 410 steel test parts.
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FIGURE E7

TEST FIXTURES FOR THE SWAY BRACE CASE
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Testing of The Elevator Torsion Fitting

This component Is a part of a missile control system and
was designed for rigidity rather than strength or fatigue requirements.
Consequently, the evaluation tests were comparisons of rigidity of
the cast Ti~6Al~4V part and the production AlS] 4340 steel part
which was machined from bar sfock. The Ti~6Al-4V parts were in
the as-cast condition and the steel parts had been heat treated to
the 180,000 ~ 200, 000 psi ultimate strength level. (Since these
parts were obtained, this production component has been redesigne.1
as a type 410 steel casting.)

The Torsion Fittings were tested in a fixture adapted to
a conventional torsion test machine., The torsion load was fed into
the slotted center hole and the reaction load restrained at the
channel ends. Deflection of the parts wos measured by dial indi-
cators supported by the load Imput Lolts and cantilevered to the
channe! ends. A schematic load diagram is shown In Figure £8.
Typical ioad~-defloction curves obtalned from these tests are shown
as Figures E9 and E10,

FIGURE E8
LOAD SCHIMATIC FOR ELEVATOR TORSION FITTING

/" INDICATOR A

INDICATOR B
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FfIGURE E?

RESULTS OF DEFLECTION TEST OF CAST Ti-¢ Al-4V ELEVATOR TORSION FITTING

150

o DIAL INDICATOR A -—

O

=

2 100

Z

3 N
Q — DIAL INDICATORB
H

S

Z 75

a

<C

O

-l

5 50

@]

o

O

}._

25 -

.03 .04

DEFLECHOMN, HICHES




P2 2568

EVALUATION TEL TG

HIGURE FIO

E17

RESULTS OF DIHTECTION TEST OF A StteL ELEVATOR TORSION FITTING
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Testing of The Inboard Horizontal Stabilizer Rib

Since this part was not satlsfactoilly-produced as a titanfum
alloy casting, no tests were conducted,
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DEVELOPMENT OF CASTING SPECIFICATIONS

A tentative material specification for procurement of air-
frame quality Ti-6Al-4V castings has been developed and is presented
on page F3. This specification is based on the conclusions made from
the development work conducted in this program and from experience
galned In development and use of other casting specifications.
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TENTATIVE SPECIFICATION ~ TITANIUM ALLOY CASTINGS
{Ti--6Al-4V)

Teatative Boeing Mataial Specification BMS 7-111
Orcgon Metallurgical Coiporation Specification-~OMC 164
1. ACKNOWLEDGMENTS:

1.1 A vendor shall mention this specification number in all pertinent quotations
and when acknowledjing purchase oiders.

2. APPLICABLE SPECIFICATIONS:

2.1 The following spccifications, of the issue in effect on date of Invitation for bids,
form a part of this specification to the extent herein described:

2.1.1  MIL~]-6865 Inspection, Radiographic

2.1.2  MIL-1-6866 Inspection, Penctrant

2.1.3  MIL-C-6021 Castings, Classification and Inspectior.

2.1.4 Federal Test Method Standard No. 151

2.1.5 Reference Radiographs for Titanium Castings (Boeing Document D2-2786-9)

3.  APPLICATION:

3.1 This specification is primauily for high strength titanium alloy aircraft castings
requiring room temperature ultimaie tensile strength above 140,000 psi, light
welght, and good corrosion resistance.

4.  TYPES AND GRADES:
4.1 Unless otherwise specified, castings e to be in the as~cast condition. .!,f.....

for 4 hours followed by air cool.

4.2 Casting classification shall be us specified on the applicable casting drawing.
Class dulinitions shall b as specitied in MIL-C-6021 .

3. CASTING MUTNGED:

5.1 Custing molil shall Le ranmmed reaphite mixed with sultoble binders, unless

l!l!!'_,‘glﬂ,;-_.l: alrett llic:‘l
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Melting shall be by the vocoan double-melt process when the titanium source

is either raw sponge or taw sponge comjacts. Use of titanium solids in preparation
of electrode stuck is penmitted, piovided ull other requiiements of this specifi-
cation are met.  All melting shall be by the vacuum coiisuinable-electrode process.

4. COMPOSITION:

61

6.2

Castings shall be of the fullowing composition:

\Nuigﬂ!f_ !’_gr Cent

Carhon .10 max.
Hydiogen .015 max.
Nitiogen .07 max.
Oryyen .25 max.
hon <30 max.
Aluminum 55-~46.5
Vumulium 3.5 - ‘1.5
Other Clements .4 max.
Titanium Balancs

Each heat shall Lo analyzed for each of the elements listed in paragraph 6.1
except titanium. Chemical analysis of each lot shull be certified by the vendor.
Analysis for hydiogum shall be on samples removed after all vendor processing.
All analyses shall Le performed using equipment and proceduwes approved by

the procuring agancy. Hydiogen unalysis sample shall be removed fiom
location designated on the casting diawing, or fium a sepaiute coupon fiom

the same heat and processed at the sume fime as the wwsting lot,  This coupon
shall be no thicker than the thinnest section of the casting.

/.  QUALITY:

7,1

Castings shall be unifoim in quality and condition, wesll cleaned, and have
a unitormly smooti surface compatible with the custing process. Castizgs shell
be free of suiface contamination (uch (v oxyyen, nitrogen, or other foreign

contaminants ).

Unless othorwise spocifisd, moetallic gilt o1 shot shudl not be used for fingl

clounig.

Cantisgg shiall not Lo vepuarad by plugging, wolding, jeenlog, o other nethods

without wiithben pooyansadog of the Procuiitgg anjone
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7.4

7.5

The areas of castings subject to soundness requirements shall be as specified,
and the number and extent of defects in such oreas shall not be greater than
indicated by the staidard furnished or approved by the procuring agency.
Combinations of cracks, shrinkage cavities, cold shuts, misruns, or other
defects not individually cause for rejection, but which are so aligned as to
cause stress concentration are cause for rejection.

When soundness is specified in accordance with paragroph 7.4, it shall be
determined in accordance with visual, penetrant, and radiographic inspection

methods established by MIL-C-6021, MIL-1-6865, and MIL-1-6866.

TENSILE PROPERTIES:

8.1

8.2

8.3

8.4

8.5

All test specimens shall be cast in a graphite mold in the same heat and in the
same manner as the castings which they represent.

Two cast test bars per heat shall be furnished to the purchaser. Bars shall be of
sufficient size to be machined into type R3 specimen in accordance with

Method 211.1 of Federal Test Method Standard No. 151.

Vendors shall conduct at least two tensile tests per heat.

Tensile tests are to be performed in accordance with Federal Test Method
Standard No. 151 using type R3 specimen. Strain rate shall be .005 + .002
in/in/min through 0.2 per cent strain.

Tensile properties of each separately cast specimen or specimen sectioned from

a critical area of a 1A casting shall meet or exceed the following minimum
values:

Ultimate tensile strength - = = = = = = = = = = = = = = = = = -« 140, 000G p:
Yield tensile strength {.2% offset) = = ~ = = = = = = =« = = = - ~ 122,000 p:
Elongation = = = = = = = = = = = = = = = = = = - .-~ 5 per cer
Reductionof area = = = = = = = = = = = = = = = = = = = =« = - 10 per cer
TIFICATION

Unless ctherwise specified, each costing shall be identified with the part

number and a vendor identification symbol approved by the purchaser by
the use of raised figures in a location indicated on the drawing. When

no location is shown on the drawing, the number shall be so located as not
to be machined off in finishing to the required casting dimensions. Such
numbers shall not be at indicated tool point locations.
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10, CHEMICAL REMOVAL OF SURFACE MATERIAL

10.1

if pickling is specified, castings shall be pickled to remove .015 inch minimum
material thickness per surface, Foreign material, such as pariicles of mold,
adhering to the casting surface shall be removed prior to pickling. Castings
shall not be peened, abrasive blasted or otherwise finished aofter pickling,
unless otherwise specified.

11.  CERTIFICATION:

1.1

Three copies of a quality certification shall accompany or precede each lot
of castings. The certification shall include results of analyses in accordance
with paragraph 6.2, the resulis of fensile lesis in accordance with paragraphs
8.3 and 8.4, the vendors heat number, the thickness of material removed by
pickling in « ccordance with paragraph 10.1, the quantity of castings con-
stituting that lot, the casting part number, and the purchase order number.

12. DEFINITIONS:

12.1

12.2

A lot consists of castings of the same heat, the same configuration, the same
condition, processed at the same time, and submitted for inspection at the
same time.

A heat consists of the material produced in one melting and pouring cycle.




D2-2786

SPECIFICATION AND DESIGN CRITERIA F7

DEVELOPMENT OF MINIMUM PROPERTY VALUES

A croup of 196 heats of cast Ti-6A1-4V alloy were studied
to establish minimum property values for separately cast test bars, for
desian purposes. The heats were all those produced prior to the
production run which were within the composition limits es tal:lished
by the specification (page F3) and for which mechanical properties
data were available, with the exception of a small number of
experimenial low-interstitial heats which were poured durina study
of meltine practice.

The ultimate tensile strensth, yield strength, eloncution,
and reduction of urea values for these heuts were avercged and the
standard deviations determined by conventional statistical annlysis
methods as shown in the cppendix to this report.

Both A" und "B" design values were determined. For a
"normal * distribution, A" values cssure to a 95% confidence level
that 99 percant of the distribution will exceed the A" value given.
The "B design value assures to the same confidence level that 90
per cent of the distributlon will exceed the “B* value. Although
mechanical property distributions are not *normal® in thot the dis-
tribution curve is slightly skew:d toward the high-value end of the
curve, this analysis method is convenient and the small error involved
Is in the conservative direction.

In cecordance with Convair Astronautics Document AZS-27-274
"Statlstical Desermin.tion of Strenth Properties®, 2.573 standard devia-
tions were subtracted from the properly Gverages to establish *A™ desian
values and 1.452 stund rd deviations were subtructed from the averages
to establish “B* values. This method is usually cpplied to strenath values,
but is also suitcble for estcblishin, the ductility minimums. The aver-
ages, “A¥ values, und "B valucs obtained were os follows:

"A'l U'B.‘

Avalare Minimum Minimum
Ultimate Tensile Snength, KSI 1448 135.0 140.0
Yield Stiend.th, KSi, .2% Offsct i29.8 116.0 122.0
Elonaation, per cunt 8.0 3.2 5.3

Reduction of Arca, pur cent 15.3 5.7 9.6
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COMPRESSION, BEARING, AND SHEAR PROPERTIES

Room temperature compression, bearing, and shear tests were
conducted to provide basic properties values for design purposes. Tensile
tests from the same heats were also conducted for reference. The results

were as follows:

Tensile Tests

Ultimate
Heat Tensile
Number  Strength,
KSt
P44} 152.5
P483 141.3
p494 143.5

Compression Tests

Heat StYieldth
rength,
Number KS1 (.2%)
P441 141.0
P483 148.7
P494 135.5

Bearlng Tests

Ultimate
Heat Bearing
Number Strength,
KSli
P441 239.1
P483 225.0
P494 235.0

Yield
Strength, Elong.
KSt (.2%) Per Cent
138.0 9
129.0 12
130.5 10
Modulus of
Elasticity,
KSlI
17.9
17.7
Yield Hole
Bearing Diameter,
Strength, Inches
KSi*
215.9 L1599
194.1 .1600
208.9 L1599

* Based on offset of 2 per cent of hole diameter

R.A.,
Per Cent

17
18
17

Edge
Margin,
Inches

L2566
.2573
.2574
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Shear Tests
Heat Ultimate
Number Shear
Stress, KSI
P44 96.3
P483 90.8

P494 97.3
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DFVELOPMENT OF REFERENCE RADIOGRAPHS

X-ray reference radiographs were prepared from specimens
machined from i he Jiscs whick wcre cast during the feeding studies,
The radiographs of the discs of proper thickness (1/4, 1/2, and 1 inch
thicknesses) were examined and sections which represented reasonable
gos and shrinkage porosity quality gradients were selected and machined
from the discs. Other casting imperfections found in steel, aluminum,
and magnesium alloy castings (such as heavy inclusions, dross, micro-
shrinkage, segregation, internal cracks, and internal cold iuts) were
not experienced in the titanium alloy castings, with the exception of
mold material (graphite) inclusions. This defect was not often ob~-
served, and when it was found, it was similar in appearance on the
radiograph to shrinkage porosity. Consequently, the defects shown
in the shrinkage porosity reference radiographs can be applied to
graphite inclusions, since the appearance and stress concentration
effects of these types of defects are similar. The reference radiographs
are attached to the back cover of this report so that they may be
readily removed for use. These radiographs were prepared to a film
density of 1.9 to 2.2 (American Standard Printing Density P 2-3) so
that they may be directly compared to typical casting radiographs.
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DEVELOPMENT OF DIMENSIONAL TOLERANCE CRITERIA

Nine dimensions were selected from the Development Bracket
and the Flap Track Link for analysis of deviations from the desired dimen-
sions. The dimensions were selected to enahle separation of the effects
of parting plane causes of deviation from the basic tolerance characteristics
of the rammed graphite mold casting process. Fifty of each part were
studied.

There are several obvious sources of dimmensional variance In
castings. Examples are; deviation of the pattern dimensions from the
desired nominal dimensions, the inaccuracy of the established average
shrinkage of mold and metal, the variations in mold and metal shrink-
age from the esta.lished average, the in-onsistencies in mold ramming
and drawing practice from mold to rold, the indlility of the foundry
to establish the proper pattern dimensional corrections after a casting -
trial (due to the impracticality of pouring enough trial casting to es-
tablish true process average dimensions), variations in costing cleanup
practice {removal of gates, risers, flush, etc.), variations in pouring
temperature and practice, and variations in mold material quality and
In mixture ratios.

The effects of these causes of dimensjonal variation are
cumulative and each cause represents a separate avenue for potential
Improvement in dimensional quality.

The dimensions selected for study represent thiee general
types of tolerances. Four simple dimensions which were not across the
parting plane were selected for establishment of a basic tolerance.
These dimensions varied from .2 to 9.6 inches. Three dimensions of
similar magnitude but across and parallel to the parting plane were
selected to separate the effects of pattern and nold mismatch. Two
dimensions which were across and perpendicular to the parting plane
were studied to separate the effects of poor parting plane fitup other
than mismatch_

The results of these studies are in Table J24 and frequency
distributlon by charts for vach of the dimensions studied are presented
as Figures FI through F?. Reconended miniiwum design tolerances
were computed from these data. The actual values for each dimension
were averaged and the standard deviation was then calculated as
explained in the Appendix. Three standurd deviations were used to




F1o

SPECIFICATION AND DESIGM CRITENIA D2-2786-8

establish the recomriended iainicum tolerances. Such a tolerance will
moke approximately 99.7 per cent of the disiensions in a normal distri-
bution acceptable, provided that the average of the distribution is
exactly the desired nozinal dimension. Obviously, it never will be;
therefore, the actual number of rejected dimensions will be greater than
the 0.3 per cent implied, the amount dependent on how close the foundry
can make their average approach the desired nominal dimensions. The
usual practice is to cast one or two trial pieces, inspect them, and make
pattern corrections. This practice will reveal only large errors, since
any dimension on one individual part will rarely indicate the average

of a large number of pieces.

General rules for recommended design dimensional telerances
for dimensions up to ten inches were derived from the results of this
study, as follows:

(a) For simple dimensions under one inch that do not cross
the mold parting plane, use a basic dimensional tolerance
of plus or minus .015 inch. If the dimension exceeds one
inch, add .005 inches to the basic tolerance for each
whole inch. Exomples are 0.620 + .015, 1,135 & ,020,
4,720 + ,035.

(b) For dimensions that cross the parting plane and are es-
sentially perpendicular to it, add ,008 Inch to the
tolerance calculated as in (o) abeve. Examples are
0.620 + 023, 1.135 + 028, 4.720 + .043.

(c) For dimensions that cross the parting plane and are es-
sentially parallel to it (i.e. rizmatch), add .020 inch
to the tolerance calculated as in (a) above. Examples
are ,620 +.,035, 1,135 +.040, 4.720 + .055.

These dimensional tolerances represent minimums. Larger
tolerances should be used when practical. It is anticipated that some
improvement in availoble minimum tolerances {particularly in mismatch)
will occur as the mold preporation process becomes mechanized, All
rammed molds in this program were manually prepared with the aid of
a pneumatic rammer,
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FIGURE F1

DIMENSION DISTRIBUTION IN DEVELOPMENTAL BRACKET

This dimension is Lasic, both surfaces being in the
same mold half. The desired diinension was .200 £ .015 inches.
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FIGURE F2

DIMENSION DISTRIBUTION IN DEVELOPMENTAL BRACKET

This dimension is basic, both surfaces being in the
same mold half. The desired dimension was .550 + ,015 inches.
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FREQUENCY

13

10

DIMENSIONAL DISTRIBUTION IN DEVELOPMENTAL BRACKET

same mald half. The desired dimension was 3.050 2 .015 inches.

SPECIFICATION AND DESIGN CRITERIA

FIGURE F3

This dimersion is basic, both surfaces being in the
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FIGURE F4

DIMENSIONAL DISTRIBUTION IN FLAP TRACK LINK

This dimension is basic, both surfaces being in the same
mold half. This dimension was not directly specified on the
engineering drawing, but Is controlled by two cumulative di-
mensions. It was selected because it was convenient to measure
and represents a large dimernsion on the part.
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FIGURE F5

DIMENSIONAL DISTRIBUTIOM OF DEVELOPMENTAL BRACKET

This dimension Is across the parting plane and is per-
pendicular to it. It represents the basic tolerance plus the added
dimensional variations resulting from misfit of the mold parting
plane. It does not involve mismatch. The desired dimension
was 1.520 + ,025 - ,015 Inches.
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FIGURE Fé

DIMENSIONAL DISTRIBUTION OF DEVELOPMENTAL BRACKET

This dimension Is across the parting plane and Is per-
pendicular to it. It represents the basic tolerance plus the added
dimensional variations rest:lting from misfit of the mold parting
plane. It does not involve mismatch. The desired dimension
was 2,520 + .025 - .015 inches.
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FIGURE F7

DIMENSIONAL DISTRIBUTION OF DEVELOPMENTAL BRACKET

This dimension Is across the parting plane and is parallel to it.
It represents the basic dimensional tolerance plus the added variations
resulting from pattern and mold mismatch. The desired dimension was
not directly specified. It was measured for comparison with Figure F2
to separate mismatch effects.
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FIGURE F&

DIMENSIONAL DISTRIBUTION OF DEVELOPMENTAL BRACKET

This dimension is across and parallel to the parting plane. It
represents the basic tolerance plus effects of pattern and mold mismatch.
The desired dimension was 3.050 ¢ .015 inches.
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FREQUENCY

FIGURE F?

DIMENSIONAL DISTRIBUTION OF FLAP TRACK LINK

This dimension is across and parallel to the parting
plane. It represents the basic tolerance plus sffects of pattern
and mold mlsmatch. The desired dimension was 10,630 #
.050 inches.
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The following concluslons are based on the development
work performed during this program. They are listed in the same order
as the corresponding discussions in this report, except for the first three
conclusions which are of a general nature.

1. A complete commercially feasible process was developed for produc-
tion of titanium alloy castings of the type, sizes, and quality required
for aircraft and missile application.

2. A practical demonstration of the process was accomplished by pro-
duction of quantity lots of several airframe structural shepes.

3. A procurement specification, quality contral procedure, inspection
standards, and design criteria were established to permit production
application of titanium alloy castings.

4. A vacuum, consumable-eler rode, arc furnace with water-cooled
14 r’
copper, tilt pour crucikle is suitable for melting and pouring of
production heats of titanium alloys,

3. Preparation of melting electrode stock may be satisfactorily done
by inert-gas shielded arc welding of pressure-compacted titanium
sponge mechanically mixed with the proper alloying additions, or
by similar welding of titanium solids from previous melting operations.
Care in welding must be exercised to mInimize oxygen and nitrogen
contamination of the electrode stock.

6. Foundry and other scrap may be satisfactorily recycled to produce
aircraft quaiity ifianium castings, provided additional low-interstitial
stock is added to dilute the interstitial content. It will be necessary
to occasionally discard foundry scrap if the interstitial lcvel becomes
too high. This requirement can be minimized if elcctrode welding
Is conducted in an inart gos chamber .

7. An expendable rammed graphite mold has been found suitable for pro-

duction casting of Htanium alleys. Properties of the mold were deve-

loped und are presented und discunsed in Section B of this report.
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10.

1.

]2’

13.

14,

15.

16.

7.

18.

CONCLUSIONS G3

A graphite~base shell mold was developed, which with further
development aimed at increasing its resistance to penetration,
offers considerable pstential as a production mold. At the present
stage of development, shell graphite molds are suitable for small
shaopes.

Development of an investment graphite mold suitable for casting
of titanium was partially accomplished, The successful develop-
ment of such a mold appears feasible if based on the use of graphite.

Used rammed graphite mold materials were safisfactorily reused to
make new molds.

Feeding characteristics were determined for titanium alloy Ti-6Ai-
4V cast in rammed and machined graphite molds.

Shrinkage porosity in cast titanium appears as distinct voids on the
X-ray film, rather than as cloudy low-density areas. -

Less taper is generally required in rammed than in machined graphite
molds, for equivalent soundness.

Increasing the amount of taper progressively improves feeding distance
in rammed molds. In the case of machined graphite molds the feeding
distance decreased until taper exceeded three or four degrees, and
then increcsed,

The effectiveness of taper decreases as the section thickness in in-
creased,

The tapers required to cast sound sections were established in relation
to thickness and are shown in Figure B18.

The use of heated molds did not appreciably improve the feeding of
casi Ti-6A1-4V but did decrease the gas porosity problem, apparently
because of reduced moisture pickup during mold ussembly.

The feeding distance in shell graphite molds appeared to be signifi-
cantly superior to rammed and machined graphite molds.




G4

19.

20.

21.

22.

23.

24,

25,

26,

7.
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The feeding characieristics of centrifuge cast Ti-6Al-4V discs
were not significantly different from the similar discs which were
statically cost.

Castings which are centrifuge cast should be fed such that the
metal enters the mold from the trailing side of the casting and
from the outside (away from the centrifuge axis). This is neces-
sary to minimize poor casting surface resulting from turbulent
metal flow into the mold cavity.

Removal of gates and risers from the castings by power saw or
abrasive cut-off wheel have been found to be satisfactory.

Use of oxy~acetylene torch increases interstitial contamination
of the scrap and requires excessive hand grinding to clean up
the casting.

Grinding and belt sanding is satisfactory for primary clean up of
titanium castings. Grit blasting is satisfactory for removal of
mold particles and surface oxides. Sand blasting is satisfactory
for final clean up.

A satisfactory acid solution and processing technique was deve-
loped for chemical removal of surface material from titanium
castings.

For besi fuiigue properties, 0.015 inch per surface should be
chemically removed from Ti-6Al-4V castings, using the solution
and process developed.

At the present stage of development, unalloyed fitanium and Ti-
6Al-4V are suitable for "standard® casting alloys.

A satisfactory heat treatment fo improve the properties of cast Ti~-
SAI-4V was not developed, the best pioperiivs being ubiained in

the as~cast condition.

Ti-2Cu casting alloy has ductility superior to cast unalloyed titanium
which has been strengthened to the same level by interstitial additions.
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31.

32.

33.

34.

CONCLUSIONS G5

The properties of a titanium cocting alloy containing four to six
per cent aluminum, four to six per cent tin, eight to ten per cent
zirconium, and two to four per cent vanadium are slightlsy better
than those of cast Ti-6A1-4V. Additional work is needed to es-
tablish the best composition for this alloy.

The offects of the interstitial and alloying elements in cast Ti-
6Al-:V were determined. Composition limits were established.

Elevatsd temperature tensile properties for as-cast Ti-6Al-4V
were determined.

Four of the five shapes selected for study as titanium alloy castings
were successfully developed and produced. The fifth shape was
too large for the available equipment.

Properties of the four developed shapes were compared with the
correspending production components by structural testing.

Statistically valid miniwuwn design uliowdlles wers established
for the as~cast Ti~6Al~4V alloy.

Minimum dimensional tolerances for design purposes were deter-
mined.
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RECOMMENDATIONS D2-2786~8

The following recommendations are based on the work done
during this contract.

1. Further development of an investment casting mold and process is
recommended.

2, Further development of casting alloys Is recommended, almed at
higher strength properties.

3. Development of composition limits and a casting specification for
the four to six per cent aluminum, eight to ten per cent zirconium,
and two to four per cent vanadium titanium casting alloy Is recom=
mended, to take advantage of the superiority of this alloy
over the Ti-6Al~4V casting alloy.
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D2-2786-8 TABLES J19

TABLE J2

MECHANICAL PROPERTIES OF
RECYCLED LOW INTERSTITIAL 6Al1-4v

ULTIHATE REDUCTION
YIELD STRENGTH  TELLILE IN AREA
HEAT WO, 0.2% OFFSET STstNGTH  ELONGATION % BHN
22-43-P245- 1A 104,000 124,800 13 33.6 269.3
B 103,000 124,000 io 24,6
c 105,000 12is, 200 9 22,4
22-43-P243- 1A 102, 000 122, 200 10 19,0 269.3
B 104,000 124, 200 1o 21.7
c 104, 000 124,000 10 24,6
22-43~P252- 2A 106,000 127,600 10 20.4 276.5
B 107,000 127,600 11 25,2
¢ 104,000 126,000 9 22,4
22-43-P255- 3A 107,600 128,000 13 27.2 277.0
B 107,000 126, 80¢ 10 25.9
¢ 106,000 126,800 10 21.7
22-43-P259- 1A 109,000 128,000 13 32.4 279.6
c .108,000 128,000 iz 2.4
22-43-p289- SA 106,000 126,000 12 31.9 277.0
B 104, 000 122, 000 g 20.8
¢ 105,000 122,000 12 31.9
22-43-p267- 2A 109,000 130,000 i2 2%.5 21,6
B 110,000 131,200 12 22.9
c lie, 000 138,000 10 19.7
22-43-P271- 1A 109, 000 128,000 13 2.2 279.0
8 110,000 128,400 12 26.5
c 108,000 128,000 10 24,6
22-43-P280- 2A 110,000 128, 000 8 22,4 277.0
8 110,000 130,000 1 27.0
¢ 109,000 136,000 13 3h.4
22-41-P282~ 4A Ton . Q1,202 0 0 252,3
8 8-fttle 96,000 [ G
¢ 72,000 0
22-43-P332-C1A 105,000 125, 200 12 18.1 2720
8 102,000 123, 600 12 31.6
¢ 104,000 124,000 12 27,6
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J20 TABLES D2-2786-8

TABLE J2 (Continued)

MECHANICAL PROPERTIES CF
RECYCLED LOW INTERSTITIAL 6AlI-4¥

ULTIMATE REDUCTION
YIELD STRENGTH  TENSILE Ih AREA
HEAT NO. _0,2% OFFSET STRENGTH  ELONGATION % BHN
22-43-P334-C2A 169,000 128, 800 10 28.5 290.1
B 110,000 128, 800 [} 27.7
c 110,000 128,000 3] 29,2
22-43-P372-C3A 110,000 131,600 1 26,5 279.2
B 110,000 131,600 12 - 23,2
¢ 112,000 131,200 1t 26,5
22-43-P375-ChA Fi%,000 133,200 8 15.0 287.2
B 116,000 34,400 10 19.7
c 115,000 134, 800 1 26,5
22-43-P376~-C5A 117,000 137,200 13 26,5 296.0
B 119,002 i36, 200 10 2i.0

c 118,000 136, 200 it 21,0




D2-2786-8 TABLES J21
TABLE 12
EXPERIMENTAL RAMMED GRAPHITE MOLD MIXTURES
| GRAPHITE USED | RAW
MIX B LAUNDRY | comnt |cmment | 0
Reclalm | Classifled | PITCH - ce LINSEED | WATER
NO. | 8BS 535 | Tomings STARCH | FLOUR } -3 | o
1 & 10 5 8 8
2 705 10 5.25 8.25 5
3 80.5 58 58 4.6 3.3
4 75 70 50 6.0 7.0
5 70 10 5.0 8.0 7.0
6 73.7 S N 3.04 8.1 5.05
7 ez 7.1 10.1
8 761 1 12.9
9 79.3 9.2 115
0 735 0.6 532 10.6
71 10.3 8.3 10.3
12 85.8 3.73 10.4
13 75 10.85 3.26 10.85
14 86.25 3.75 10.0
15 86.25 (Teuscar) 10.0
3.75

16 70,5¢ 10 5.25 8.25 6.0
770 10 5 8 7
B 73 122 6 8.7
1 77 10 5 1 7
0 747 9.85 4.9 197 8.5
21 72 10 5 10
2 70 (888) 10 5 8 7
23 74 10 5 4 7
24 78 10 3 1 !
25 75 10 3 2 10
26 74 10 3 3 16
7 75 10 4 1 10
B 74 10 4 2 10
» 73 10 4 3 10
0 70 10 5 8 7
al 70 10 3 8 9
%2 67.75  9.67  4.84 7.75 10
n &8 10 5 8 9
34 &9 10 4 7 10
35 70 10 4 6 10
3 7 10 4 5 10
7 72 12 4 4 10
B 73 10 4 3 10

* 20d reclalm




J22 TABLES D2-2786-8

TABLE J3 {Continued)
EXPERIMENTAL RAMMED GRAPHITE MOLD MIXTURES

GRAPHITE USED RAW
MIX . DUPONOL LAUNDRY | CORN | CEMENT
NO. | 885 | Crescont Clossifiod G | "M | "SiaxcH | FroUR| c-3 | UINSEED | WATER
39 45 0.938 9.38 2.82 7.5 14.75
40 70 10 3 8 9
41 67 1 10 3 8 9
42 69 H 5 8 8
43 73 10 4 2 n
44 66.2 1.09 10.95 5.47 8.75 7.65
45 68 2 10 5 8 7
46 7 10 ] 8 7
7 70 10 5 8 7
30 70 10 5 8 7
47 69.5 9.72 4.85 2.78 8.35
48 72.5 0.98 9.8 4.9 2.94 8.82
49 69 1 10 5 8 7
50 {Calcined Coks
3-15)
7¢ 10 5 8 7
5l 70 ?.72 4.86 3.87 9.58
52 {Calclined Coke
3-04)
70 10 5 8 7
53 {Calcined Coke :
3-15)
76 8 4 [ [
54 71 10 4 8 7
55 72 10 3 8 7
56 73 10 8 9
57 70 10 3 8 9
58 70 10 3 8 9
59 63.75 0.938 ?.38 2.82 7.5 2.3
60 66.5 ?.38 2.82 5.62 14.7




' D2-2786-3 TABLES J23

TABLE J3 {Continued)

EXPERIMENTAL RAMMED GRAP!HITE MOLD MIXTURES

PETROLEUM ! COAL  |PETROLEUM
MO |CAICINED [catcinel Raw | COKE ) staren | pnen | (S waltg | SHRINKAGE

17 cokEe COKE COKE FLOUR CEMENT In./In.
83 75 5 5 0+ 10 0.006
84 70 10 10 10 0.007
85 65 15 10 10 0.002
86 70 5 5 100 10 0.012
87 65 10 5 104 10 0.012
88 50 15 5 10* 10 0.011
8¢ 65 5 5 10% 8 7 0.016
90 &0 10 5 10* 8 7 0.015
o1 55 15 5 0 8 7 0.013
92 75 5 0 10 0.105
93 70 10 10% 10 0.089
24 65 15 10 1 0.074
95 75 5 10+ i 0.097
96 73.8 5.2 10.5* 10.5 0.105
97 72.2 5.56 1.2 1.2 0.073
98 75 5 10+ 10 0.093
99 73.8 5.2 10.5* 10.5 0.093
109 72.2 5.56 n.z 1.2 0.1%9
10 80 10* 10 0.002
162 75 15* 1o Baana
103 70 20* 12 e
104 76.2 4.76 9.52% §.52 0.023
105 71.6 4./ 14.2* 9.3 0.015
106 88.7 4.77 10.03* 9.5 0.021
107 78 12* 10 0.007
108 80 16* i0 0.008
109 82 8 10 0.003
110 75 5 10* 1) H .
10A 70 s 5 10* 10 0.019
1108 65 10 5 10+ 10 0.016
m 70 10 10 10 0.002
12 65 15 10 10 0.005
13 76 12+ 12 G018
114 78 10 12 0.010
15 80 g 12 B.011
16 71 5 124+ 12 0.018
17 73 5 100° 12 0.012
118 75 5 ge* 12 0.016
119 76 12442 12 0.000
120 78 10%% 12 o007
121 80 geer | 2
122 78 104+ 12 0.003
123 73 15600 iz 0.007
124 &8 204+ 12 0.021
125 73 5 10+es 12 0.0i6
126 68 5 hese 12 0.02
127 63 5 20 12 0.023
128 71 5 j2ees 12 0 016
120 72 5 [TEE 12 0.012
130 75 5 Bre 12 0.014
131 67 5 1273 Y 8 0.015
132 69 5 100 8 & 0.016
133 71 5 gess 8 8 0.018

* Fuuadiy Pisch
**  Bluck Dicmund Pich
43¢ Kuppens Plich
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TABLE 13 (Continued)
EXPERIMENTAL RAMMED GRAPHITE MOLD MIXTURES

MIX GRAPHITE USED LAUINDRY | CEMENT SHRINKAGE
NO. “Swoco 20| Sweco 0| TTEH STARCH c-3 LIQUID BINDER | WATER in/ln.
sl 70 9 6 10 (7605) 5

62 75 9 6 8 (7605) 2 0.0105
63 70.5 10.1 5.04 10.1 (7601} 1.5 0.0150
64 71.6 10.2 5.1 10.2 {7101) 1.5 0.0276
65 52 21 10 5 8 5.6 0.0239
&6 52 20 10 3 8 7

67 70 {carbon 10 5 8 7

sand)
COKE 93-04)

&8 68 12 5 8 7 0.0094
69 70 10 5 8 7 0.0094
70 72 8 5 8 7 0.0063
7 64.8 1.4 4.75 4.75 14.3 0

7i 6.7 9.5 4.75 4.75 14.3 0

73 8.4 7.6 4.75 4.75 14.3 0

74 74.3 11.42 14.28 0

75 75.2 10.50 14.3 0.031
76 78 7.6 14.3 0

77 73 12 5 10 0.0125
78 75 10 5 10 0.0019
79 77 8 5 10 0.0078
80 78 12 10 0.0016
8l 80 10 10 0

82 82 8 10 ]

*  Slurry ~ Petroleum residual
7605 ~ Amino - Aldehydo
7601 - Urea typs ~ watur soluble

7101 - Pheno ~ Formaldehyde - water dispersing
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TABLE J4

GRAIN SIZE DISTRIBUTIONS OF GRAPHITE BASE MATERIALS

U.S. Serles Noatlonal Sweco Reclalmed  Reclalmed  Reclalmed  Reclalmed 2nd Reclalm
Equivalent Carbon Separator {Tumbled  Crushed & Crushed Crushed & Reclalm Plus
No. Grade BB 8 PassNo. 10 Only) Tumbled Only Pulverlzed Crushed 20% Fines
6
12 0.78
20 5.44 39.70 0.12 0.26 0.22 2.32 0.32 0.38
30 40.82 40.86 1.46 3.88 5.54 7.10 5.24 1.50
40 32.35 10.62 5.30 13.50 9.88 12.12 15.06 3.10
50 16.72 3.24 31.30 25.96 20.76. 20.06 30.28 15.50
70 2.08 1.68 38.75 29.10 26,20 23.56 25.40 23.78
100 .49 1.00 19.72 18.32 18.10 15.66 10.94 17.60
140 .28 0.52 2.90 5.44 .86 5.14 3.90 6.50
200 .20 0.45 0.84 2,18 3.80 2.96 2.76 4.30
270 .08 0.14 0.08 0.34 2.00 0.96" 1.28 3.30
Pan .22 0.42 0.06 0.92 6,52 8.28 4.74 23.84
Total 98.68 99.42 100.53 99.90 99.88 98.16 9%.92 99.80
Sweco
Crascont Calcined Calcined
Graphlte Sweco No. 20 Coke 3-15 Coke 3-04 Sweco No. 4 m ::‘ 243 BB3
[
12 04 .
20 .06 10 .0B 60 0.2 0.14
30 2.3 8,42 23.24 1.44 . .02 6.4 0.68
40 31,62 22.34 51.58 3.14 .06 18.0 1.22
50 22,66 52.50 21.42 6.16 1.38 2.0 24.44
70 17.74 18.54 3.36 13.34 10.12 22.2 44,28
100 11,12 1.82 .34 27.24 17.84 10.2 24.62
140 6.36 .08 .06 27.80 16.96 4.2 1.44
200 3.50 .02 .02 12.94 12.86 2.4 6.2
270 1.04 3.0 9.44 1.2 0.03
Pan 6.32 06 3.3 30,76 3.2 0.48
Total 87.98 102,02 10016 99.02 97.44 100. 99.78
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J26 D2-2786-8
TABLES
TABLE 5
PROPERTIES OF RAMMED GRAPHITE MOLD MIXTURES
FIRED
mxtme | JORREE | oeen GREEN commatd on | TENSILE | FIRED sCRATCH
NO. bER CergT’ | PERMEABILITY |  HARDNESS SRENGTH | STRENGIH, HARDNESS
szea nzlon Mold CI:;)’on Mold
i 7.75 150 77 77 ic.3 65 75 75
8,75 145 74 76 2.4 75 76 90
8.9 90 78 78 10.3 86 82 82
10.0 95 78 79 10.5 70 82 94
9.1 105 77 78 9.7 87 83 95
9.2 100 77 77 9.8 77 82 96
8.6 806 79 9.8 75 76 98
8.8 85 79 10.3 70 78 98
8 97 77 a4 9.5 72.5 80 98
8.3 97 78 79 8.9 85 80 97
7.8 83 77 10.1 85 80 97
7.6 90 78 9.9 90 80 98
8 93 77 10.1 102.5 82
8.1 95 78 10.5 85 83 98
8.75 25 77 9 75 83 95
8.5 85 78 9.2 5 83 97
7.5 82 78 9.2 80 80 98
8.5 85 79 2.6 90 80
8.2 107 77 8.9 95 856 96
8.4 25 79 80 9.4 95 85 98
9.0 105 77 78 9.7 80 82 97
8.2 115 77 80 9.5 85 75 96
7.4 115 77 80 8.7 67.5 75
8 115 78 80 9.4 75 75 97
2 7.5 145 77 77 7.2 62.5 75 87
5.8 160 79 78 9.3 51.5 &0 ?3
5.5 135 80 80 10.7 75 75 94
6.5 122 78 78 10.1 60 0 97
6.75 127 78 80 9.4 50 &5 90
3 4,5 170 75 83 5.7 20 20 75
4 6.75 195 80 8.3 45 60
5 6.2 205 80 8.6 87.5 75 96
6 5.75 155 80 5.5 Broken before test ?0
7 9 187 58 4.8 8roken 20 70
8 12 100 A8 5.2 20 0 52
9 it.1 155 60 2.9 Broken In fliing 0
i0 10.2 125 76 a.3 32.5 &5 es
i 10.2 90 70 5.9 80
12 9.4 180 7¢ 3.2 Broken [ 20
i3 0.3 120 76 6.2 Broken In flilng 75
14 10 270 74 4.8 Brokon In flsieg 40
15 9 267 76 4.4 Broken in setup of test 40
16 5.75 270 82 6.7 55 60 3
17 7.6 103 80 8¢ 10.¢& 46 &0
6 110 78 80 9.7 50 67 98
6.3 125 8! 80 V0.3 4 - 75 98
6.3 127 79 80 9.7 45 &6 97
7.0 a7 79 a6 1¢ 4G o3 97
6.4 117 29 76 ¢.% 14 .-u 94
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TABLE 15
PROPERTIES OF RAMMED GRAPHITE MOLD MIXTURES
MOIS FIRED
MIXTRE | conmene, | GREEN GREEN conmEN on | TENSILE | FiReD scraTcH
NO. pER CenT | PERMEABILITY |  HARDNESS STRENGTH snigcm, HARDNESS
2x2 Teost
Specimen | Mold Coupon | Mold
17 7.2 122 78 76 8.0 43 58 95
cont. 7.5 127 79 82 8.6 44 70
6,75 150 77 76 7.5 7.5 55 97
6.75 140 76 80 7.2 47.3 65
8 152 76 78 6.7 50 70 o7
7.0 125 77 80 7.1 62.5 70 95
7.4 130 77 80 7.4 62.5 70 9?5
7.3 230 80 7.2 60 65
7.3 320 80 7.1 50 60
6.75 270 77 5.3
6.75 290 77 5.3 45 55
6.75 280 78 5.8 40 50
7.1 330 8 ‘5.9 30 55
7.0 310 79 6.3
6.85 330 79 6.9 40 65
7.5 300 78 8.5 35 80
6.85 270 79 7.5 52.5 60
8.5 220 79 6.5 o0 70
7.9 210 80 8.5 60 70
7.6 270 78 7.3 55 70
7.5 230 79 6.8 60 70
7.75 200 79 7.0 70 75
7.75 290 80 7.3 65 70
7.75 260 79 6.2 52.5 70
8.0 290 79 5.1 40 55
7.9 270 80 6.9 55 65
7.7 250 79 7.7 65 70
8.2 250 79 7.0 60 65
8.8 249 80 5.7 50 65
8.1 236 79 7.3 60 70
8.0 230 80 7.0 52.5 65
8.5 250 78 6.7 Broke 0
8.8 170 80 7.6 27.5 60
8.0 180 79 6.8 35 &0
8.3 180 78 8.9 25 55
9.0 240 79 6.3 30 80
8.5 240 77 4.9
7.8 220 7 6.3 'l 50
7.75 250 79 7.1 25 65
8.0 P 77 6.9 37.5 70
8.2 260 78 5.8 22.5 60
8.5 240 78 7.4 35 70
7.4 260 79 6.0
7.2 250 7y 5.5
8.6 290 76 4.3
7.5 210 79 5.3
8.3 260 78 5.3
7.6 230 79 6.7
8.0 210 79 6.7
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TABLES

TABLE J5

D2-2786-8

FIRED
MIXTURE é‘gg‘%ﬁf GREEN GREEN c opﬁiii?: on | TENSILE | FIRED SCRATCH
r
NO. | GONTENT: | PERMEABILITY |  HARDNESS e STREPSN:GTH' HARDNESS
2x2 Test
Specimen | Mold Coupon | Mold
17 8.0 250 78 5.0
cont. 8.6 220 77 4.5
8.0 230 78 46
7.2 260 78 4.0
7.5 230 78 5.5
8.0 270 78 6.1
7.75 220 78 6.4
7.0 240 79 6.8
6.2 95 79 9.7 85 80
7.5 105 81 9.3 0 70
7.5 95 80 9.4 67.5 75
6.9 125 86 9.1 80 77
7.5 17 7 8.9 75 75
7.8 120 80 8.1 7.5 75
7.8 1o 80 9.9 77.5 80
7.7 120 80 9.7 75 77
7.75 n3 80 9.8 77.5 80
8.0 120 79 8.3 &0 70
7.9 123 79 8.1 82.5 80
7.75 127 80 9.9 90 75
7.9 130 80 9.8 70 75
7.5 s 78 6.8 65 75
7.9 155 80 9.2 70 77
7.2 165 80 9.1 50 65
7.5 162 80 9.2 55 70
7.5 177 79 7.5 70 75
8.3 127 79 9.2 77.5 80
8.4 152 80 9.1 45 70
8.1 145 79 9.8 &0 75
8.1 190 80 9.6 70 75
8.0 245 79 8.9 72.5 75
8.2 245 80 8.4 60 70
8.4 195 80 9.0 67.5 75
7.4 185 80 9.1 50 65
7.8 225 79 8.0 62.5 70
7.2 200 80 8.5 &7 7
7.75 215 80 7.7 52.5 70
6.25 192 80 8.6 80 75
7.0 220 80 8.1 75 77
7.2 147 77 80 8.3 77.5 75 92
6.75 150 79 80 9.3 70 75
6.9 120 79 80 9.0 70 75
8.6 15 74 80 7.5 o4 85 97
18 6.6 105 78 79 6.9 2 35 92
19 7.7 122 75 76 6.1 27.5 4 92
6.4 i32 75 79 6.2 2.5 45 93
20 7.2 1i7 72 72 5.6 0 55 95
9.5 105 70 72 14 P 70 95
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TABLE 35
PROPERTIES OF RAMMED GRAPHITE MOLD MIXTURES
corr FIRED
MIXTURE ?:Agt'j‘[]:EUng, GREEN GREEN CO'\(A"?RE;;;ION TENSHE FIRED SCRATCH
NO. PER CENT PERMEABILITY HARDNESS STRENGTH kagg(ﬂﬁ HARDNESS
2x2 o Test
Specimen| Mold Coupon | Mold
21 9.3 105 72 72 5.0 40 60 ?5
8.1 107 73 72 4.9 35 55 9?5
8.5 90 72 78 48 52.5 70 96
9 80 72 72 5.2 61 75 25
9.4 82 71 72 5.5 50 72 25
88 90 70 4.3 46 70
9.2 75 57 78 5.8 137.5 90 25
2.5 90 72 78 4.8 167.5 90 95
8 77 74 76 6.7 116.5 a5 24
9 92 73 76 5.6 75 80
22 6.1 440 79 80 8.8 52.5 ic 25
23 7.2 100 75 73 5.2 35 55 87
24 8.2 107 72 77 4.3 20 25 94
8.6 925 74 76 3.8 22.5 30 92
25 8.2 100 73 77 4.4 17.5 20 78
8.5 no 70 76 2.7 30 50 80
26 2.5 110 73 78 4.1 12.5 10 72
9 75 74 72 4.9 60 70 21
9.5 87 74 76 4.7 21 30 92
27 7.75 105 75 80 5.7 20 30 85
7.3 87 75 78 5.1 27.5 40 80
28 8.2 7 74 78 4.0 20 25 94
8.4 73 76 81 6.0 3.0 55 87
8.2 77 74 81 6.3 32.5 55 87
7.5 73 75 78 5.5 32.5 60 23
2? 9.2 73 74 78 5.2 60 75 94
8.75 85 73 78 5.3 52.5 70 24
30 8.0 150 80 80 10.6 41.5 65
7.8 200 78 78 1.5 42.5 70
7.5 140 77 80 10.8 57.5 80 923
7.5 92 78 80 8.7 66.5 80 95
6.5 88 80 80 9.1 45 7
7.4 62 78 80 9.2 60 80
30 7.8 125 80 10.0 55 65
7.2 130 80 2.8 45 60
9.2 97 80 9.0 35 60
HRH &G 76 i0.3 o0 -]
9.3 127 80 9.7 40 65
9.25 165 79 9.3 45 75
7.2 330 79 6.7
7.3 10 8 7.2
7.75 140 7 6.2
9.4 80 80 7.9
31 9.4 75 5 80 7.1 7?5 55
8.2 75 75 B8O 8.1 35 75 94
9.7 60 75 66 6.4 37.5 75
9.75 77 75 8.5
9.5 72 76 8.8
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1ABLE J5
PROPERTIES OF RAMMED GRAPHITE MOLD miXTURES
MOISTURE GREEN FIRED
MIXTURE CONTENT, GREEN GREEN COMPRESSION TEMSILE FIRED SCRATCH
NO. PER CENT | PERMEABILITY | HARDNESS STRENGTH | STRENGTH, HARDNESS
PSI IR
2x2 Tost
Specimen | Mold Coupon Mold
3! ?.5 72 76 8.6
cont. 9.9 75 76 8.1
32 9.4 48 76 78 8.1 B.5 75 97
33 8.7 100 77 78 9.0 35 8C 94
34 9.8 75 75 80 9.0 42.5 80 95
35 2.2 77 75 80 8.4 41.5 78 9%
36 8.9 ?3 75 80 8.6 46 75 95
k74 10.0 95 75 9.2 40 75 96
38 10.7 78 74 80 8.7 92
37 14.5 17 70 6.5 297 21
40 10.0 90 72 5.5 70 77
10 93 76 6.8 58.75 65
41 10.3 46 74 5.8 112.5 a5
42 7.8 107 78 9.9 50 72
8.4 97 77 10.4 65 78
6.¥ 14/ /8 9.2 22.5 40
43 1.3 38 74 8.5 5 65
44 8.6 31 79 11 150 90
45 8.1 45 79 10.3 152 90
46 8.0 9?5 78 9.0 91 80
47 12.0 75 75 7.5 135 90
48 6.5 70 80 8.3 102.5 80
49 7.5 25 BO 8.7 166 87
8.75 85 80 9.3 145 87
7.5 110 79 9.2 87.5 78
8.25 110 79 2.2 102.5 85
8.20 100 79 8.8 100 85
8.2 110 80 8.9 00 85
7.9 125 7 7.2 95 80
7.9 120 78 8,6 92.5 82
8.25 120 78 8.8 100 82
7.8 110 79 8.5 67.5 82
8.1 130 8o 8,2 H2. 5 84
8.1 130 80 8.7 110 80
8.1 93 78 9.4 140 85
8.5 ?3 8G 9.6 136.5 85
7.0 73 80 i0.9 167 87
5.G 77 60 16,2 1t5 80
7.5 92 80 2.0 166 87
8.75 85 79 9.3 145 87
7.5 110 79 9.2
8.25 P10 7y 2.1
8.2 100 79 8.7
8 2 105 79 8.7
7.9 122 78 7.3
7.9 115 79 5.0
8.25 120 78 6.7
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IasLE 35
PROPERTIES OF RAMMED GRAPHITE MOLD MIXTURES
MOI3 TURE . GREEN FIRED
MIXTURE | ¢ONTENT, GREEN GREEN COMPRESSION | TENSILE | FIRED SCRATCH
NO. PER CENTY PERMEABILITY HARDNESS STRENGTH STRENGTH, HARDNESS
— Ps) -
2x2 Tosi
Specimen | Mold Cruren | Mold
49 7.9 105 79 8.6
cont. 8.1 125 79 8.4
8.1 125 80 8.8
55 8.3 410 a0 2.4 40 75
51 it.4 115 75 4.8 72.5 75
52 7.8 77 75 6.7 80 80
53 6.2 860 76 5.6 35 60
54 8.7 142 76 6.1 50 45
55 7.4 143 76 6.1 42.5 55
56 9.2 102 75 6.2 40 70
57 1.5 160 73 6.7 45 65
58 12.7 85 71 4.9 60 80
59 12.75 83 70 3.7 95 85
60 14.5 7 74 7.1 85 87
81 10.7 270 76 9.5 105 85
62 7.75 390 78 7.6 35 35
63 8.2 390 78 8.6 42.5 70
64 5.4 800 70 4.3
67 7.6 170 78 7.4
68 7.8 80 78 6.3 72,5 80
&9 8.6 60 73 4.3 54.0 88
70 8.0 78 75 4.9 42.0 78
n .36 30 & 3.0
72 3.34 50 65 2.6 120.0 88
73 2.10 0 &5 2.5 95.0 88
74 31 69 3.4 218.0 96
75 70 2.9 200.0 96
76 45 2.5 94.0 83
77 76 5.2 77.0 86
79 75 4.7 56.5 75
80 76 4.7 81.0 3
81 79 4.8 61.0 79
82 77 4.5
83 11.8 32 73 6.1 33.0 42
84 12.8 19 75 7.5 25.5 41
85 i3.6 i 7 8.1 3.8 54
86 12.0 37 74 5.4 57.5 76
87 13.2 36 7 3.2 4.5 74
88 1.4 23 75 6.4 47.7 73
89 9.5 K2 &9 5.9 49.8 74
90 8.8 48 72 5.2 34.0 56
91 8.0 32z 7i 5.4 .7 43
92 15.4 7.5 79 12.3 60 92
93 15.2 6.5 86 12.7
94 16.7 7 3c 12.2 34 84
95 13.3 21 75 7.7
QA 17 § 42 55 5.3
7 120 53 ES 5.8
98 10.8 a: G 50
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TAste J5
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FIRED
MIXTURE ggﬁrré{ﬁ’ GREEN GREEN COAS::IEEES;!ION TENSILE | FIRED SCRAICH
NO. PER CENT PERMEABILITY HARDNESS STRENGTH STRESIGTH, HARDNESS
2x2 Test
Specimen | Mold Coupon | Mold
99 1.9 71 65 6.5
100 il.8 36 &7 6.4
Ho 1.8 5 81 it/ 49.4 80
102 14.8 -] 81 2.9 55.0 84
103 14.8 [ 80 12.7 82.5 89
104 14.0 6.5 78 0.2 51.0 88
105 12.8 7 78 10.2 67.5 85
106 13.4 6.5 77 10.0 72.0 81
107 1.8 35 72 5.7 55.0 64
108 12.2 36 77 6.1 55.0 59
109 11.0 40 75 5.4 47.5 66
110 10.6 5 84 15.0 66
110A 15.6 9 77 "11.2 35.0 83
1108 14.2 13 77 In 5 26.0 74
m 13.8 6 82 15.9 45.1 77
112 13.6 ] 83 16.0 43.0 80
113 12.0 40 74 5.3 44.0 n
114 13.0 41 75 5.9 40.0 70
115 12.0 46 72 4.9 31.2 40
116 13.6 40 69 4.8 77.5 85
17 12.6 48 68 4.4 62.5 88
118 1.4 59 70 5.0 48.5 74
119 9.2 51 67 3.4 32.5 53
120 16.3 52 68 3.4
121 9.8 58 70 3.4
122 i7.6 5.5 80 13.7 88
123 g8 5.5 80O 12.6 82.5 92
124 21.8 5 80 12.5 93
125 16.8 7 75 9.0 41.0 86
126 13.8 -] 75 9.8 63.0 89
127 15.6 4.5 75 9.7 122.0 97
128 13.4 3 70 4.9 5.5 77
129 10.2 50 68 3.0 42.0 55
130 10.8 54 73 4.4 3%.5 52
131 9.2 4 72 5.4 48.5 72
132 9.6 5] 70 50 556.0 86
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TABLE J6

SHRINKAGE OF RAMMED GRAPHITE MOLDS

MIX HO, SHRINKAGE, IN/FT HIX_NO, SHRINKAGE, INJIN HIX MO, SHRINKAGE, \0/FY
2 0.128 ' 17 0.0110 19 0.207
) 0,01185 0,173
4 0.198 0.0122 Ave, 0.190
6:0120
5 0.198 0.0145 20 0.173
0.0145 0132
0. s
16 0.188 o.g??ogs. Ave, 0.152
09,0145
i7 6.125 Ave, 0.0126 21 0,138
0.125 0.173
0,138 30 0.013% 0,160
0.136 0,0126 6.159
0.136 Ave, 0,013 0.0834
0. 1% o 0.0074 S act2
0. 0,01435 :
Ava. 0.133 Avs. 0,00109 Ave, 0.131
22 0,188 & 0.00825 23 o.M,
30 0.141" L] 0,00885 24 0,132
LI N 0151
Ave. 0,151 i 0.0151 Ave. 0,141
32 0.151 e 0.01385 25 0.104
i 0,01 -0.8345
33 0.155 7 3 Ave, 0.0694
48 0.0142
6 6.139 26 0.076
. 43 0.0:235 0.045
31 0,38 0,01450 c.10k
0,104 0.01450 Ave, 0.075
0.0926 0,01450
. 0,01450 e e
0.0309 Ave 0.01453 “ 9.0722
90,0792 ’ _0:0755
Avo. 6,101 5 0.01025 Ave, 0.0755
34 0.0755 54 90,0152 24 0.1355
0.136
35 0. 104 55 0,014t _0.151
Ave, 0. 143
36 0.1035 56 08,0103
29 3,166
37 0.0755 5 0.0107
58 0,0149

34 0,134
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TABLE J7

EXPERIMENTAL SHELL GRAPHITE MOLD MIXTURES

Phenol

Formal - Mull
Mix dehyde Pitch Graphite Time,
No. % % Type %  Solvent  Minutes
I 12 88 5 B8 b
2 12 Sweco #4088 5
3 20 88 5 80 5
h 12 : 8 88 5 80 5
5 6 8 88 § 46 142 P, Y
6 12 8 88 5 8o 172 Py, Lve
7 10 (Borden) 10 Carbon Sand 60 4
8 12 (7504) 10 Culcined Coke 78 4
9 10 {7504) 10 Calclned Coke 78 I

* tuiled dry & minutes snd then mullsd unt!! alecho! sclvent ovapsrated,
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TABLE J8

EXPERIMENTAL INVESTMENT MOLD MIXTURES

Cormurclal <-3
Rix No, Gruphito Darex H6L Danad 32 Whitg Gilus Lonant Pltch Water Comgnts
Hes Qrade

1 5 Parts & Parts 2} Parts Hadlum shrinkage
20 hr, sot time

H 7 Parts 2 tarts Taris Modium shrinkage
8 Lr, sot time

3 7 Parts & Parts 2 Patts High shrinkage
strong, 10 hr, sel
timo,

L] 7 farts 4 Purts 1 Part 1¢ hr, sot timo
hard strength no
shrinkage

5 1 Pares 2 Parts 2 Parts 16 hr, sot time,
hard - no shrinkage

6 70 GH 20 OGN : g 6u te an 25 6 Hold cavity pltied

7 70 Gh 20 oM 20 GH 8 oM 10 GM Hold cavity bedly
plited - poour
condltion

8 70 6N 15 64 8 GM 1oAY n oK Scabbing, partial

: col lupso of mold
walls

] 76 Gt 10 GM & GM 10 GA 50 GM Vary putous,cavity

{starch) 8 OR col lapsed.
10 +350 GK 100 SH 40 GH L0 6M 126 G Alr antruppod at
- cavity surfaces
thick slurry,
(ﬂ::(‘::;:)t) 30 o 4o Gn Jo s 16 GH 20 61 90 a4 Flrat coutl buckied
- and pullod: .way from
137 350 an 50 &M ho tn 50 GM 140 Gh sccond cout, alr
{Socond Cost) entigppod In second
cout,
12 350 G 50 Gh &0 GH 50 GH 120 G Too stiff tu poter
wzil
13 200 GH 150 GH ho &M 50 GM 270 GB Polds guod, Sums
air entrapment
1oA {F-1} 50 &R 34 60 12 Gt to GK 12 Gn 65 GH

{Flrst coat)
W8 (F-1} 180 £ Tatraethyl osthosilicaty, 46 CC domatutud cthyl alcuhol
24 CC J% hydrochiaric actd, (plus 12 (0 of water Lo contsul

sotting time}

Addod tod

€00 Gt -H20 Grug, 210 G -120 mush Noved. sand, 120 GX -
200 swsh sllica Tlous, 1| 6H ~magnos fum oxida,

15 (H-1) Xory crystalilte und water

16 {G+3) 00 & 150 &1 50 n ho 8 50 uh 270 Gn Pest min
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TABLES

TABLE 110

J37

FEEDING DISTANCES IN UN-TAPERED MACHINED GRAPHITE MOLDS

~HEAT PLATE “UNBER  PLATE  EDGE  SOUND  TOTAL e
MO, THICK- DIA- RISER RISER SHRINK SOUND BEYOND SOUND Tota} Sound
e MESS _ METER_ DIA, SHRINK RISER inickness
BRI 2 | tin, $in. 1 In, No Obs Yes 5/8 % /16  1-1/16 1.0628%
8 No Obs Yes 0 13716 13/18 0.929 .
3/h No Obs Yes /4 5/8 /8 1,16
5/8 No Obs Yas 3/8 9/16 15716 1.50
P8 1.dn, 6 in, 1.,5in VYes Yes  5/8 3/8 i In, 1.0
/8 Yes Yes 9/16 §/8  1-3/16 1,36
3/4 No Yes  §5/8 5/8 =176 1,67
5/8 No Yes 3/8 776 1316 1.30
172 . No Yes 3/16 38 9/i8 1.12
P10 Y in., 6 1in, 2 in, No Yes 374 174 1 In, 1.0
178 No Yes 1716 13716 1-1/2 1.7
34 No Yes 9716 11716 1-i/4 1,6
5/8 No Yes §/16 9/16 7/8 1.40
172 No Yos 172 /16 1-3/16 2,37
P~11 1 In. 6 1lpn, 2.51a No Yos 8/16 /2 I-1416  },0625
/8 No Yes  9/16 172 V-1716  1.21
YA No Yeos i/4 /72 3/4 - 0.75
578 No Yes 5/16 5/8  I5/16  1.50
172 No Yes 174 5716 9/16 i.12
3/8 2 lIa. No, Yes  3/8 3/8 34 1,0
P13 1 in, & In, None Yos  3/16  5M6  1/2 6.5
7/8 Yos 1-1716 3716 |-1/4 1.43
3/4 Yoz 1/2 7716 1516 }.25
5/8 Yes Wi e 578 1.0
V72 Yos 172 /16 1316  }.62
3/8 Yos  5/16  3/8 1ie  1.83
P-4 L ia, S in. 1§ In. Yos Yos 1£2 172 | 1.0
e Yos Yos 1 5/16  1-5/16 1.5
/4 Yos Yos 1/2 172 i 1.33
578 Yos Yes  9/16 il1 i-1/16  1.70
e Yas Yos /16 3/8 13/16 1.60
378 No Yes /8 1716 13716 2,15
P-15 1lin. 5 is. 1.5 Yas Yos /16 38 1-8716 1,56
114 Yos Yeos3 5/8 5116 15716 1.06
3/h Yes Yos 9/16 378 15716 1.25
5/8 No Yos 1/2 5/8 i-1/8 1.8
172 Ho Yes 174 5716 9/716 1.12
/8 Ho Yes  1/8 Wy 8 2,30
2t ) In Eln 7 in Ne Yes 112 5/8 1-178 1.125
771 No Yes 9/16 1/2 -/ 1.2
3/h No Yes /2 11716 1-3/16 1,48
5/8 No Yes 12 5/8 1-1/8 .80
2 No  Yes  3/8  5/i6 11716 1.3}
378 Hoe  Yes M6 36 3/8 1.00°
P=17 Y ina, S in. 2.501n, Wo o 3-i/4 1.25
/8 Ko No 1-1/4 i.43
37 No No 1-1/%  1.66
5/8 o Yes 112 5/8  1-1/8 1.8
/2 No Yos /16 /16 1-1/8 2.25
s No Yos 721 13 34 2.00
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TABLE J11

FEEDING DISTANCES IN TAPERED MACHINED GRAPHITE MOLDS

HEAT PLATE TAPER UNDER PLATE EDGE SOUND TOTAL Ts
0, THICK- DlA<  RISER RISER  SHRINK SOUND BEYOND SOUND Tota} Sound
NESS HEYER_ DIA, SHRINK RISER Ihickness
P2 /8 In, 6 in, 1 In, 2 ne yos t/E i7s 172 & 00
/% 6 t 2 ne yes Uk 1,2 3/4 3.00
3/8 [ 1 2 no yas  3/& 172 1-1/8 3.33
172 é 1.5 2 no yes  3/8 5/8 1 2.00
5/8 é 1.8 2 nc yos  5/8 BT 1-3/8 2.20
374 é 2 2 no yos  3/4 /2 1alfl i.670
1/8 é 2 2 na yos 3/b 172 -1/ 1.440
1 [ 2,5 2 no yas  37% 174 1-1/% 1.2%0
P-75 18 1iIn. 61a 1V in, 2 ne yet 3/% 174 72 4,00
175 [ ] 2 no yor I/h /2 374 3.00
3/8 [ 1 H no yas  1/2 174 3/4 2.00
172 & | F1] 2 no yes 172 17k 374 i.50
$/8 [ 1.5 2 no yes 1/2 172 1 1.60
3/4 [ 2 2 no yos 378 14 5/8 834
178 6 2 2 no yos S5/8 1} 1-5/8 1.86
H [ .5 H4 [ yes /b 1743 1-1/4 1,250
P=26 178 1In, 6 1In, 1 In, 2 no yetr 17k 174 112 k.00
4 6 1 2 no yes /% /4 172 2,00
3/8 6 ] H no yss 172 3/8 778 2,33
/2 [ -1.5 2 no yos /2 174 374 1.50
578 [ 1.5 2 no yas 172 172 | 1,60
3/ 5 2 2 no yes 1/2 o 172 .66
778 6 2 2 no ves  3/4 7L 1 1.14
1 [3 2.5 3 no yos /3 1/4 34 15
P71 18 1In. 6 1n, |} in, 3 no yes 1/8 3/8 172 4,00
% [ 1 3 no yes 174 17k 172 #,00
38 [ ! 3 no yos  1/4 174 1/2 1.31
17 é 1.3 3 no yes 172 1y 374 1.50
548 6 1.5 3 no yes 1/2 172 i .60
344 ] 3 3 no yos 3/8 O 3/8 .50
e é 3 3 no yos  3/4 172 1-1/h 1.5
1 2 .5 5 no yes 38 12 7/8 .87
P U8 im, bin. 1 la, 3 no yos  1/8 /4 3/8 3.00
[14] [ 3 i 3 ao . yes /4 324 1 4,00
3/8 3 } 3 no yes 1/i 7 172 1.33
1/i § 1.5 3 ro yes /8 1/2 3/8 1.75
5/8 ¢ 1.5 3 no yss /2 i/h 4 .20
37k [ H 3 Qo yes 12 /% t-i/4 1,67
18 ] 2 3 no yss  5/B 1 $-5/8 1.86
1 [ 2.5 b] no yes  5/8 /2 j-1/8 L% 3
P-79 1/8In. 6 In, 1 In. 3 ne y2s  1/8 itk 3/8 3.09
174 6 ] 3 ro yes W 14 in 2.00
3/8 6 ] 3 o yes 14 irh 172 1.23
172 6. 1.5 3 [ yes O 0 [} 0.0
5/8 6 1.5 3 na yos /2 W2 1 1.60
34 6 2 3 na yar  S/8 12 1-1/8 1.50
uRo &2 2 e L L [ SV e
1 [ 2.5 3 no yes 578 374 1-3/8 H
f-82 /8 in. 6 in, | In, 4 e yes " 125 2.00
74 [ i 2 nu yet  i/2 YL 778 1.50
378 13 1 1 29 yar 112 by 3% 250
/1 & 1.5 b "o ys2 374 0 E¥ 1,
5/8 6 [ ) i s yos 578 1 /% 117! § oan
l;'l z 1 [ ro vy
7/8 H ] no EL ¥ i- /2 7
1 6. 25 i 149 o s aa TR
P-84 L in. £ n, 1 oin 4 P yes HEES 1ok LY 196
3/ M [ w e i I 1.
3o [} 1 L " see ; 1 i
Vit ‘ s " . o b
v/ [ i b ) H
37y [ ‘:
ifu (2 4 . f 3
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TABLE J11 (Continued)

TABLES

HEAT PLATE TAFER  UNDER  PLATE ~ EDGE = SOUND  VOTAL Ts=
NO, THICK-" OiA-  RISER RISER  SHRINK SOUND BEYOND SOUND Jotal Sound
NESS __ METER DIA, _SHKIRY RISER Thickness
p-88 1/8in. 6 In, 1 In, 4 "o yes i/8 3/8 172 4,00
174 é ] & no yes 1/4 174 /2 2,00
3/8 6 1 4 no yos Ik 3/8 78 2.33
172 [ 1.5 ] no yes 172 /4 3L 1.25
578 6 1.5 [ no yes 172 o /2 1.25
374 ] 2 4 no yas 1/2- 3/4 1-1/74 1.67
s .6 2 4 no yos S/8 172 1-1/8 1.28
1 [3 2.5 LY no yos 376 A2 1-i74 1.25
P-95 1/8 in, 6 in, 1 In, £ yos yes 178  3/4 /8 7.00
174 6 1 5 yos yer /b 174 172 2.00
3/8 ] 1.5 5 ne yes /2 O 172 1.33
172 [ 1.5 H no yas 172 172 1 2.00
5/8 6 1.5 5 no yes 3/8 778 1-1/4 2.00
374 [ H 5 no yos 172 3/4 =174 1.67
178 [ 2 5 no yos 5/8 HWh 1-178 1.28
1 [ 3.5 5 no yos 3/4  3/4 i-172 1.50
pP=10} 1/8 In, 6 in, I In, 5 yos yes /8 3/4 178 7.00
174 6 i 5 yos yes 24 174 172 2,00
3/8 ¢ 1.5 5 no yes 1/4 i/ 172 1.33
172 L 1.5 5 no yes /2 174 3% 1.5
5/8 [ 1.9 s no yes 3/ 12 1-1/4 2,00
37 6 2 1 no yes 3/8 3/4 i-1/8 .50
778 6 2 5 no yes  3/4 ] 1-3/4 2,00
i [ 1 2.8 5 no yes 374 i 1-1/4 1.25
F-10§ /8 in, 6 ta, 1 In. 8 yes yos 172 172 h,00
174 6 1 5 yeos yes 174 174 1.00
3/8 6 1.5 5 no yes 172 ] 172 1.33
172 ] 1.8 5 no yes /4 1/4 172 .00
5/8 s 1.3 H no vés 12 w2 o 1.60
3/4 6 2 S no yos  3/h 3/h 1172 2.00
778 6 2 H o yes  3/4 34 1-1/t L7
1 ' 2 s o yes 34 34 1.1/2 1.3
Pl17 /8 In, 6 En, 1 In, 6 no ves 124 5/8 178 7.00 ,
172 6 1] [ no yes 1/h 172 37k 3.00
g 6 1.5 6 an o 112 /4 7L 2.00
isi 6 1.5 [ [ yes  5/8 174 178 1.75
5/8 ] 1.5 6 no yos 5/8 172 1-1/8 1.80
374 [ 2 3 no yes 5/8 /4 1-3/8 1,83
/8 6 F 5 na yos 37k 374 1-1/2 i.72 '
i [3 1.5 [ no yes 3/4  1/b 1 1.00
o-tae 108 4n, £ la, tog, [3 WG ¥es 178 172 44 5.5%
174 6 H 6 w yes Wk 172 374 3.00 '
3/8 6 1.5 6 no yos 1/2 0 172 1.33
{72 6 1.5 6 no yos 1/2 174 374 1,50
$/8 [ 1.5 ) e yos /2 gas 72 .80
374 6 2 6 no yos /2. iry Irh 1.00
/8 6 2 § e ves /2 1} i 1.3
1 [3 2.5 [ no vos 3/
P-128 1/8 In, 6 ln. 1} in, 6 o yos 174 172 3’ 6.00
L) 3 1 6 no yss 174 /4 2 2,00
3/4 ] 1.5 6 nd yes  3/8 /4 514 1.66
172 é 1.5 [ no yes i72 174 374 1.50
5/8 6 1.5 [ no yus 1723 172 .50
374 [ 2 [ no yos /2 1”4 374 1,00
178 é 2 [ no yos  3/4 174 1=1/4 1.67
i 6 2.5 é no yos 1]

J3?
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TABLES

TABLE J11 (Continued)

D2~2786~8

PLATE Undor Scund J
Haat Thirk- 0la-  Rlear Riser Plate Ekdge Biyuad Total Total Sound
No, ness meter Ols, Taper Shrink Sheink Swund  Riser Sound  Thicknuss
PIG3 1/8 in, 6 In. | n, 7 yus  yes /5 i/ 172 4,00
174 6 i.5 7 no yes 17 i74 172 2,00
378 ] 1.% 7 no yos /6 o 175 W65
172 6 4 7 o yos 17z 5/8 1 i/8 2.2%
5/8 6 2 ? no gas - - - -
3/4 [ 2.5 7 no  gas - - - -
78 6 2.5 ? a0 yes W 3k 1 Y2 1.80
1 6 3 7 no no - - 1172 1.50
PI53 /8 In, 61In, 1 In. ? yus  yes 3716 3/8 /16 §.51
174 [ 5 7 no  yes V74 174 172 2.00
374 [ 51 ? no  yes 172 172 4 2,57
172 1 2 7 no yos 174 1/8 3/8 .15
5/4 6 2 7 no gas - - - -
374 [3 .25 ? 2] Fu2 5/8 72 1 /8 1.50
/78 6 .5 7 no  gas - - - .
1 6 3 7 no gas - - - -
Fish 178 In, €1in. 1| In, 7 ng - yos th 1/ 1/2 4,00
14 6 .25 7 no yor gas 174 1/4 1,00
/8 3 ] 7 yos yos  3/%  3/8 1 /8 3.00
sz [ i H ne you 3/h e 1 1k 2,50
5/8 ] ] 7 no  yss M4 5/8 | 3/8 2.20
3ih [} 2.25 7 no  yas 5/8 578 1 1/% 1.67
ws 6 .35 7 no gas - - - -
1 s 3 7 ne o - - v 1.50
FI6l /8 In, 6 in. 1 n. 8 ho yos 178 3/8 1/2 .00
174 [ 1.5 8 N ves t/u \/4 172 2,00
3/8 6 1.5 8 no ¥o3 174 1/4 172 1.33
/2 ] H 8 no yas £/3 LT IR A Y | .75
s/8 [ 1 8 no yos 1 1/8 e 112 2,h0
37k é 2.875 8 na yos 34 [ VS| 1.33
s 6 2.5 B no  yes 5/8 3/h | 3/8 1.65
1 2 3 L w oo - - 1l 1.50
P162 1/8 In. ¢ . 1 in, 8 ne yes 3/16 /% YZ4% 3.50
§i7% b 1.5 8 no yu3 174 3/16 716 1,78
378 3 1.5 8 wo  yes ih 0 1/4 172 1.33
2 6 2 ] L) roe 5/8 SYL IR V1 2.15
578 6 ? ] no res 3/8 172 174 1,40
34 6 2.5 [} no ™ - - 1 3% 2.33
1y £ 2,5 8 no no - - 1 3/4 z.10
1 6 H 8 a0 - S V4] 150
PI63 I/H in. b i, §.% In. O ne yos gas (YL t7h cw
L) 6 1.5 [’} ne yes gas 1/4 il 1,00
3/8 [ 1.5 8 nu yus 34 W o 3.33
1/2 [ 2 8 ne you 374 326 15716 1,87
578 [3 2 8 no yes 1/¢ YL N V1 2,00
374 [ 2,426 @ 2 yus 514 375 ¢ 1,33
177 [3 2.5 [ av oy Y X Y 1.50
H [ 3 3 ns sz - t W2 t.se
PI77 /8 1n. 6 1In, 1.5 !~ 9 vy yes Jiie t/4 116 3.50
/h 6 1.8 3 [ yut Hu 1/% ije 4.90
3/8 3 i.s 9 nu ¥ 378 1 3/ 3.67
| 4 6 2 < ny yes VLS H AT R PY ] 2.0
s/8 & 2 9 i yes 14/ ire 1172 1.h0
3/h [1 2.2% 9 s yes “fy 3/ i Ot/H 1.83
L] & 2.5 9 B yes JTL T I P AT 210
i 3 1 9 . . T t.0
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TABLE J11 (Continued)

PLATE Under Sound Te
Heat TVhick= Bla-  Riser Riser Plate Edge Beyond Total TYotel Swund

No, _ness meter Dla, Taper Shrink Shrink Sound Riser Sound Thickness

PIZ8 ¥/8 In, 6 in. 1.5in, 9 yes vyes /4 17 3% 6,00
WV € 18] 3 no yes /4 s 172 2.00
3/8 6 1.8 9 no yes /% 174 12 1,33
2 6 2 9 no  yos 5/8 3/8 ) 2,00
$/8 [ 3 2 9 no yes 178 378 1V 144 2,00
/4 6 t.25 S no yes 178 172 1 3/8 1.8
i 6 2.5 9 no yes 3/ 31122 1.80
¥ 6 3 3 no no - - b 1.50
Fif3 i/idmibin. | M, 9 yos vyoa 1/8 s 3/8 3.00
175 [ (5] 9 no  yes 14 378 5/8 2,50
38 é LS % no yes 172 W WS 2,00
7 6 2 9 no  yes 34 1721 A 2,50
578 [ 2 9 no  yes 34 3/8 1 W2 2.0
14 6 225 9 e yes 1 1/4 172 1 34 2.33
s 6 2.5 S ne no - ~ 1 3m 2,10
] é 3 $ m no - - 1 1.50
P208 78 in. & in, §  In.I0  yes yes /3 18 s/8 5.00
174 [ 3 1.5 18 no  yes 3/8 1/ S48 2,56
3/8 (3 1.5 10 yss  yos 378 i/2 /8 2.3
7t 6 4 16 no yes pY4 ] 3% 1 W2 3.00
5/8 6 3 10 no  yes 1 S/8 1 /8 2.60
374 6 1.5 10 wo yes | Y T §.86
73 [ t.5 10 no  yes 3/% 121 I 1.50
1 ¢ 3 6 o no - - vz e
P2 W8 In, 6 In. | e, 10 yes yes 316 34 96 bso
[74] [ 3 i.s 10 m yrs 172 vy n 3.00
3/8 6 1.5 10 no yus 3ie 378~ 30 o
172 [ 1.5 m no vos | 172 1 12 j.o0
578 13 2 10 no yos »/8 87 114 2,00
34 [3 2.5 19 ne - - 13 2.33
778 & .5 10 nu yes 172 S/t s i 14
) 6 3 1Q s o - - Vi 1.%0
#2315 §/8 ta. 6 In. 1.5 1n, 30 yus  yu s 174 16 1.00
Itk [ 3 1.5 i0 nu yus 3/8 3/8 374 3.00
3/8 é 1.8 10 o yes /2 378 P 2,33
172 3 H 0 no yor | 37k 1 314 3.50
5/8 [ 2 to no yes b2l ) 21 38 2.20
k721 3 1.5 10 no yesy 578 ) 1 /8 2.7
e 6 .5 10 no yos 374 172 112 1.43
] 6 3 10 an no -~ - t 172 1.50
*268 B In, 6 in, 1 in, §! yes  yuy 174 1723 374 6.00
1h é 1.5 tf 0 yos 3/8 172 78 2.16
3/8 $ 1.5 1 e ey 172 72 2.56
1/2 [ 2 i1 n yos |} 3/8 1 328 275
578 6 .25 H no - - 1778 3.00
374 6 2.5 1 ne  yuv {18 /8 1172 2,00
8 é 1.5 i o~ yur 7a tin .7t
¥ 6 3 1 no gas - - - -
P2F3 1/B tn, 6 00, | in. 1 Y08 w3 18 174 5216 2,50
W [ i.5 it no yus 3id 174 5% 2,50
3u [ 1.5 [ LI wos | b 1 an 4,90
1721 [ H 1" no yes | 178 4 1 3% 2,74
5/8 8 .1 i nu yus 3h Y 2.50
MG & 15 i gay - - - -
VL] [ 3.2 1 vus  gus 172 LY h R'1Y
I é 3 H nc o - - 17t 1.5
P3N /8 kn A n 18 a2 10y yss - - - -
Y & 1315 12 23 v 1/4 116 b 1Yy b, s
3/8 & H 12 o PRI F1 Y S/ VL [ 3]
12 & 2.5 12 nu yer 1 306 3/g 1 ysie 3.13
b4 & 2.5 ¥ lu o - - YA )
Iy 6 2.3 12 ey -t - - 1 3 3.0
1 6 .5 12 o ay - - 1 3k 3.1t
i 6 3 12 oa " “ - (I Vij 1.5
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TABLES

TABLE J12

D2-2786-8

FEEDING DISTANCES IN TAPERED RAMMED GRAPHITE MOLDS

x AP WoEh  PLATE EBGE  Sousb  NOTAL YT
¥,  THIGK- DlAc  WISER RISER  SHRIRK SOUND BEYOND SOUND Jotal Sound
NESS  METER  DIA, SHRINK RISER Thicknoss _
P30 1/81tn, S1in, Tin. O yes yes /& /8 170 2,00
"s é | 4 0 yos ves 1/h 743 38 1.50
/8 6 1 [}] yas - yes /b ) 1 74 1.33
1/2 [ 1.5 L] yes ves /% [ 1/ .50
5/8 [ 1.5 0 yes yes /2 38 178 1.40
3/ 6 2 ] yos yes 1/2 § 1-1/2 2.00
/8 [ 2 [} no yes 3/8 172 /8 N
1 6 2.5 0 yes no e h-3/4
r-952 178 Ix, 6 in. 1 In, [} yos yos 1716 /8 ne 1.50
17% 3 1 ] yas yes 174 1/ 17 2.00
3/8 6 1 [} yes yes U4k /4 v .33
172 [ 1.8 [} yes yos 174 1716 5/16 620
48 € 1.5 ] yeos yes 378 5716 11718 1.09
3Mh ] 2 0 no yos 3/8 172 118 1.166
/8 ] 2 [ no yes 1/2 4 Tetsh 1,03
1 ] 1.8 ] yes gas
P93 ~ 1/81In, $in. 1 1n, 0 vee yos /8 1 17 1.00
74 8 1 ] yos yos 1/h 175 172 2.00
38 ] 1 (] yas yes /4 ih 172 1183
172 [3 .5 [} yes ves 174 1718 516 624
$/8 [ 1.5 4 yo3 yor 38 AL L 1.09
/4 [ H 0 yos yes 3/8 1/2 18 1.166
78 ] 2 L] yor yes 3L 8/16  1-8/16 1,50
H [ 3.5 ] yas yoo 1 172 1-172 1,50
P94 178 In, & in, | In, 1 yeo yes 316 1/8 s/é 2.50
174 é i i yeoi yas 7% W 172 2,00
5/8 [ i 1} yes yos /4 1/2 34 2.00
/2 [3 1.8 ] yes yes 3/8 i7h 5/8 .25
/8 [ 1.5 1 yes yes 1/2 5716 13716 .30
h [ 2 ] yos yes  5/8 3/h 1-3/8 1,88
175 [ H 1 yes ves I8 3% 1-3/78 .86
[] [ 3 .8 1 no no 1-1/2 1.50
r-97 /8 1n, 6 In, 1 In, 1 yes no 316 /6 1116 3.50
i [ ¥ ¥ yes yes 1/h 174 172 2,00
3/8 [ ] H yos yes 3/8 14 5/8 1,67
[¥73 [3 1.8 ] *yes yes 1/2 374 1-17% 2,50
/8 6 1.% 1 yos yea  S/8 34 1-378 1.16,
3/4 [ 2 ] ne yes 172 578 t-1/8 1.50
778 [ 2 1 yos yos /4 3% 172 .50
] 6 2.5 i no no
#-103 1/8 in, 6 In, 1 In, 1 no yes 3/16 1/8 5716 1,50
1/ [ 3 1 1 no yas /& t/a 17z 2.00
3/8 [ 3 1 1 yos yes 3/8 HAS Fig:] 2.3
173 3 1.5 1 no ves 172 3/8 /8 £.75
5/8 [ 1.8 1 yes yes V/2 1/2 H i.69
/6 6 2 1 no yag 172 /2 ] .33
106 ° z B ras res  37% 30k LI P v
i 6 2.5 4 no no
#1035 /8 0a, 6 dn. ) dn, 2 yes ves 3/16  1/8 5/16 2,50
/4 [3 ] 2 yes yous i irk /2 2.00
3/8 5 H 2 yeoe yas 176 174 12 1
1/2 [ t.5 2 yae yes  3/B i/ 5/8 .25
5/3 < ' 1 Yot o 197 372 i 1.69
374 6 2 2 nn vos 3/ 3/a I-172 2.00
/8 6 2 2 y=s yis /b | [ES ¥ 2.00
) L1 2.8 2 on ne: cas
F-itl 179 'n, & I, I in, 1 e it ifh ik 152 L nn
i/4 % t 2 yas yos  1i% 17k i/2? z2.90
3/8 4 1 2 yes AT L] t/2 1.33
I¥H $ 1.5 ? ves st 3+8 5116 ii/6 1.37
515 s 1.5 H yes e 1 H ik 1.0
YA 5 ) 7 = 2 HEL) 1) 1. 3/8 2.0
3 . N ) - . i vey ton Vb
: L 2.5 1 - )
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TABLE J12 (Continued)

TAPER  UNGER  BLATE E0GE  SOUND  TOTAL Te

HEAT BLATE Fota! Sound

NO, THICK-  DFA- RISER RISER SHRINK  Sounp BEYOND Ssounp ots! Soun
NESS HETER  oia. SERiINK Ritse Th':t. sy

P13  js8 In. 61, In, 2 yes ¥y 31716 iy 2/16 3.5%0
1% 3 1 H yes yos 174 ik 1 744 2,00
3/8 [ 1 F yes yes  1/4 1 741 743 .50
ir2 6 1.5 2 no yes 1/2 3/8 1/8 175
5/8 & 1.5 ? yos yes  5/8 174 7/8 1.5
3% [ 3 2 H _no Yas /8 /4 i-3/8 1.83
/8 [ 4 H no yes /4 B 71 1-378 .57
] & 1,5 no gax

na

P<lle  i/4 tn, 6 in, 1.5 1n, 3 o yes 18 18 174 20
174 6 1.5 3 no ves W4 ifh pa 2,00
38 H L3 s no bl 72 SR Y P Y™ 1,67
28 2 3 no veo B2 tp 3 Lo
8 6 2.5 3 no Yos 172 172 404
34 é 2.5 3 no yas 172 3/8 2/8 1,167
778 6 2.8 3 no yes  3/h 7 1172 L
1 L3 3 3 ne ne

PetI8 178 1n, ¢ In, L3 In, 3 no yos 1/8 148 174 2,90
174 6 1% 3 no yos 3/8 172 778 3.50
3/8 6 1.5 3 no yos 1/2 1z ] 2,67
172 § 2 3 no yes  3/8 172 178 1.75
5/8 13 4 3 no yes  5/8 ire t-1/8 i.8s
374 [ 2.5 3 a0 yes 374 34 I-172 2.00
78 6 i.5 3 na ey I/h 34 1-1/2 Ln
1 6 3 3 no no

P=121 V78 in, & Ind 1.51m, 3 no yes /8 W4 3/8 3.00
174 [ 1.5 3 ae yes 3/8 1/2 ir8 2,86
3/8 é b5 3 no yes 172 i72 ] 2,66
1/2 [ 2 3 no yes 172 {72 ] 2,00
5/8 [3 2 3 ne yes /2 172 3 1,60
374 & .5 3 Ao yes 5/8 374 1-5/8 2,12
/8 [ 2,5 3 no yes /4 172 t=1/4 .43
i [ .5 3 no gas

no

2123 /8 in. $ 1, 1.5 in, & no yes 1/4 174 i/2 4,00
/% 6 1.5 & no yes 3/8 126 e 2,86
3’8 6 1.3 4 o yos iz 172 1 2,66
t/2 § H 1 no yes 578 172 i-1/8 2,50
5/8 b3 2 I e yes 172 4 374 I.2
374 6 2,5 & ne ¥ 58 p2 1-178 1.30
178 [ 2,5 % no yos  1/2 7/8 =378 E.57
i 6 3.5 [ no no 1-1/2 .12 1.50

P12y 18 1n. 6 th, i.54n, 4 no ves /4 3/8 $/8 £.on
ik 6 1.5 4 no yes  3/8 172 148 2,86
3/8 [ L5 b yos yos  3/8 /4 5/8 .66
172 6 1 4 no ves  I/h 1/2 34 1.50
5/8 6 2 4 no yos §/8 /% 1-3/8 2,20
34 6 2,% 4 no yes /2 14 374 i.00
/8 6 2.5 4 no na 1-3/6  §-374 1.00
i & 3.5 & no ng

P-135 /8 in. & ir 1.54n. & no yos  i/8 5/8 172 LR
T4 6 LS L] no yes BG4 3y 5/8 2.50
178 [ LN b no yas 174 1r2 Y1) 2.¢0
/2 6 2 4 np yes §/2 172 i, 2,00
578 [ H 4 no yYes )72 374 t-i/4 2,00
/% [ .4 4 no Yes  L/% /2 t-t/y 1.50
178 & 1.5 4 no au 3/ 171 -7y 1.43
' [ 3 LY no no
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TABLES D2-2786-y
TABLE J12 (Continued)
HEAT PLATE TAPER  UNDER PLATE £OGE SOUND  YOTAL TS
O, THICK- DIA-  RISER RISER  SHAENK SOUND BEYOHD  SOUND Yeta' Saund
NESS  METER DIA, SHRINK RISER Thicknnss
P-126 1/81in, 6 1ln, 1.51In. 5 no yos I/ 1/h 1/2 4,00
174 3 1.5 5 no yos 3/8 174 178 3.50
3/8 [ 1.5 5 yeos yos 172 172 1 2,57
172 6 2 S no yes 3/4  5/8 1-3/8 2,75
5/8 ] 2 5 no yoes 3/4 1 1-3/4 2,80
374 I3 2,5 5 no yos  3/h 34 1-1/2 1.7t
7/8 1] 2.5 H no
H 6 3 5 no
P-127 /8 in. 6 in, 1,5 1In, § no yos 1/4 176 /2 4,00
174 3 1,3 s no yes 378 i/2 7/8 3.50
/8 6 1.5 H no yss 172 /8 1-378 3.67
172 [ 2 5 no yos 5/8 3/4 1-3/8 2.75
5/8 6 2 5 no yos 374 374 iel72 2,40
3/h 3 2.5 5 no yer 374 3/ [ VH] 2.00
178 [3 2.5 5 ne a0
1 [] 3 H no no
P-133 1/8in, 6 In, 1.5 1In, § o yes 1/8 174 3/8 3.00
1LY [ 1.5 5 au yes 3/8 13 5/8 2,50
3/8 3 1.5 5 no yes 172 172 1 2.57
1/2 3 2 5 no yes 578 172 1-1/8 2,50
5/8 5 2 3 no yes  3/h if2 1-1/4 2.00
30 “ 2.5 5 no yos 374 374 1-1/2 2.00
178 [ 2,5 5 no gas
1 [ 3 13 no gas
¥ 134 /B In, 6 ke, 1,514, & 13 63 78 12 1] 5.00
175 [ i.5 3 no yes 3/8  3/8 3/4 3.00
3/8 6 1.5 1] no yes 1744 172 i 2,67
12z [3 2 3 no yes 172 3/4 1-1/4 z.56
$/R 6 2 4 no yes  &/8 /1 1-1/8 1.80
4 < i [ no gus
/8 & 2.9 6 noe gas
I 6 3 3 no ga3
PI35 /8 1. 6. 15 6 o yes 9 38 LA N
1/% [ 1.4 6 no yes 3y 172 e 3.50
378 6 1.5 6 yes yes 172 874 1178 351
112 6 2,0 [ nu ves 172 s/ i/ 2.2
5/8 b 2 6 o yus 3% 3/b 12 2.0
3 6 2.3 6 o yas 3% 3/ 1172 2.00
778 6 25 6 o yes M2 3 VWA gy
! 6 3 6 no g3 - - N -
F167 /8 1o, 6 in, 1.5 1n, & nt yes gus /8 374 3.00
174 6 1.5 6 no yeu 374 3r8 34 3.00
78 o 1.5 6 yos yos 12 548 '/ 3.5
/2 6 2 o o yes W4 578 ME s
578 6 2 6 o yos 1172 0 1za 230 4
34 6 25 % o yoo S0 5w VWA
705 & FOr ing gre - - -
1 ° 3 4 no gus - - -
P16 179 6oan. 0y n, g " yes  Meootra 149 s
"4 3 1.5 7 no res 1/2 P G
379 6 s} yes P L B 7L R
W 6 2 7 - res 575 Pire 6 3y
5 & 2 7 - - - ¢ 3.0
374 [1 ‘4 i o Vi3 - - . -
778 3 2.¢ 7 o w - - ! 3h z,00
: £ 3 H . s - - - -
Fivy ifg L. b5 im. g o res Je »id i o
ih 4 1.y 7 - 3id st ! Vo L
370 ¢ s H e 12 Vs v 1.4y
172 1 2 > . T P &
1Y% & & 7 3 -s 2 3.
Mh (3 2.9 1] P . - - T 7w
1 £ i L.y ! ' - B -
i [ 3 ! . e B




S S

D2-2786-8 TABLES J45

.
TABLE J12 (Continued)
PLATE Under Svund Te
Heat Thlck- Dia- Riser Riser Plate Edgo Beyond Tutel lotal $ound
No, ness  woter Dis, Yaper Shrink Shrlok Sound HKlser Sound  fhickeess
PiZl /B in. 6 la. 1.51In, 7 no yes 374 376V 8 9.00
174 6 t.5 7 no yus 54 172 1 1/8 4.50
378 6 1.5 ? yes  yos 142 778 1 3/8 2,15
172 [ ? 7 no yes 172 3/8 178 t75
5/8 [ 2 7 yes  gas -~ - - -
34 6 2.5 7 no gqus ~ - - -
/8 6 .5 ? no gas - - - -
1 6 3 7 no no - - 1 /2 1.5
PI172 /8 In. 6 In. 1.5 0In. 8 oo yes 3/8 s 1 1/8 9.00
174 6 1.5 8 no yes i | 1 3/8 5.50
3/8 6 1.5 8 yes  yos gas | ] 2.67
172 [ 2 8 no gas ~ - - -
s/8 & 2 8 yos  qas -~ - - -
b4 6 2.5 8 no  gas ~ - - -
/8 3 .5 8 as g - - - -
1 6 } 8 no gas - - - -
Pi?23 18 In, 6 In. 1.51n, 8 yes  yos 3/8 s/8 | 3.00
176 6 1.5 8 no yes W2 31 5.00
3/8 6 1.5 8 yes  ves /8 5/8 1 2.67
/2 6 2 8 no gas - - - -
5/8 & 2 8 yes  yes i/2 5/8 1 i/8 1.40
3/4 [ 2.5 8 no gas - - - -
178 [3 2 8 no 248 - - - -
i 6 3 8 no gas - - - -
?172% 1/8 in, 6 In, 1,51n, 8 no yos /2 w2 ot 8.00
174 6 1.5 8 no yes 1/2 /2 g 4.00
/8 [ 1.5 8 yer  yes 5/8 7/8 114 3.30
172 [3 2 8 no gas - - - -
s5/8 6 2 8 yus  gas - - - -
3/4 [3 2.5 8 ne gos - - - -
8 & 2.5 8 no gas - - - . -
] 6 3 8 o gat - - - » -
PIJS /B 6 1.5 9 no yes gas | i 8,00
174 6 1.5 9 no yes % VI8 2 8,09
3/8 b 1.5 9 yes  yes /2 1 /2 .oe
/2 [ 2 9 no gas - - - -
5/8 6 2 9 yes ny - - 2 3.2
3/h 6 2.5 9 no gas - - - -
/8 [ 3 2.5 9 yos  gas - - - -
1 £ 3 o - 3ot - - -
PISS /8 1In, 6 In, 1,510, 9 o yeo Yus 576 »/8 5.00
14 [ £y 9 o yes 1] 178 4,00
$IL) 1 1.y 9 yv3 yus 174} 3/h 173 2,46
17 & 2 L] nu yos 172 /8 1 3/8 2,75
5/8 6 3 Y yes  yus 112 Jis | B 7.
3ih 1 2,5 3 ot no - - 1oas .34
18 6 2.5 9 " e - - (Vs 2,00
1 6 3 9 nv gy . - - - * -
P15 /B 1o, 6 Ir, 1.51In, 9 ng yea 478 178 1 172 to,u0
174 6 1.5 9 yes  yos 174 178 1 s 4,50
376 § 1] S X BT e V178, 1 Lt L H
172 & ? 4 rase "s Y 5/8 7y 'k
519 ® 2 ] ey ne - -2 3,20
W4 [ 2.% 9 " s - - I 3/h 2.3h
/6 6 2.5 9 " gy - - - -
i & 3 g " ysk - - -
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TABLES D2-2786-8
TABLE J12 {Continued)
PIATE Under Sound [
Heat Thlck- bla-  Rlser Riser FPlate Fige Beyund Tots] JTotal Sound
M3, nosy  motyc  Ols, Taper Shrink Shrink Sound Rlser Sound  Thlckness
Pi3s 1/8 in. § In, 1.5 In.10 o gas - - - -
174 & 1.5 10 yos  gas - - - -
3/8 $ 1.5 1] yos  gas - - - -
12 $ 2 i no gas - - - -
5/8 [ 2 1] yes  gan - - - -
/4 4 2.5 10 no gay - - - -
/8 S 2.5 10 yos  pat - - - -
H é 3 10 no as - - - -
PIS6 178 In, 6 tn, 1.5 In l0 ny yrt 6 1174 1 /2 10.00
174 ) 1.5 10 yes  yos U8 1 1 3/8 5.%5¢
/8 [ 1.5 10 yos  yus 172 3 I 31.33
172 $ 2 10 no yor /8 1 13/ 2,75
578 3 2 1o o gas - - - - -
b A4 6 1.5 0 . no - - t 34 2.33
e 3 2.5 10 no gas - - - -
1 [ 3 o ne no . - § 172 i,50
PIOC /B In, & tn, 1.5 In.iC na yes 1/ F 7L B P t0.00
174 6 1.5 16 yes  yes 7k 1 1174 6.7
378 ] 1.5 10 yos  yes r v/ 2 5.34%
i/72 6 2 o no - gas | 3/8 1 S/8 3.2
5/8 ¢ 2 HY yos no - - 2 3.0
3% 6 .5 ie no - gas 1 1/4 1 I/4 1.67
/8 [ .5 to no o - - 1 172 1.72
¥ [ ) 10 (] - - 112 .50
P275- M8 tn, 6 in. LS dn, 11 0o yos 1716 3 13716 6.50
v 6 2 M ne yer 8 112 5/8 2.50
3/8 6 F il a0 no . - 2 5.3h4
1/2 [ 2 If no gas - - - .
P275- 1/8 in, 6 In. 1.5 4a. 11 no  yes Wh 172 s &.n0
1 /% [ 2 11 no  yes 3/8 V 1/ 1 58 6,50
3/8 6 2 it no no - -~ 2 5.3
1/2 [ H o e ou - - 2 4,00
P278 /8 1n. 6 In. 1.5 In, 11 yos yes i/4 U3 1 8.00
1% [ 2 H ae yeu 14 341 4,00
318 6 2 il ne vyes 3/8 o 2,46
¥/2 6 2 ' yos  gus - - - -
*23 /8 In, 6 In. 1.5 In. 12 no  yes 172 Vol 3/4 6.00
174 & z 12 ne  yes 28 1 /41 S/8 6.%e
vy 6 2 12 po gas . . _
12 6 s 12 no o - - . 308
P23 MWE o, & ln. 1.9 Ila, }7 no ves e W1 38 t.ou
iy 6 2 i1 po yer M LU ME L0
3/8 b 2 I no no - - - 5. 34
12 ¢ 25 12 e s - - - 3.5
Pagi /8 in. b iil jos In, 1 yes  yes 1/ 0 I /4 io ua
iZ5 @ F i po g - - .
3/8 & 2 12 . wa - .2 5. st
/g6 2% 12 ae 7 VN N V7 I
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TABLE J13

FEEDING DISTANCE IN HEATED MACHINED GRAPHITE MOLDS

- PLATE —— Hhadet Sound Ta
Heat  Thicke Dla- Riser River Plate Ladye Beyond Teotal Jotsl Sound
Ko, nwees muter Dla, _Tapusr S fpk She Lok Sound Riser Scnnd Thicknass
rHOD 178 b ] 0 "o yes /e 1 ¥41 178 1,06
1/h 6 li [ s yos 1/8 ] Y 0.5
378 I t o o yes 176 ] ¥ 0.66
172 6 Fi b no yus i/h 0 15 0,50
5748 6 e L] no yus 172 trg 541 t,00
374 [ I% [ no yes 172 174 374 1,00
7/8 [ z, 0 na yos V2 174 3/ 6.46
1 6 3 a twy yeas 114 172 LIS 74 4] 395
PhO2 [ ¥2] 6 1 0 no yes /16 0 1716 0.4%0
(Y2 6 i ] aa yos 12k ] 1/h 1.00
38 1 } 1] no yes 378 [ 8 1.00
172 b Z (1] no yes 172 178 w8 .75
54 9 z [} no yus 172 0 1/2 .40
3/4 & 2 0 o you L ¥ 4 /% L .00
278 [ 2} 0 nu yos 12 178 LY o.71
] [ 3 o no yes 3% Wk { 1,00
rhio | V] b l% 4] na yes 174 [ 178 1.60
174 [ ] o s yes 1/h u 174 {,00
378 6 li ] ne yes 374 /4 478 1.66
{72 6 2 [\ no yus ¥r2 [ 172 1.00
(4] 1 2 [ ne yos tr2 [ 72 0.80
3/4 6 2 4] e yes 76 /4 2/8 i 16
178 & 28 ] no ves 1/2 1721 578 0.7
] 6 3 © s yes 3% tsh H t.00
ro1t 178 & } ] Y yeu 1y 1744 3/b 1,50
1% 6 1 i T yes i/h n 17k 1,00
I I3 i t s yu~ 3y a 3y 1,00
147 b 2 § no yus if2 V2 § 2,00
v 6 ¢ i "o yeie 177 174 wy 1,00
§7h [ a4 1§ "o yes 172 [} 172 C.Lh
2 o 2 i s you 3% 0 375 0,80
t O 1 I o yeu L1 174 i a.
Fhst 1/u {; ' ; H ne yeu n ra (¥a1) .00
124 (3 ‘f H ) yes t/e | V2] ik g
/8 & 1} 1 Yo PZON 3/u N V4 112 [ I E]
172 [ 2 i o yes £V Wh 18] | P23
571 O 4 H I yus 1/7¢ 1] 172 i1, 5583
i/h é s i e yes 1744 1/h 378 boon
174 P2 A 1 o yen 34 o 3/8 0.y
s o i i uts ye ite ifé i owa LY
Fhilps, /4 & 13 } e yry | W41 n W 1.0
t/h & l¥ H fn yeu tru [ 1ru 0,%
i’ (A 124 i 0 ye~ V/h /16 YAID 0.4
¥ [ F3 } [ ¥ 178 0 374 .2
/4 'S 7 } faer yo 1// a 1/2 &t
Iy 6 2 } ner P i 1 I7c boue
178 b 23 1 e 'R X t/h 1 /% [T
1 6 3 i e e [ ¥t |
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tndar
Haat  Thlck~ Riser atoe Edipn
No, ness Tapor Shyluk  Sholuk  Sound

P47 1/8 6 1 3 nu yes 1/h
l/'l 6 li 3 no yus ‘I"i
378 & H 3 7o yos 1/
1/2 [ 2 3 no yus 172
5/8 6 2 3 yes yeu 172
3/ 6 Zi 3 no yeu 172
716 6 2% 3 ne yuu 1/?
i 6 3 3 no yeu 172
PLB7 /4 6 l} 3 no yos /4
1/h ¢ 'f 3 yes yi:s 174
3/8 6 I3 3 yus yuh 1/h
/2 6 2 3 nn you 178
5/4 6 ? 3 no ¥y 172
3/4 6 Zi 3 no yos 172
118 6 2 3 no yus 37h
1 6 3 3 no yiy [v1]
U0 1/8 6 i 3 0o yes 1/8
i 6 1 3 yus yus 1/h
3/8 o i) 3 yus you 3/8
1/2 6 2 3 no yos 1/2
5/4 6 2 3 yes yos 1/2
3/4 6 Zi 3 nu yos 1/2
7/8 b 2 3 no yos 1/2

I & 3 3 na yus i
rs02 1/8 6 1 5 ho yus 1#h
1/h 6 i 5 no ves 1L
3/8 6 ] 5 1 yus 1/h
Wz 6 2 5 no yes 1/2
5/d [ 2 5 yes yrs 1/2
3/h [3 2 Y na yeo 174
1/8 & 2 5 yu» Yoo 30

| & 3 o nu yes i

50l 'y i 4 303 yes LFATA

i B s nu yus 14
3/u ) t 5 an veos 172
12 1] 5 yos yoo e
Ly 2 b Yoy o it
3/h I3 9 ne yu $/h
170 11 A yims yo 3/
} 3 5 se2 [ e 1
iy i} ) e Yoo boh
i % s RN (K8
i " " ye s
: h " 3 L2}
b i Iz ifn

4 " v i
g Y- LrAl
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TABLE J13 {Continued)
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TABLE J13 {Continued)
- PLATE Under Sound Ts
Heat Thick- Dia- Riser Riser Plate Edge Beyond Totat Yotal Sound
No, ness meter bis, Taper Shrink Shrink Sound Riser Sound Thickness
P506 1/8 6 i 7 yes yes /4 0 174 2,00
1/ 3 i 7 no yes 1/4 /2 3/6 3.00
3/8 6 1 7 no yes 172 3/4 1 1/% 3.00
172 [ 7 no yas 172 174 3/4% 1.50
$/8 6 7 no yes ] 172 1172 2.40
376 6 7 no yes 3/4 /4 1 1.33
Y4 ] 6 3 7 no yes 5/8 /2 118 1.28
1 6 3 7 no no - - 1 1/2 1.50
P507 /8 ] 1 7 no ves 174 174 1/2 4,00
/% [] li 7 no yes 174 174 1/2 2.00
3/8 6 I 7 no yas 172 /6 1 1/ 3.00
172 6 2 7 no yes /2 14 k7L N 1.50
5/8 6 2 7 no yos 3/4 172 14 2,00
374 6 3 7 no yes 1 172 112 2,00
1/8 [ 7 no yes 1 172 1172 1.73
! 6 3 7 no re - - 1 12 1.50
P3508 178 6 ! 7 no yes -1/8 ] 1/8 1.00
174 6 I 7 no yes 174 1/8 3/8 1.50
3/8 & L 7 yes yes 3/8 e 5/8 1.67
/2 6 2 7 no yes 1/2 3/4 1 /k 2,50
s/8 [ 2 7 no res 172 ] 1172 2.40
374 6 ;1 7 no yes 3/4 3/8 11/8 1.50
1/8 § 7 no i 88 7/8 172 13/8 1,64
] ] 3 1 no no - -~ 1 1/2 1.50
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TABLES D2-2786-8
TABLE J14
FEEDING DISTANCE IN HEATED RAMMED GRAPHITE MOLDS
PLATE Uad-r Sound Ts
Heat  Thick- Dla~ Riser Taper Riser Plate Edge Beyond Total Total Sound
No, ness Meter Dla, Shrink Shrink Sound Riser Sound Thickasss
{didn't
P383 1/78 6 i 0 no yes fIil) 0 0 0
1W/h 6 H 0 yes  ves 1/8 3/16 5/16 1,250
3/8 6 1 1] yes  yes 1/4 3/16 7716 1,165
/2 6 li 0 no yes 1/8 174 3/8 +750
5/8 6 1 0 yes yes 3/6 3/4 1 1/8 1.80
3/4 6 2 0 ne yes i72 /72 1.33
7/8 6 2 0 no yes 5/8 1 1/8 1 3/4 2,00
) 6 2% 0 no yes 5/8 /4 1 3/8 1,375
P384 1/8 6 i 0 yes yes - /16 1/8 3/16 1,50
174 6 i 0 yes  yes 1/8 3/8 1/2 2,00
3/8 6 | ] yes  yes /4 174 1/2 1.33
1/2 6 li 0 yes yes 1/8 gas 5/8 3/4 1.50
5/8 6 1 0 yes  yes 3/8 5/8 i 1.60
/4 6 2 0 no yes 1/2 72 | 1,33
778 £ 2 o yes  yes /2 778 1 3/8 1.57
i 6 2% 0 no nc v a/h 1.750
P385 i/8 6 1 o yes  yes 1732 o /32 .276
1/4 6 1 o yes  yes 1/8 174 3/8 1.50
3/8 6 1 o yes  yes 1/4 4 2,67
172 6 73 0 no  yes /4 7L 2 2.00
5/8 6 Ii O yes vyes 38 /2 /8 1.40
/4 6 [ 0 no yes 172 3/6 Y I/ 1.67
7/8 6 2 0 yes  yes /2 1 1/8 1 5/8 1.86
1 6 2k 0 o no 1 3/4 1,75
P86 178 6 } i yes  yes 0g 0 0 ]
1/4 6 } 1 yss  yes 1716 g /4 L6 1.25
3/8 6 i } yes  yes 17 g 3/8 5/8 1,66
1/2 6 H 1 ves  ves 3/8 g /2 7/8 i,75
f{? g l; 1 yes  yes 3/8 1/2 7/8 1,40
i - S . et F AT e e O t 1O 430
778 6 2 1 no yes 172 ] 1172 .71
} 6 3 i no no 1 1/2 1.50
P387 1/8 6 } } yes  yes 0 gas /8 1/8 1.00
i’h 6 } i yes  yes if8 g i/8 ik 1.00
378 £ : i y&s  yas i/h ik g 2.67
1/2 6 li 1 yes  yos i 1/¢ 3’4 b.50
5/4 6 ¥ i yes  ves 174 VLI 160
3/4 6 2 i nou yes 5/8 1/2 1 /8 }.50
7/8 [ 2 i yes neG i 37k b1/ 2,00
} 1 3 H no nu i 3/8 1,75




D2-2786-8 TABI ES Jo1
TABLE J14 (Continued)
FEEDING DISTANCE IN HEATED RAMMED GRAPHITE MOLDS
PLATE Under Sound Ts=
Heat Thick- Dia- Riser Riser Plate Edge Beyond Total Total Sound
No, ness Meter Dla, Taper Shrink Shrink Sound Riser Sound Thickness
P388 1/8 6 1 1 yes  yes 0 0 0 0
Y4 6 1 1 yes  yes 1/8g 1/2 5/8 1,50
3/8 6 1 } yes  yes 174 /4 2,67
1/2 6 li 1 yes  yes 1/4 172 374 1,50
5/8 6 1 1 ves  yes 1/2 72 1 1.60
3/4 6 2 1 no yes 172 /2 1 1.33
7/8 & P) i yes  vyes /2 3k 11/ 1.43
1 6 2% H no no gas b 374 }.750
P389 1/8 6 1 3 no yes gas /4 Y/4 2,00
1/4 6 I 3 no yes gas 178 1/8 .50
3/8 (3 1 3 no  yes 1/ g 1/h 1 2,67
/2 6 2 3 no yes 3/8g 3/% i 1/8 2,25
5/8 6 2 3 no  yes 3/8 9 172 7/8 1.40
374 6 2 3 na no gas 1 374 2,34
1/8 6 2 3 no no gas 1 3/4 2.00
! 6 3 3 no no HI X 1.50
P390 1/8 6 i 3 no  yes gas 174 174 2,00
174 6 [ 3 no yes Vh g /4 i/h 1.00
3/8 3 } 3 no yes /89 1/8 174 }.667
172 6 2 3 no yes 3/8 172 778 1.750
5/8 6 2 3 na yes /2 i/ 1 1,60
i/ 6 2 3 no yes 5/8 15/8 2.17
7/8 6 2 3 no no gas 1 3/4 2,00
i 6 3 3 no no gas 1172 1.50
P33l 1/8 6 ] 3 no yes gas gas 0
1/4 6 1 3 no yes 1/4¢g 1/8 3/8 1.50
3/8 9 1 3 no yes /4 174 1/2 1.33
172 6 2 3 no yes 1L 1/2 3/4 1.50
5/8 6 2 3 no - yss 1/2 LY VL 2.00
3/4 6 2 3 no yes 172 1172 1.02
2/8 6 e 3 no no gas 1 3/4 2.00
| 6 3 3 no no gas 1172 1.50
P3g92 1/8 6 1 g no ves 1/2¢g 1/2 |} 8.00
17k 6 1 5 no yes ifh g 174 172 2,00
3/8 6 1 5 no yes 1/2 $/8 1 /8 3.uu
1/2 ) 2 5 no yes 172 3/ 1 I/h 2.50
578 6 2 5 no yes V1 /2 /2 1 1.60
3/4 6 2} 5 no no gas b 3/4 2,80
78 6 2} 5 no no gas V 3/4 2,34
I 6 3 5 no ne gas Vois2 1.50
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TABLES D2-2786-8
TABLE J14 {Continued)
FEEDING DISTANCE IN HEATED RAMMED GRAPHITE MOLDS
2LATE Under ] Sound T=
Heat Thick- Dla- Riser Riser Plate Edge Beyond Total Total Sound
No ness Meter DBla, Taper Shrink Shrink Sound Riser Sound Thickness
P393 178 6 ¥ 5 no yes 8g ir4 ik 4,00
174 6 14 5 ne yes . Yk g 3/8 5/8 2.50
3/5 6 H 5 yes  yes Vhg 1/4 1/2 1.33
172 6 2 5 no yes 3/8 /46 1 1/8 2.25
5/8 6 2 5 no yes 1/2 /4 1 1/4 2.00
3fa 6 Zi 5 no yes 172 | 1 172 2.00
7/8 6 2 5 no no I 3/4 2,00
i 6 3 5 no no 1 1/2 1.50
P394 Lo 6 1 5 no yas . gas /2 1/2 4,00
14 6 [ 5 no yes 176 g 1/2 3/% 3.00
3/8 6 1 5 yes  yes 1/4 Whg 1/2 1.37
172 6 2 5 no ves 1/72g 374} I/h 2.50
5/8 6 2 5 no yes 7/8  3/% 1 5/8 2.60
3/4 6 Zi 5 no no 1 3/4 2.34
18 6 2 5 no no 1 374 2.00
i 6 3 5 no no 1172 1,50
P335 1/8 6 1 7 no yes gas 0 0
][1’ & } 7 e Fu3 :/6 i 31‘:* i -I-I'a 7.50
3/8 6 I 7 no yes /4 376 ) 2.67
172 6 2 7 no gas 3716 /4 1/16 875
5/8 6 2 7 yes gas 1/8 3/4 778 1.40
34 6 Zi 7 no gas V4 2 2,67
7/8 & 2 7 no no 1 3/4 2.00
1 6 3 7 no no V172 1.50
F396€ 1/8 6 1 7 no yes 1/16  3/8 Y7213 3,50
i74 & 1 H ne yes G 172 172 2,00
3/8 6 i 7 yes  yes i/8 172 5/8 1,67
!/2 § 2 7 no yes 1/2 1/4 3/4 1,50
278 b £ 7 no gas
3/4 6 2% 7 no fJas
i’g 6 2 7 ao g
1 6 3 7 no gas
P337 W8 6 i 7 a6 yes O 174 /4 2.00
Yy 6 i 7 no yos a 374 sk 3.00
378 & 14 7 yes  yes 172 374 1124 3.34
1/2 & 2 7 no 943
571 6 2 7 ) i z 3, 2u
3% & it 7 e BT
i/8 & li 7 e N 1 3/4 2.00
f & 3 7 no o HIEYP P
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TABLE J15

FEEDING DISTANCE IN CENTRIFUGED DISCS

SOUND T =
HEAT PLATE RISER EDGE BEYOND TOTAL JYotal Sound RPM/G'S
NO, THICKNESS _ DIAMETER _ SIZE SOUND RISER __SOUND Thickness
P=-80 1/2 6 1 3/16  1/4 /16 0.875 900/200
172 6 1 1/4 1/4 1/2 1.000
1/2 6 H 3716 1/4 7/16 0.875
1/2 6 1 3716  1/8 5716 0.630
P-81 1/2 6 1 /4 5/8 7/8 1.750 300/200
1/2 6 1 3716  1/4 7716 0.875
1/2 6 1 3/16 5/16 1/2 1,060
1/72 6 1 3/16 i/ 7/16 0,875
P-83 1/2 6 1 18- 5/8 7/8 1.750 9007200
172 6 1 3/16 /4 7/16 0.875
1/2 6 1 3/16 /4 7/16 0.875
1/2 6 1 3/16 5/8 13/16 1,625
p-85 1/2 6 13 Gas 5/8 5/8 1.260 900/200
172 6 14 0 174 /4 0.500
1/2 6 12 Gas 5716 5716 0,630
172 6 14 Gas 1/2 172 1.000
p-86 1/2 6 11 174 174 1/2 1.000 900/200
1/2 6 i1 3/16 /4 7716 0.875
172 6 14 3716 1724 7716 0.875
1/2 6 PSRV 172 1.000
P-99 172 6 | 3/16 /4 /16 0,875 1300/325
172 é } 174 /4 1/2 1,000
172 [ 1 174 1/4 1/2 1.000
1/2 6 ] 174 174 172 1,600
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J54 TABLES D2-2786-8

TABLE 116

RESULTS OF TENSION FATIGUE TESTS TO ESTABLISH CHEMICAL REMOVAL REQUIREMENTS

SPECIMEN MAXIMUM CYCLES TO
CONDITION STRESS, PSi FAILURE
As Cost and 75,000 101,000
Abrasive Blast 75,000 82,000
Cleaned 75,000 92,000
75,000 151,000
65,000 1,165,000
0,000 | 1,546,000
60,000 1,024, 000
60, 000 129,000
JGD5* Per 75,000 61, un)
Surface 75,000 114, w0
Chamically 75,000 33,000
Removed 75,000 88, 000
£5,000 66,000
65,000 177,000
£5,000 205, 000
55,000 i,026,000
.010* Par 75,000 83,000
Surface 75,000 74,900
Chemically 75,000 127,000
Removed 75,000 213,000
65,000 170, 000
65,000 182,000
65,000 25,000
65, 000 1,972,966
015" Par 85,000 724,000
Swfaca 85,000 251,000
Chemically 75,000 297,000
Removed 73,000 155,600
75,000 744, 000
75,000 1,013,000
65,000 1,252,000

65,06 1,561,600

Undeilined valuss were not fallures.

R Minimm Stios g,

Maximum Shress
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TABLE J17

MECHAMICAL PRCPERTIES OF AS-CAST T1-6Al-Lv

Ultimate Yield Notch
Tenslle Strength Elongation Reduction Tensile Brineli
Heat Strength KS! in 4D in Arca Strength Hardness
Number KSi {.21 Per Cent Per Cent KS1 Number
P2-7 119.8 108% L 9.2
-7 152.3 127.1 12 22,6
P4-8 156.1 not obtained N 22,6
-8 150,1 1io% 10.5 15.5
P6-5A 216.85
-58 210.4
~5¢ 216.85
-6 141.6 124,7 12 24
Fib L% 128.4 3 18
by 5 128,2 n 21
143.7 130.% 9.5 12
144,85 128.% 9 18
Hili 5 128.2 1 21
143.7 130.9 9.5 12
P7-26 213,55
~2H 215.15
~21 215.2
P9~2 145.9 131.35 9 i2
145,55 131.4 9.5 19
1.9 132.5 9.5 18
Plu-2 150.6 131 10 20
Pli-2 k.5 120.5 8.5 17
Pl2-} 148.65 136,15 6.5 103
P13-1 144 .5 133.65 1o 18
Plb-1 8,15 136.05 10 15
P15-1] 138,15 127.15 ic 25
P16~} 143.9 131.65 8 18
P17-1 141.6 126.7 5 s
Pig-2 149 136.5 8 13
Pig-5 130.9 112,6 10 27 {0ff snalysis)
P20-1 i43.0 120 12 21
P23-1 144.8 132,3 9 I8
p2j-28 47 135.5 9 i5
P29-2 149 Poor Curye 9 10
P30-2 150.5 137.25 9 i5
P31-6 47,2 130,1 7 20
P32-2 149.9 133.2 5 7
P42 161,48 134,25 9.5 i8
P35-2 b5 127.35 13 23
P36-2 150.2 133.3 5 13
#37-2 i5i i33.3 o i5
P40-3 153.1 142 8.5 16
PiI-2 152.9 145.7 d 17
P42-2 6.1 132.8 13 20

#Flaw at fractura
“iBroke out of gage length
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TABLE J17 (Continued)

MECHANICAL PrRUFCKTIES UF AS-CAST Ti-6Al1-4V

Uttimate Yield Notch
Tensile Strength Elongat iun Reduct fon Tensile Brinell

Heat Strength w4 in LD In Area Strength Hardness
Number __KsL  {.zE)  Per Cent _ Per Cent _ kst Number
Ph3-2 I51.2 140,9 6.5 13
Phy-2 1451 130.8 11 22
Php.2 1547 143, 12 20
PLy-2 154.3 tal.g 12.5 13
£50-2 150 134,95 12 15
P51-2 152.8 1372.15 12,5 18.5 334
P53-2 152,6 139.1 o s 324
P54-2 152.9 143.2 9.5 14 324
P56-2 145.5 129.% 12 25 321
P57-3 1 128.8 £}] 19 321
P63-2 149,.2 1358 H -16 321
P70-2 148.9 135.7 15 23 337
pr1-2 151.9 138.3 g 12
P73-3 156.4 143.2 12 138
P76-2 138.4 124 u 20,4 317
P7y-2 156.4 138 7 H 343
P100-2 1548 13/.6 7 17 34
PlOi-i 13/.2 121 g 15,1 - 345
P102-2 1h2.8 124 2 9 22 345
PlOY-2 146 .8 130 9 22 348
r108-3 Iy 127.6 / 19.4 . 337
Fiii-3 144 127.2 3 265 317
Pli9-2 1464 1248.4 8 L] 344
r129-2 151.6 135 Y 24 ) 334
Pl131-2 142.4 (PR 9 18.9 317
P132-2 148 143 7 8.1 338
Pl3p-2 143k 124 6 5.1 34
PI42-2 156.8 I35 <} 17.6 344
Pl155-2 1ah 126 3 10 3048
P156-2 1624 13y Y 14,2 324
Fis7-2 149, 2 132 7/ 13.4 317
P158-1 t4).6 12l ] 17 317
P159-2 145.6 128 g 15.1 3N
Pibb-2 1304 iy ¢} 9.7 302
PI94-1 142 Yl 7 s 305
F197-1 13z 14 / 13.1 255
P198-1 1LY 12h 8 10, B ¥4
Pi99-2 iy 124 o i5.1 31
r201-2 140 120 7 LB U
UG- 3 1384 121 4] 15.9 299
p210-1 Thy 131 9 th.s 3
P21l tire 124 ] 15.1 304
pz1y-i fh 2 127 H g 36
P2iy-1 iy, 2 126 / 1.7 34,3
F2:0-1 sy 12y b L5 3us
prz1-1 136 g b !.6 oy

iho (IR ) tu.:, SIIET]

1.0 132 7 lu 1!
Fije d ] idi ) [ HE!
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TABLE J17 (Continued)

MECHANICAL PROV tRTIES OF AS-CAST Ti-6Al-4v

Ultimate Yleld Notch

Tenslile Strength Elongatlon Reductlon Tenslle Brinell
Heat Strength KS1 in 4D In Area Strength Hardness
Numbe r kS| (.24 Per Cent Per Cent KS1 Number
P240-1 148 130 8 12.9 308
P241-1 152.2 125 8 13,5 293
P242-1 139.2 122 8 12.9 296
P2h3-1 139.2 12 5 14,5 31t
P2iih-2 141,2 124 5 13.4 311.6
P2ks-1 139.6 121 8 15 311.3
P247-1 145.2 128 8 14.5 305
P248-1 144 126 8 1,5 308
P250-1 140 122 i 11.5 293.6
P260-1 146 127 6 8 296
P261-1 146 129 8 13.5 317.6
P264-1 146 130 5 4.9 321
P265-1 143.2 126 L - 9.7 3in
P2yl-1 144 126 10 15 316
P284~1 144 126 7 18.1 308
P286-1 138.4 12} 7 12.7 308
P290~1 145,56 i32 9 19, 3i7.6
P29]-1 138 120 9 17.5 311.3
P304-1 146,2 131 7 13.5 321
P305-1 148 13t 7 1¢ 3243
P306-1 146 128 7 10 308
P307~1 146.8 130 8 15.9 305
£308-1 46,8 130 6 i1.5 317.6
P3039-1 152 134 7 13.5 317.6
P3i2-2 146.8 132 8 14,2 321
P3l4-1 1464 130 8 12.9 336
P322-1 16 L1129 g 15.1 331
P323-14 1448 128 9 13.4 321
P324-1 152 135 7 12.7 326
P318-1 2 124 9 12,7 311
P329-1 142 124 7 8.} 311
P330-2 14y 132 9 14,5 321
P333-1 140 4 122 9 15.9 302
P336-1 i 137 8 15.1 326
P34o-1 5,2 1390 7 12,7 327.2
P343-1 150 135 7 16.7 3243
P345-3 - 1434 128 6 8.9 317.6
P346-2 140,2 122 7 15.1 311
P360-) 1436 132 7 10.5 327.2
P364-1} 146.8 131 7 13,5 1085
£305-1 150 133 f 12,2 in
£366-1 145 6 124 8 15,1 3n
P347-1 150 i34 6 10.6 31
P3Cy-1i 153.6 136 6 10.6 327.6
P3653-1 48,4 133 7 12.9 317.6
P370-1 150.8 134 7 12.7 3143
SH 6.4 131 ? 8.9 331
373 151.2 132 7 12.2 324.3
374 150.¢ 135 ) 10.6 317.¢6
P20 tef 0 113G H 5.¢ 1303
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TABLE J17 (Continued)
HECHARICAL PROPERTIES OF AS-CAST TI-6Al-4v

Ultimate Yield Notch

Tensile Strength Elongation Reductlon Tenslle Brinell
Heat Strength KS1i In 4D In Area Strength Hardness
Number KS1 (.24) Per Cent Per Cent KS| Number
P330-1 154 137 7 8.6 331
F381-1 151.6 134 7 10 331
P382-1 152 135 7 14,5 331
P398-1 150.4 134 7 11.5 321
P359-1 1404 123 7 12.9 302
PLO) -} 150 130 é 12.9 311
PLO3-1 150 133 5 10.5 32]
P4OL-} 148 132 6 14,5 31,3
Phos-1 154.8 137 8 12,2 327.6
Pi08-1 150 134 7 13.5 327.6
PU1l-1 1h7.2 129 L 10.5 3244
Pyl 2-1 150 132 6 15.1 331
Pl 3-1 139.6 120 8 16.7 314.3
P4ty 1 150 132 8 16.7 317.6
Plty-t 146.8 128 8 16.7 32)
Phlg 1} 153.6 135 6 13.5 337.6
PL20 1 1h2 122 8 21.7 321
PY21-1 141.6 122 8 14,2 3ii
Pu22-1 152 133 9 18.1 3243
Ph23-1 146 130 ] 17.5 308
P511-1 146 131 8 12.9 3n
P5iz-} 152 134 7 13.5 325.3
P52h 153.2 137 7 13.5 331
525 1l 4 128 8 18.1 —n
P526 153.6 135 7 13.5 331
P528 147.2 131 1 it.5 311.3
P529 149.2 132 8 15.1 324,3
P530 47,2 130 8 11.2 324
P531 148.2 130 7 12,2 317.6
P532 147,2 129 9 19.4 327.3
P534 150 132 1 18.9 331
P535 146 .4 128 7 17.5 331
P536 152 i32 8 10,
P538 152.8 133 g 15,1 -
P539 150 132 7 18.1 321
PS40 147,2 130 6 .S 3th.y
P5h]-] 148 .4 132 8 13.4 32
PSh2-1 146.8 130 7 8.1 305
P543-1 150 133 6 12.7 327.3
Po4s-1 143.6 126 5 12.2 306.5
PshB- 150 134 z i3.4 216
P549 165.2 Has 8 i3.4 an
P55 1456 128 7 14,5 316
P552 146, 2 130 8 15.9 33
P5oly ih6,2 £29 g LAY 316
PESS 148 129 10 3.} 302
¥557 14,3 131 1 21,7 302
P51 1LY} 129 8 17,5 292
PLY9 149, 2 131 9 17.8 353
#1562 155.2 136 9 7.5 31
PLeo !f,ff 134 13 2 h 331

- PrE . D
L L v 3 err, 0 £

~.

L'f)i‘
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TABLE J17 (Continued)

MECHANICAL PROPERTIES OF AS-CAST TI-GAl-bLV

Ultimate Yield Notch

Tensile Strength Elongatlion Reductlon Tenslle Brinell
Heat Strength KS1 in 40 In Area Strength Hardness
Number KS1 (.20 Per Cent Fer Cent KS 1 _Number
P56l 144 8 130 9 16.4
P565-1 1524 136 6 10.5
P568-1 143.6 128 8 17.0
P575-1 150 134 7 15.9
P570 143,2 126 ? LI
P51 146.8 129 8 15.9
P572 143.6 126 8 14,2
P573 146.4 i30 6 16.4
P574 145,2 130 5 12,2
P5/6 47,2 131 7 11.2
P577-1 ib2.8 122 13 27 302
P58 1 48,8 128 9 19.4 3
£580-1 146.4 128 11 2] 311
P581-1 144 124 10 20.4 302
P&82-1| 135.6 iia 16 18.1
P54h-} 46,8 124 10 19.7 302
P585-1 158 138 9 19.7 331
P56~ 1 146 124 8 15.8 3o2
P5Y6-1 148.8 130 9 Hy 302
P586-1A 146 .4 124 9 18.1 302
P586- 2A 146.8 128 9 20.5 293
P547-1 158.4 137 7 13.5 321
P5y6-1 152 132 9 16.7 3N
P5§9-1 152.4 i29 9 15.9 .
P590-1 160 i38 io 21
Psgl-1 154.8 134 8 15.1
P592-1 163.8 146 5 10.5
P593-1 154.8 134 i} 20.8
PE9E-1 156, i36 8 15.9
P598-1 162.4 140 <] 15.1
$599-1 156 136 10 15.9
P604-1 150 130 <] 16.7 31
P608-3 151.2 132 9 13.5 331
P603-1 152.8 136 9 18.1
P610-1} 1448 123 9 18.1
PELi-} 150.4 130 9 21
P612-] 150.8 132 11 24.8
P6i3-1 45,2 128 9 17.%
POIg~] 15i.2 124 g 18.3
P@I]-l g8 130 3} P S
roio-i L1y 128 Fi 23.7
P619-1 42,2 120 it .6
PG 20-] i .8 120 1 23.7
r621-3 151,2 125 io 20.6
P622-3 iay.2 123 13 6.1
P623-3 147.4 o5 it 21.7
Pe2-3 shiy 132 5 175
P625-3 150 145 12 27.2
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D2-'766~8 TABLES Jé1

TABLE J19

MECHANICAL PROPERTIES OF HEAT TREATED CAST Ti-6Al-4V

Yiely Ul timate
Sticugth  Tensile rtlungation  Reduction Notch Brinell

Haat K51 Strenpth In 40 In Area Tenslle Hardness
Ro.  Heot Teeqtment (k) | KSE . Per Gent _ Per Cent_ S B8 Muber
P} As Cast 1ay, 1 | PN 8 19.0
" 1900F- 1 JaMR-W0

+1750- | /2HR- WO+ 1DUOF-WMR-AC 168, | 156.7 3 5.0
Plo 196UF- 1 J2nR-wQ

+317508 - 1 atiit-w) AR P LN | 164.6 2 5.0
" 1750F-1/mn-w) v v o 335 9 162.) 4 t.0
e As Cast 156.8 e 6 7 9.0
it As Cast hh gy 127,2 10 140
” 1900F~ 1 /26K WA 1 /SOF- [ /2MR-WQ

+1750~ 1 /72HK- Wi TO0OF - MK~ AC  [66.6 1514 4 9.0
" 1750F- {/MR-WQ+ JODOF-hHR-AL  162.7 150.6 4 6.0
Ph * AR M R v 179, 1753 0 a.6
" " IBHR ' 4R Y 126.9 175.9 0 0.9
» As Cast 1519 1457 B 17.0
- 1650F- 2HK-WQ+ 1OUOF- ZBHR-AC  177.3 174.3 1 Y
" YOleHR ot @R M 1528 173.6 ! 3.7
rhe As Cast 1461 132.8 13 2,0
" § 750 ZHR-WQ+ IOOUF - 20KK-AC 171 .5 161,37 3 7.6
" woibHR v g 32,0 161.9 3 6.7
i 1650F-2HR » v "o 6.3 158.6 2 8.7
" WOABHR M M R v 1664 159.5 2 h.2
" 1500F- 2HR-FLE Cuul 1o LOGGE-AC Mh4.5  135.8 ¥ 13.6
Fhi -y " " " " " RNV ] ,c/l.j 7 {3.0
" {600F- ZHR-WI4 GOOF- 2R~ AC 14,0 163.4 3 3.6
P63 " now R 1 4] 1.0
" te n g n 8"“ i1 ‘75.5 -——— n l.l’
(V] As Cast 153.1 e d.5 6.0
" L600F - ZNK~WA) » EDOF - JHR-AC 163 .- 2 b0
P57 As Cast "y 128.8 10 i5.0
" 1600F - 21R- WQ+ 10UOF - btk AC Iny ) P 5 5.7
" LE] " L1} " l"“ s ',?i.o' 11‘9“‘ 5 8-‘
PIL As tast 151.9 138.3 8 12
" TGQUF - ZHR-WAL+ E LUUF - UHR-AL 14y 4 143.7 2 1.4
FAZ  1500F- 2W-MYs HUUE- ZHR ¢ 163.6 tau.i 3 5.5
Fud LH5UF- ZHR-WQt YOO ~BHR-AC 1u. ¢t 162.0 3 6.7
" Wm0 IQUF- 2R |[2: 9] 162.% 3 3.9
¥y} “ non Bohuw v 157.9 149 4 5 8.0
¥l . #5 Fioof- gk [TAH 10,8 3 9.4
“w " " " w HUR 1611.5 l6|.2 3 7‘0
47 Ay Cant Lty 15k, 7 11 20 338
- 1 iU - glik- AT 150 bu8.u 6.0 13.% 06,4 331
u Panub - 2t s puGDE Btin [EY] 102.4 6 12,9 341
- 11007 -pun-ACs 15508 2nl-wy

t 1G0T - dmin- A Yoy .o i £.3 it s
4y As Casti the buh g 12.5 le I5n
" 3ot - gHR-AC 140 L4 0 2 .4 7.8 3zt
" 15L00- £it-boge H0GE -me % 1y 160 3 6 233.2 34
” HHUuF - srR-ACEESL0E 2wy

1HGAUE -l A [LA4 o e A 6.6 26,0 332

. —_—
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JHeat Treatment

As Casl
110CF-8HR-AC

1550F- ZHR-WQ
+1000F-4HR-AC
1100F- BHR- ACHLEENF- JHR-WQ
+1000F- 4HR-AC
As Cast
1LOOF- sHK-AC

1550F~ 2HR-WQ
+J000F-4HR-AC
1100F-8HR-AC+1550F- JHR-WQ
+1000F- 4HR-AC
As Cast
1100F-8HR-AC

$550F- 2HR-WQ
+1000F- 4HR-AC
1 OOF-BHR~ACH+i550F - ZHR - WQ
+1000F-4HR-AC
As Cast
1§00F-8HR-AC

1550F- 2HR-WQ
+1000F- bHR-AC
VIOOF- YHR-AC+1550F - 2HR-WQ
+1000F-4HR-AC
As Cast
1100F-8HR-AC
1550F- 2HR-WQ

+1000F -« 4HR-AC
1 IO0F-BHR-AC+1550F« 2HR-WQ
+1000F-4HR-AC

As Cast

1100F-BHR-AC
1550F- 2HR-WQ+ 1 000F - UHR-AC
F100F-8HR-AC+1550F- JHR-VQ
+1000F-LHR-AC
As Cast

10T yin An
1550F~ ZHR-WQ+ 1000 F~ 4HR-AL
1100F-BHR-AC+1550F- 2HR-WQ
+1000F- 4HR-AC
As Cast
1150F-2HR- AL
As Cast
11S0F-4ukt-AC
As Cast
11007- ZHR-AC
As Cast

Vir T

As Laut
16ULUF - ipln s
Ay Laut
[LETTH S TTRN
AN AN |
VZziut- ron s
oLt

T iraf-ninn L
L L N |

L R

(R K

1s

| )

TABLES

Yield
Strength
K51 Strength
S, €15 N N
131 145
137 152
143 156
145 158
14 155
150 158
150 163
148 149
142 154
140 154
151 160
152 165
135 150
132 147
137 152
1450 155
136 149
138 i53
154 164
158 172
135 156
132 146.8
136 il g
128 123.2
154 168
158 172
132 143
136 142
128 134
29 i3}
126 . 136
127 13
12k 135
126 i
(K31 [F
ics i3s3
189 (37,
131 1l
13 it
13 Vel
15, 1,0
(B 143

TABLE J19 (Continued)

Elongatlon
in 4D
__Per Cent

3]
9

o

o N

L R R K. UF - "R V. S

-

NN NN AWV E W W 4‘6‘:‘\

-

D2-2736-8

Reduction Notch
1n Arca Tenslle
_ker tent  KSE
22,0
25.9 223
12,2 220
118 226
20
13.5 207
12.9
6.3
18
16.4 218
7.6 23
10.6 227
18,0
18.9 216.8
12,6 218.0
9.2 217.6
23
24,6 224
il.5 232
8.6 228
18
14.9 216.8
218.0
217.6
3
YWY 228
.5 321.6
8.6 228
13.2 211
4.6 212
8.8 203
20.3 205
13.8 201
Vig 4 196
n.2 203
10 196
3.8 261
s 206
ft.. ¢ G4
N 2
o N
U] I
e B
(Y 2
[ ]

MECHANICAL PROPERTIES OF HEAT TREATED CAST Ti-6Al~-4V

Brinell
Hardness

~uwber

324
3
341

34
337
321
341
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TABLE J19 (Continued)

J63

MECHANICAL PROPERTIES OF HEAT TREATED CAST Ti-6Al-4V

_Heal Treatment

As Cast
Lisub-lnik-AC
As Last
1150F-B1R-AC

As Last
15505~ 2R~ WQ 4 LOLUF - fik
v ool - aik
* "oos 11008 - 208
T 00t - bk

1000 F- 2Hit-We 1000k - 2HK
. oo . LR

" o 110Uk- R

o wooe . Lk

" IHKR ' {ODUE- 28K

n won " LR

" "ow LI00F-2IR
u "o N LuR

1550F- 2HR- W+ TOOUF- 2k~ AC
e

[N (1] " l'""

- ot IO K

" "o v LR
As Lasl

1 IUOE-pHk- AL

15%0H- 2 WY+ LO0OF - 4HY

1H00F BHK-ALS 1S50F - LIK-W

+1000F - 4HR-AC

Yield
Strenyth
KS1
S L)

134
130
134
135

142
136
136
134
13%
113
119
117
116
120
1y
1473
1315
134
135
314
132
131
137

Ultimate

Tenslle

Sitrengih
kst

144
145
(LY
145

124

146.8
144 .60
4,0
146.0
13y8.2
138.2
132.2
1332
3.0
135.6
130.8
i31.6
144 .Y
hh o
ihsy.2
1.6
I
151.6

-\ -

PlRd

- - . ———
r e e e e e el e e e e e

WO = O NNWVVID DA VWAL S W N~

N STWSlRALIWIN NN NSNS e~

[~ -]

VUNECOWe WO TlTOINNLYO—~W O\l

R .-

Netch
Tensile
Y

24t
217
205
s

222.8
220.0

226.4

Brinell
Har dness
_ Number

305
321
321
321
321
302
302
321
3
302
30z

3ii

321
331
31
321
334
293
331

341
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TALLL 30

MECHANICAL PROPERTIES OF AS CAST EXPERIMENTAL ALLOYS

Yiold Ultimate | Elong. § Reduction j iduich § 3rinel}

Alloy Aldloy H:nt Stiengih, Suength, | ta 4D, In Aseo, | Tensile, | Hardness Carbon, | Oxygen, N“':gell,
No. Typs No. K1 KSl  |Par Cont | Per Cont XS Number Per Cent | Per Cant |Per Tent
5 11 AI-4V pS1-2 137.15 152.8 2.5 15.5 .0g4 Li8i .028
5 Tt 6AI-4Y P54-2 143.2 152.9 9.5 140 R .200 .031
5 TI 6Al-4V F73-3 143.2 155.4 12.0 18.0 .0%4 19 .38
6 TI5SAH V250 P26-28  127.15 136.7 9.0 16.0 067 .230 014

129.0 126.7 1.0 20.0
128.2 137.4 11.0 20,0
[ Tisak21/725n  P24-2C
A 205.465
B 206.5
4 207.3
[ Ti5AR2 1/25n  P33-2A .070 .256 015
A 1321 132.5 22.0
B 132,25 132.6 .5 22.0
¢ 1330 139.8 22.0
) TI5AM2 1/25n  P23-28
A 203.3
B 196,45
C 204.2
9 Ti 6AI-4V pé7-2 143.5 154.7 12,0 20.0 .087 240 027
b4 T 6Al-4V P50-2 134,95 150.Q 12,0 8.0 054 158 022
- 10 TI3V-11Cr  P62-2A  120.5 122.4 16.0 7.0 028 146 027
8 120.75 123.8 16.0 25.0
c 1210 123.9 16.0 26.0
10 TH3V-11Cr  P62-3A 174.9
B 182.9
C 192.1
10 TH3V-11Cr  P66-2A 124.6 125.5 .5 16.0 .023 .19 .028
B 124.5 123.5 6.5 13.0
€ 1246 i25.1 6.0 9.0
10 T3V-1ICr  Pb6-3 174.7
180.7
178.5
n TH3IV-11C-  P55-1A  125.9 126.75 13.5 23.0 .028 .153 .022
11/2A1 B 125.25 126.5 18.5 24.0
C 125.25 126.1 15.0 23.0
1 TH3V-11Cr-  P55-2A 187.3
P 1/2A B 184.8
c 174.7
11 TH3V-11Ci-  P6I-1A  126.4 127.8 10.5 17.0 .032 L1575 027
11/2Al 8 128.4 129.6 12.5 21.0
c 1277 131.0 12.0 8.0
n TI3V-1IC-  P61-2A 163.1
11/2a1 B 175.5
C 179.0
1 THIV-TIC- 435 120 130.8 7.0 1.5 179.2 277 L0351 .12 W22
1172A1 119 129.6 70 9.7
12 HI3V-1IC~- PR-7A 1239 124.5 1i.5 22.0 020 1438 017
8 121.95 124.7 9.5 22.0
C 1250y i28.4 10.0 23.0
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TABLE J20 (Continued)

MECHANICAL PROPERTIES OF AS CAST EXPERIMENTAL ALLOYS

Yield Ultimate | Elong. | Reduction] ™Notch | Brinell
Alioy Alloy Heat Strongth, Strength,] In 40, in Areo; | Tensils, | Hordness Carbon, | Oxygen, | Nlirogen,
No. 1 Type i KSI [Por Cont | Por Cont | KSI | Number | Por Cent | Par Cent | Par Cont
12 TH3V-1IC~ P38-28 19181
2 1/2A 176.8
180.45
12 P44-2A 128.55 130.7 10.5 20.0 030 .143 .020
B 129.45 133.1 8.5 18.0
C 1.8 131.4 3.5 9.0
12 P44~3A 165.6
8 170.2
< 162.25
13 THIV-1IC- P46-2A 131.4 133.1 9.0 21.0 012 . 143 018
4al B 134,65 135.15 2.0 21.0
C 133.4 135.8 8.5 8.0
13 P46-3A 177.6
B 178.1
C 162.3
13 P52-1A 133.3 133.1 9.0 21.0 024 153 .018
8 135.2 136,15 2.0 21.0
C 134.3 135.8 8.5 18.0
13 P52-2A 185.7
B 174.3
C 173.7
14 8Y-5Fe P139-2A  None 182.4 9 0 102.8 438 022 101
8  Mone 180.0 0 [+} 104.0
C  Noasp 186.0 0 0 126.0
15 8V-SFe~1Al  PI4O-2A 169.0 174.0 4 11.9 203.0 33 .030 096 014
B 169.0 174.0 4 10.0 206.8
C 12,0 171.6 $ 16.4 170.0
15 8Y-5Fe~1Al 358 150 178.8 2 4.0 178.4 358.2 028 R} 015
- 150 180.0 2 5.3 .
150 180.0 2 5.0 178.0
140 167 174.0 4 13.0 193.0 .030 .096 Ol
521 -— 181.0 2.0 4.9 Riik 080 .0l
16 5 1/2A1-31/2y P65-2A 125.4 142.0 10.5 15.0 210.0 3 .019 .10 .010
0.45F8~25n~ B 126.7 142.4 10,0 16.0 206.8
. 0.25Cu [of 125,9 142.0 10.0 5.0
P6S~3A 217.5
B 216.0
c 215.1
17 PISI-2A 96.0 106.0 12 31.9 172.8 262 .024 i 008}
i B 96.0 1066.2 16 .5 173.2
C 98.0 108.2 | 4 2.2 172.0
19 Ti7Al~3Mo P64-2 112.3 128.4 8.0 18.0 .020 131 .0083
118.0 130.2 3.0 12.0
113.05 128.4 7.0 16.0
19 P64-3 190.7
189.7
186.95
14 P&8-2 17.0 132.55 5.0 15.0 024 10 010
115.8 129.95 3.0 7.0
121 122.3 7.0 15.0
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J66 TABLES D2-2726-8

TABLE J20 {Continued)

MECHANICAL PROPERTIES OF AS CAST EXPERIMENTAL ALLOYS

i 1 Yield Ultimala | tlong. ROdl;‘-ﬂOﬂ Notch | Brineil i
Alloy Allay Hoat Strength, Stiengih,| In 4D, | In Ama, | Temile,i Hordnews Carbon, | Oxygun, | Nltsogen,
No. Typo Ho. Ksi KS1  |Pet Cant | Por Cont xS Mubar | Per Ceant | Por Can? | Per Cont
20 PI5C 248 1AW 136,40 0 2. 0 277 .036 13 018
B f24.2 137.2 10 24.6 204.2
C 124.0 136.0 11 27/.2 190.0
21 PisSZ-1A 1040 124.2 e 2.3 196.0 277 .036 a1 0078
B 1050 126.9 9 18.1 194.0
c 1067 127.6 i0 25.2 190.0
24 7Al-4Mo pidg-2a 112.0 132.0 5 15.1 194.0 305 022 072 0046
g 1120 130.0 5 12.2 193.2
C 1100 126.6 7 12.9 195.6
25 Pl65-1A 90.0 114.0 it 18.9 172.0 250 029 089 0069 R
B ?1.0 H4.0 1t 23.9 173.6
C v0.0 114.0 12 25.2 176.0
26 Pl&6-1A 107.0 121.0 ¢ 5.2 190.0 267.6 022 1 0067
] 107.0 119.6 ¢ 26.5 186.0
Cc 106.6 120.8 10 26.5 190.8
k2 4Al-Mo-1V  P147-2A 91.¢ 10.0 15 37.0 172.0 254 .032 .08 L0048
8 92.0 110.2 15 3.0 173.2
C 94.0 111.6 9 .3 172.4
28 PI80-1A  134.0 0.8 ] 5.3 220.8 321 0035 1 012
R 128.0 144.0 4 4.5 206.8
< 130.0 149.6 5 4.5 212.8
4 & 1/2A1- PLA?-2A  136.0 154.8 8 14.0  216.4 331 073 020 .018
3 1/2Mo-1Y 8 13¢ 152.0 12 21.5 - 224.0
C 1350 154.2 10 20.4 214.4
359 112 150.0 9 6.7 219.2 321 062 19 018
1o 148.8 [ 10.6
X PI89-1A 88.0 95.0 4 12.8 160.0 223 044 07] L0033
B ?1.0 96.0 1 45.5 157.2
. C 920.0 97.2 10 7.7 158.0
3l P190-1A 90.0 96.4 10 40.7 168.0 241 024 .08 038
B 92.0 946.4 13 34.4 166.0
C ?0.0 98.0 12 42.0 172.0
1 PL4L-IA  115.0 128.8 3 9.2 i22.8 23 .032 .081 018
8 1150 134.0 5 1.5 167.2
Cc 1150 135.2 é 18.6 127.6
33 PIBI-IA 1490 165.2 4 G.é 170.6 345 027 ik L04E
B 145.0 154.2 1 0.4 168.¢
C 146.0 181.2 i 1.6 172 0
ki oA vt Reas . ww e sz.e .UZb B4 005
? 129.0 a8 0 2 3.8 173.2
€ 1340 141.2 2 1.6 180 .4
35 $205-3A  Mons 106,2 | 0 125.6 33t .033 .084 0085
8 None 108.2 H 0 154.8
€ None 118.0 1 ] 122.6
36 P204-2A  Too ductils  82.8 8 34.3 122.0 170 036 .85 .0083
B to diaw curve 83,2 18 33.7 124.0
C 83.2 i7 5.8 122.0




D2-2785~L TABLFS 37
TABLE J20 (Continued)

MECHANICAL PROPERTIES OF AS CAST EXPERIMENTAL ALLOYS

Allo Alloy Heat Yisld Ultimate Elong.  Reduction Noif.h Brm:;ll Catbon, ' Oxygsn, Nitrogen,
Stiongth, Stiength, in 4D, In Asva, Tomsile, Homdwesa
No.  Type Ksi KSI . PorCont Puri Cont  KSI Number FerUor? PosCont Por Cont
¥ P202 24 pone 136.8 1 1.6 122.8 35 . .029 105 0070
8 Nane 1m.2 1 7 100.8
€ None 136.0 Q 2.4 116.4
B P193-1A  Too ductile 96.4 12 27.2 148.0
8 92.0 18 27.2 148 0
C 95.6 10 19.7 140.0
¥ 5Mo-6V-2NI P1&4-1A  138.0 154.0 3 13.5 2048 343 .021 i3 .ol
3 137.0 152.0 4 1.0 204.0
C 140.0 156.2 & 10.¢6 204.8
409 140 155.0 8 s 217.6 34 .027 .108 .0092
140 156.0 7 14.5
£ F233-1A  148.0 160.0 7 13.4 2260 a3l 026 064 0095
B 148.0 160.0 7 10.5 232.0
C 1450 159.2 5 10.6 228.0
41 2Cv P202-2A $2.0 79.6 25 8.3 2.0 176 .038 .10 Kk
B 62.0 80.0 24 3.5 114,0
[ 61.0 79.6 25 3.3 114.0
P202 62.0 80.0 25 3.0 114.0
P523 85.0 106.0 15 25.9 156.0
P523 88.0 104.0 16 22.4 235 .033 20 035
7523 89.0 106.0 15 24.6 248
p523 88.0 106.0 15 23.9 241
P579 100.0 117.0 14 18.9 173.0 255 045 27 04
£579 100.0 118.0 13 19.7 174 255
P579 100.0 117 13 18.1 262
P579 102.0 18,0 13 17.5 262
P579 98.0 115.0 4.0 ?.2 289
PS79 102.0 118.0 13 22.4 248
42 P223-1A  111.0 123.6 8 15.8 182.4 283 .025 .08 0041
] 110.0 122.2 9 18.9 182.8
c 1o 122.4 9 15.8 182.8
43 P267~-1A  103.0 123.8 9 /.2 272 024 066 0072
B 103.0 122.8 10 21.7
< i02.0 122.2 12 34.4
44 3AI-21/2¢  Plds-1a 24.0 106.8 1] 28.5 168.4 253 .028 12 019
8 94.0 i08.0 1§} 29.8
C 24.0 108.0 12 2.9
45 P2222-1A 112.0 124.4 2 x.5 194.4 288 SlY 2 0047
B 1130 125.6 13 27.2 192.0
C n4.o 126.4 18 FA R 196.8
4 PIB2-2A 5.0 v2.0 iq 2:.2 12/.2 0 N3] A2 012
8 8.0 920.4 13 25.0 132.0
C &3.0 %i.6 13 23.0 133.2
47 ¥226-1A 12.0 136.8 1N 27.9 206.0 290 .030 079 012
] 122.0 136.8 12 24.6 206.0
C 121.0 13%.0 32 279 208 .4
48 rit3-zA 1370 156.0 4 4.9 186.4 .018 16 013
8 136.0 154.0 4 6.1 180.0
C 136.0 1544 3 6.3 178.0
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TABLES

TABLE J20 (Continued)

D2-2786-8

MECHANICAL PROPERTIES OF AS CAST EXPERIMENTAL ALLOYS

Yield Ultimate | Eiong. I Ruduction | Nuich Brinel} j
Alloy Alloy Heat Sticagth, Stiength,j 4D, In Area, |Tensile, | Hordress | Catbon, 1 Oxygan, Mitogen,
No. Typs No. Kst K81 [Per Cent li" Cunt KSt Number | Por Cent | Por Cant {Per Cont i
49 tzsa-iA 111.0 132.0 10 32.5 206.0 296 019 073 024
B 115.0 135.0 8 21,0 204.0
[ £ ) ) 131.0 k4 2.0 204.4
50 P230~1A  122.0 142.¢ s.2 196.2 305 .012 .19 0054
8 123.0 143.2 H 18.9 186.0
c 123.0 1440 10 18.1 190 0
51 P236-1A None 102.8 0 [} 0.0 331 .022 15 L0054
8 Nona 100.0 ] 0 76.0
C None 106.4 0 (] 88.0
52 Nnt castoble loo biittle
53 b6Al-4y- P267-1A  114.0 133.6 8 17.5 44.8 280 036 .i2 0078
0158 B 2.0 132.0 10 21.0 49.2
C 112.0 131.6 12 320 54.4
24 SAN- Gy~ Fao-iA o 6.0 (4] v 02.0 e .U28 0077
0.5% B None 80.0 0 0 63.2
C None 90.4 0 V] 78.0
55 6Al-4y- P297-1A  104.0 124.0 9 25.7 277 .025 .078 .0067
0.5w 8 1060 126.0 10 25.2
C 104.0 124.0 12 41.4
313 200 243 .031 A2 015
197.6
203.2
56 GAl-4y- 348 104.0 174.0 11 8.9 192.0 282.3 024 .19 0090
0.5Ta 108.0 128 .0 11 249 190.0
106.0 124.0 1 33.6 196.0
57 3Al-7Mo- P298-1a  114.0 134.0 6 10.6 192.0 285 .016 108 .0047
0.2580 B 1130 134.0 8 12,2 189.6
c 1120 133.2 7 10.6 192.0
59 4Al-4Sn- P299-1A 112.0 123.6 ] 23 262 017 10 .0045
8 8 1080 120.0 10 23.7
C 110.0 124.¢ 10 24.4
331 202.0 293 .034 .1 .020
204 8
205.6
60 4Al-450-82Z1- P300-1A 132.0 1516 9 21.5 223.2 k| 014 A4 L0054
1Fe~-1Ci-1y ] 132.0 152,06 10 22.4 218.8
C 136.0 1940 HY] 9.7 223.2
P489 151.0 170.0 7 10.5 .048 .29 083
P48 156.0 177.0 4 70 352
1489 156.C 156.0 0 0 161.0 352
>489 156.0 177.0 4 5.3 352
oi 7Al 2Mo-3Ci- 230114 136.0 io8.2 ¥ 1.6 7t 014 .12 064
35n-22¢~ 8 156.0 i72.8 2 4.0
0 06N C 154.0 164 0 H 0.7
62 7Al-2Mo-3Ci— 349 151.0 i61.2 359.6 .0020 W1z 0682
In-22+ 154.0 174.0 3 7.0
153.0 172.0 | 3.3
63 7Al-2Ma- 350 155.0 172.0 ! 3.3 363 Uz2 i U3
0.5W-0. 5T~ 155.0 162.4 1 1.6
3Cr-35n-272r 156.0 170 .8 1 40




D2-2766-8 TABLES J69
TABLE J20 {Contlnued)
MECHANICAL PROPERTIES OF AS CAST EXPERIMENTAL ALLOYS
Yield Ultimate | Efony. | Reduction | Noich Brinell
Alloy Alloy Heat Strongth, Shength,| In 4D, In Arsa, |Tensile, | Hatdness Cm(‘:" m § Oy et t:lhogw:,
No. { Type He | st KSI | Por Cont | Par Cent | KSI | Number | Por Cont | Por Cont | Por Con
84 AAL-4S1-82Z:~ P02-A 124.0 141.2 11 2.4 213.2 290 .0to 12 .068
0.07N 8 126.0 1420 10 2i.5 2140
C 125.0 142.8 10 23.0 2144
65 4Al-2Mo~2Cr 351 183.2 } c 150.8 405.2 .018 .15 .0099
2V-¥ o—45n- 137.¢6 1 0 131.8
8Zs 190.8 0 0 130.0
&6 2Al-5Fe-25n- 352 131 1409 2 3.0 154.8 285.1 023 .18 015
8y-52¢ 131 140.0 2 0.7 116.0
10 130.0 2 1.4 118.0
-] 2A1-8Y-5Fs 354 140 154.4 ? 11.9 183.6 311 026 11 014
142 153.2 4 8.6 186.8
143 153.6 4 10.6 148.0
69 SAl-4Y-~ 434 129 147,46 9 15.1 204 37 .03 .12 .0063
iCr-iMo 454 126 144.8 7 18.6
434 128 145.0 8 7.0 204
None-A 130 152.0 7 15.1 a2l
8 13 152.0 3 9.2
ral SAl-4V - 355 113 128.0 7 1.5 196.0 277 .048 .06 .028
0.048C-0.06 m 127.2 [] 12.2 190.4
Ox-0.028N 1i4 128.0 [ 12.9 190.8
72 6Al-4v- 357 14 130.8 [ 15.1 200.8 287.6 .028 .05 045
0.028C-0.050 [RE3 133.2 4 15.1 196.8
Ox-0.045N 15 132.0 7 15.1 198.0
73 SAl-4v- 356 122 135.8 8 15.1 200.4 290.3 .025 .06 .079
0.025C-0.06 124 142.8 [ 1.2 2120
Ox-0.079N 121 133.8 8 16.4 206.0
80 0.04C-0.18 341 64 82.8 15 25.9 .040 .18 .018
Ox-0.018N &4 8c.2 15 23.0
63 a1.8 13 34.4
84 .036C-0.28 431 48 90.8 13 2.7 036 i .018
Ox-0.018M
84 .053C-.26 432 76 96.0 13 8.5 2130 213 .053 .26 021
Ox-.02IN
90 030y, I15Al, HNot cwlables -~ tus bunle
v
96 513 54 7.0 20 40.0 108 025 099 018
97 514 69 84.0 20 n.7 122 037 077 073
98 520 in 127.0 3 0.7 159 053 .57 .018
99 519 nz 12i.0 i 1.6 9 .036 .43 088
100 518 59 83.¢ 16 27.0 128 .las 13 013
101 517 n ?4.0 1 16.7 138 190 14 .059
102 S5 8s5.0 L 08 84 RLX] 67 013
102 515 923.0 ] 2.1 &8 185 KA .076
104 P142 128 1570 8 17.6 100 Jive 035
{05  4Al-450-B4- P96 154 171.0 4 5.3 216 352 060 .12 .038
1.5Fe-1.5Cs- P596 154 71,0 3 9.7 352
1.5v P598 154 170 0 4 5.3 352
106 AAl-4Sn-82s- P597 132 14.0 10 22.4 219 ki 060 1 .08
Sle-.5Ce- P57 132 147.0 H i6.7 321
5V
fally 144 1wy 4 L1 058 S 53
p511 13 146.0 8 12.9 .50 .51 O
Ph20 135 153.4 7 13.5 055 .21 025
P31 130 148.0 7 19.4 .05 H L
P536 132 152.0 8 10.6 050 .22 024
P41 132 1480 8 13.4 Q57 .23 .03
Padb 154 140 0 7 13 4 047 22 055
554 12y 146.0 8 14.5 .048 .23 028
|25 14 131 47 0 ? 7.8 .026 .23 052
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TABLES

TABLE J20 {Continued)

D2-2746-8

MECHANICAL PROPERTIES OF AS CAST EXPERIMENTAL ALLOYS

Yield Ultimute | tiong. | Reduction| Notch bilnell :
Ah:::) :I loy H':Z' Stiangth, Strength,| In 4D, In Aseq, [Tenstle, | Hardnass pcmbo"' Oxygen, | Nitrogen,
: jad . ksl KSI | Per Cont | Pur Cent | KSI | Numser | 70 Cont | Por Cent | Por Cont
107 10C~. 1Al 606 140.0 [ 0
164.0 1 1.6
172.0 1 3.3
108 6Zr-4Al- 607 130 152.4 n 21.0 208 L7 030 .035
ASn-2v 130 152.8 1 2.5
110 10Zr-4Al- 626 16 135.2 1 27.9 201 .016 N 014
45 v 118 134.2 1 24.6
111 8Zr-4Al- 627 Yiz 140.0 12 22.4 198 K1) 12 L014
6Sa-2V 18 141.0 10 22.4
112 87r-6Al- 628 120 1450 12 21.4 Rivdl 12 13
45n-2V 120 1440 1 23.2
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TABLE J21
MECHANICAL PROPERTIES OF HEAT TREATED EXPERIJAENTAL ALLOYS

Yie-lod
I Jemeep ot Tcon He-thie Virin Hoth Krinel]
Alloy  Alloy Heat in WD in Areas Fin Hle Hardne.s
W bypr | Ho, Meat e atuent (0. e Fer Cont For Lent Kb tumber
6 WAL-255n F-lg Ae-Cont 127,44 1./ 4.0 6.0
1710 13,7 .o mn.u
lrae 1s7.4 1.0 20,0
P2 /L Ac-Lant
A 205,65
w 00,4
[ 201.3
P33-2R An-Lannt
A 1i/.1 13354 Il.o /7.0
i} 15e, 0% 15,0, 1.y 2.0
L [NEWT] 1§9.0 il.0 2.0
$33-28 Ae-La-t
A 203.3
3 1964
L 00,2
P33 ol JH act 10U - i AC 144.¢, 1394 6.0 LA
o Iyuor = - o 1y 1ho bl G 2.5
143 Abwi v - . - [P V3i..2 10 3.3
o 13v-llce
-0A] rhe As Last o 1m) Mo, ynh 5.0 g
' 1hoat - 20k-Ab2 19290 - itil-AL 14,497 ey H koo Lty
oo Y u 17,09 12,0 m_y
v 1700f  ZHK-WA) - - ' 1hz. 91 HA Y] 6.0 3.2
" . oo 127,43 127,43 17.0 33.2
" " ' " Ve ) e 14,0 33.4
" ot gL iR-AL | P 132.% 6.0 10.7
. : lust -+ e 1229 1en.2 6.C 2.4
Yoot g 2hE gk 13724 14%.0 5.0 (7991
- v - olusulb o - b2z, 4 1310 [ NN is.o
" Y245 - HyHR- AC 141,29 151,35 8 1.1
Fot: 1 7001 - 21R- W), 130, 5 131.0 o HW
" ' MY MNE- IHE-AL 136,49 132.0 (/] 6.7
. - ot luset o 16,1 14,7 h.0 5.7
- Mttt yntonHR-AC 13y.0 th. b 4.0 4.9
G 13v-ltee PEO 1 700F - ZHR-W) 1050F -HR-AC 14.7 13%.3 7.0 4
~0Al . " voon G2HF- 1OEMR-AL 150.3 1645 Lo 3.8
. " otoluser o 1278 135.0 5.0 1.2
1 13v-lice
13A1 Pyo-IA 124.9 V. 1y 13.% 3.6
[ 1 LN 1.5 18.5 240
€ As Cast 25.2% L2601 15.0 23.0
=¢A As Last isl.3
8 As CList 1oh.8
LAy Last 174.7
PGI-TA Ay Last 1264 127.8 HV S 17.0
S hs Last ida.-r ISR ie.h .G
C As Cost 12,7 131.0 i2,0 5.0
Fol-4A  As Cast 163.1
B s CLast 175.5
[ NN 17y.0
[ Y] 120U - 2Ny LAY Ve2,.5 7.0 360
[T ] ' a2y - iR -A 133.¢. 135.7 y.0 1.0
. . 1os0i - ' [N 136, 2 i2,0 e B
59 " IRV B 11 S I o 131.6 .o la.9
- .- R 0V O 1T - le § Vaen [A] 11.3
Fe:l - Yt Ys,leabi 15) 4 156,.0 .U 6.2
" . R [ LA B Vb, 1t 3.3 [} 10.3
pre . L P AT Y 11 N 1,94 1} 1 1 12,5
. . [T A - 14§ oo 146 e Y.u 13.0
Fusl (AR B LR TR 111 e A ) t.o
144l o [ LT 1nj 1 6 e g
isei eyl 1s 3.0y
[ PO TN, HESRSRE S 124 e (K} 20,49
. Dol —giv. 0t 32 g b, efy el 3 ]
. 12 200 Iy 0.5
PJob- v wa gish Jpame ian_rag + .0
. o [ 503
BN shier Por_bas . )

1o ber i t
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TABLE J21 (Continved)

MECHANICAL PROPERTIES OF HEAT TREATED EXPERIUAENTAL ALLOYS

Yleld Lithmate

Strongth Tensltle tlongat lon  Reductlion Notch Brinell
Alloy Alluy Heat K51 Strenath In L In Ares Tenslle Hardness
No, _Type__ Ho,  _ Heat Treatment o (002 nifaet)  KRST . Por Cent_ _Per Cent  KSE  Mumber
11 13v-1icr P55 H4COF- 2HR-WH G 25F - hENR-AC 100 1o 3 5.1
1A » oo 12% 125 14 20.5
" 170.0F- ' " 9230 e AC e 150 4 h.0
" " "o 127 127 30.3
" " won 16 12t 17 36.1
PEL " "0 29K THR-AC 134 136 [ 1n.o
" i v b [ 2% I " 130 136 10 12.0
P55 t " G2 2HR-AC 129 132 n 18.9
" " " vlgsor . 125 126 6 13.3
P61 L VL1 11 S Y 156 4 8.2
» A LT 1hg 163 & 10.3
143 " W1 g5 R v 4o ihy i 12.9
" " e S jOLY " n |£:’ 141 9 13.8
P61 " tooN gy 16nR M 180 Ty 4 b.y
" " wooMmoese 16 ihe 147 [ 4.8
1] [} L1 i I’j 'jj Iz 23.“1
P55 As Cast 125 125 L3 20.9
" 1100F - 2HR- "X}~ 25F - i Zitt-AC 159 174 [ 9.2
- 16007 - 2ZHR-MWQ+ ' - v 157 174 [ 10.6
- 1760F ' -UUGF-BHR- 143 160 [ 12,9
"q 1600 ¢ e wm 143 158 8 12,7
P61 1600 Y ¢ 9sof. tsu 166 5 6.7
" " oo 16HR ' 153 170 Z 6.7
Pss ™o ahHR 153 170 5 7.6
i R " " gOOF- BHR " 10 ith 10 15,1
" " " non IGHR ' 152 169 ¥ 10.0
L1} n L 1] " is ZI"'R . '58 |75 "; 6‘3
i3y As Cast 120 130.8 1.6 1.5 179.2 277
n As Cast 119 129.6 7.0 9.7
" 15507« HIR- Q#3507 - BIR-AC 152 163 5 7.6
" " H oo [ TR ]':9 |;,5 & 6.3
n W wor o hyR 159 178 4 5.2
[1] 1] L “ 900 8"“ n l(ly ]8) } 5.3
L1 113 [ " n '6““ " '59 17' S 7-6
" R . 171 187 b 6.3
" 1500F ** ® Y50F -Gk iay iod 5 .3
435 150GF- ZHR-43- I50F- LGHR-AC 156 174 4 6.3
(1] ] a 2BHR. ™ 1% 174 N 5.3
" o Y00F- BHR 151 165 5 6.1
" " "o HAL 165 182 3 6.3
" L | V6hr 3} 4 5.2
1600F « ZHr ~WQ+1950F - 2HR-AC
55 1 7G0F - ZHR-WG+1050F - YHR~AC 133 6.0 7 1.5 3
" woowon QULE_ | JHR-AC 159 174 .4 5.5 9.2 341
“ 1600F ** "' JOSOF-4 HR- ' i 1.0 7.5 1.9 3oz
" 0~ "o QAFLI2HR 157 1744 £ n A LY
" 1700F ' ' 100OF- oHR 143 159.6 4 12.9 341
" 1600F * ' " oo 143 158.0 ] 12.7 3t
12 13v-licr P38 As Last izh, ibd i25.952 ii is.i
24a1 " 140K - 2HR-W)#925F -l k- AC 172,30 174,433 i 0.0
" " [Tt Ve 1w, 126 g 17 n v
- 17008 ' - 924F-haHR-AC 140,922 194,45 2 2.7
- " aoae 127,108 127,310 12 25.0
" YL T- Gy IK-AC It 251 113.93)} I4 é.6
Mo7A 123.9 | FIW S 1.5 2.0
wop 1219y peh g 9.5 €20
T 17t.0 1250 10,0 3.0
™ 191, 1
" ¥R}
“ 109,53
Pht- 2R 13n ; 0.5 LU
& Vi ML x.0
c LB 1S 3.4 9.0
Fhii- 3R 5.4
8 FION
L HIY
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MECHANICAL FROPERTIES OF HEAT TREATED EXPERIMENTAL ALLOYS

Yie-ld Yitimate
Strenqgth Tensiie Llungatiea  Redurction Notch 8rinetl

Atloy Allay Heat [ 3] Strenagti in ‘0 in Aret Tensile Hardness
B, Type No. _ Heat Trestment {0.24 wifse1)  KST__ Per Cent Per Cent __ KS1  Number
Pl 1700F - 2Wk~'dx 133.7 133.7 18 25,6
" W e g LR AT 1356 135.9 iy 6,2
' " "t olghuy o 137.% 139.6 6 9.2
" R P I 14,3 12,6 7 10.6
" N 'ovosor o 135.6 139.8 9 10.7
" " "o R MGHR-AL 1761 69,0 5 b.6
" o gyoF 3 L 1.9 i 6.5
T} " o 12,7 126.7 12 29.6
w " "o g9 aii-AC mih Hits 0 4 2.8
u " o 0L08~ h2.2 iv0. 2 9 .0
u " N gy FogHR-AC 164.5 176.5 6 9.5
o " "o OS0F-8UR- 140 . ¢ Ve ? 8 5.5
13 13V-11Cr Pub~2A As Cast 131.4 133.1 9.0 2.0
~4Al ¥ As Last 134 €5 136,15 9.0 21,0
C As Cast 133 .60 135.8 8.5 18.0
SR As Cast 177.6
B As Cast 178.1
¢ As Cast 169.3
P52-1A  As Tast 133.3 £33.1 9.0 2.0
B As Casl 1352 136,15 9.0 21,0
C As Cast 134, 135.8 .5 18.0
~2R As Cast 185.7
8o Cost 176.3
¢ As Cast 173.7
Ph As Last 132.3 134.3 9 18.3
" 1H00F- 2R -WQ +9 25 F- LgHR- AC 1828 1] 0.2
1% b o on l]'.z ,33.7 7 ”‘.7
" JI00F-2M-Wyt ** " 054 206.6 V] 2,0
o u "won 132,918 133.956 15 319
P52 " v 136,7 137.3 13 26.6
" " "o 4926 F- THR-AC 140.8 162.8 iy 8.2
" b oM O1050F " s 6 148.8 7 P2
u u” "o g5F-AHR- 157.0 163.6 3 3.9
" " LLONRUS (11911 LI 160, 170.6 & 6.5
" " o 92%F- |OHR-" 192.6 198.7 2 i.t
(1] [}3 " [1} '050" a 1] |75.5 '79'5 3 2.0
P46 " "on 132.5 133.8 13 32,3
" " o1t GIGF-2HR-AC 133.7 1368 3 2.7
n w "ot 3050’; " " “'().(: I“ﬁ."l S 3.6
" woon o Y5 F-BHR-AC 169,90 176.3 3 4.4
. AL [ V] S " 163.6- 171,72 3 2.9
" 925F-4gliR AL 151,10 1] 1.2
(P139-3)
M BY-SFe P139-2A As Cast None 142. 4 0 0 102.8 438
B As Gast None b 0 0 b ioh 0
C As Cast None 186.0 (1] 0 126.0
¥i33 1350F = iif ~-WQt I000F- THR-AC 164 .6 166.6 1 3.5
o » rom . MR v 1611 163.0 1 1.4
" " noe " nR-AC Wui Taken  155.3 2 L.y
" 308 no¢ " IHR = . 146.8 5 6.6
" . TS " 2HR I “"'.9 4 5.7
" . e e “ LHR " i, 1 [N 6.3
“ S " 140, 2 3 9.5
: A5 tast ' 182.8 [|] [+]
15 By-5Fe  PLWO-2A A~ Cast Hy.0 }74.0 & 1.9 203.0 363
tai 8 As Cast 9.0 17€.0 5 i0.0 206,8
C As Cast Wz, 0 71,6 5 16.4 170.0
F358 As Cast 150 178.8 2 4.0 L 35%.2
" As Casi 1341 Y6L.0 2 5.3
" As Cast i3 ib0.0 2 5.0 i18.0
eiqn P Cant 12 1o L i3.5 53,0
ihzi [ AXX 151.0 2.0 4.9
[N T HESRY | BT RN RN THTTIPT B FHISIN Wt Yo ii5.% 1] 3.3
- - . P : - Yy 1 [ ]
" : e e - : IR 2 2.2
S B Nivse - [ SRR 1.0 3 2,6
- - “ s P B L 5 5.1
[ HE - - ' tni. s it b3
- - B S . ' rea [ 5.1
. € [N 1} [ [P . L1 P ih
' ) o IR
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TABLE J21 {Continued)
MECHANICAL PROPERTIES OF HEAT TREATED EXPERIMENTAL ALLOYS

Yielo Uitimate
Strength NTenslle Elongatlon  Reductlon Notch Brinell

Alloy Atloy Heat K3t Strenyth tn bb in Area Tenslle dordaess
Ho, Type No, Heat Treatment . __{0.22 offset) ___KS1  Per tetn _  Per Cent KSE _ Number _ __
- T ) (P140-3)
15 P358 1000F-LgHR- AC 160 166 3 9.5 192 331
Plho anoF- dim v - 201 4] 0 338
P35y LU 11T S ——— 192 3 7.2 363
" v by v 178 1yl 2 3.h 172 341
PIho BOUF- BHR - 191 2 0 40t
r3cy LU ——— 195 1 0. 388
" " OLEHR - 194 1 ] 118 375
[4LT)) 7007~ YR ' g [ ] L4,
P358 " 24uR ¢ e 121 0.5 2.1 L1
" o Bungr v 122 /] 3} 85 515
P40 600F« HBHR **
" " ‘['“R n
P353 " hgHr v - 121 6.5 1.6 388
16 §.5A1 P65 As Cast 126 14,1 10 15.3
5,5V-25n ** 1150F- 161R -AC 127.7 138.9 9 16.2
.SFe« 25Cu P6GY As Cast 12%.2 1h0. 4 9 16.2
" 1100F- <HR-AC 130.0 hr.e 9 19.6
" " L 1.4 140,6 & 13.7
" " g 129 140,06 1 13,2
" " JGHR v 130.8 140.8 9 3.0
" 1150~ i = 127.5% 136.6 8 a1
" " 4HR 1man 139.1 11 17.8
" - ghe 1e8.9 1407 8 .y
" 10500~ . 129.2 .8 7 8.8
" " [N 129.9 142.9 92 1.3
" " BHR " 130.% 142.3 6 12.7
P65-2A  As Cast 1254 152.0 10 5 15.0 210.0 311
8 As Cost 126.7 Thz b 16.0 6.0 206.8
C As Cast 125.9 142.0 0.0 15.0
P65-3A As Cast 717.%
3 As Cast 216,90
C As Cast 2151
P65 As Cast 126.0 e, te 15.3
" 1650 F~ 2HR- W) +1000F -GHR-AC 17¢.0 181.2 ] 0.6
" " oo “ I6HR 1n.s 176.5 G 0.3
. s e LIgUF-GHR ' 161, 2 i72.0 o 1.0
° " o " I6HR -t 154.3 168.9 2 5.0
" " I6HR i000F-6HR ' .9 173.3 [ 0.5
L1 " i L " l(’)"ﬂ LK) l(’,l’-6 175‘7 I 2.8
" " " " l100F-GHR 161.1 1Gy.2 i 3.6
" " [EEERT " 16HR lf;f)_! |65‘U 1 ll.i’
P63 As Cast 125.2 140 .8 9 16.2
19 #725-MHn PEL-2  As Cast 112.3 128.4 8.0 is.@
As Cast 1is.0 130.9 4 12,0
As Cast 113.0% 1294 7 16.9
FOU-3 As Last 190.7
~s Cast !39:7
pr Care
P6B-2  As Cast g 140 e
As Last 2 7.0
As Cast 7 1.0
i As Cast 7 1y.0
" 1G00F 2B AL+1100F- 16HK- 22 & 14.2
. . . o Vi
- v MR HIONT - k- AL 3 ER

Va3 - 2HR- Fe s D0 - e A

" - g
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TABLE J21 (Continued)

MECHANICAL PROPERTIES OF HEAT TREATED EXPERIMENTAL ALLOYS

Yield Ultimate
Strength Tenslle Elongatlon Reductlon Notch Brindl}

Alloy Alloy Heat (8] Strength in 40 in Area Tensile Hardness
No, Type o, Heat Treatment {0.2% vffsat)  KSI Per Cent Per Cent __ kSI Number
19 P63 As Cast 5.0 129.9 5 12,0

" 1700F - 2HR- WG+ L000F- 1HR-AC 130.6 142.¢ 3 1.6
u " won vOmR oM 133.0 148, 4 3 2.7
" . o " 4HR ™ 138.4 148.0 2 10.7
o nooow o " gHR v i32.9 148.6 2 1.8
" " "oV TI00F-IHR 131.9 12,1 i 0.6
" " won " 2ZHR - 134.6 .6 2 0.8
’6h u oo woLgg 1318 138.6 2 2.1
" 1606F ' 1000F-hHR 125.5 137.3 3 8.7
v "M 1100F- iR ¢ 127.1 138.1 3 6.9 . .
{150-3)
20 10¥-13Cr FPI50-2A A5 Cast 148.0 136.0 10 5.7 190,0 277
SAl B As Last 128.2 132.2 1o H.6 204.2
C As Cast 128.0 136.0 il 27.2 130.¢
P50 As Cast 12¢ 136 10 25.0 193
" 1600 F - ZHR-WO+1 0COF- 2HR-AC 151 163 3 7.0
" " "o " bHR v 179 142 1 z.1
o " "o " HR .- 173 0,5 6.7
# " o 10%0F-HR 167 167 1 0.0
1 L1} n T n l}HR ——— '58 | l .5
n " n " (1] u"R 1] —— Il} I vo
M JAl-uMe PILE-2A As Cast 112.0 132.0 5 15,1 194.0 305
3 B As Cast 112.0 130.0 5 12,2 193.2
€ As Cast 0.0 128.0 7 i2.9 195.6
P148 As Cast 1.3 130.0 6 13.h
" 1600F - 2HR-WQ4 1000F - sHR- 4 127.2 145 .8 ] 5.7
" " U 1100F-2HR v 19,0 140, 2 2 6.7
T " " noo1 " HHR 9 129.0 l'fl.5 3 |.h
2% BAl-lMo  PI66-1A  As Cast 107.0 121.0 9 25.2 igol0 ©  287.6
v B As Cast 107.0 119.6 9 2%.5 186,0
L As CLast 106.6 120.8 10 26,5 190.8
166 1600F- 21t - W+ 1000F - | KR~ AC 107 122,0 i 5.9 285
" " non . HR 103 119.6 9 24,1 85
" v el in’ 116. 4 8 25.9 293
i " "M G0UF-2HR M 108 17,2 7 21,7 285
" " "o o ohug v 106 119.6 1o 22,4 293
{P1a2-3)
27 UWAl-3Mo PIh)-2A  As Cast gi1.0 tio .o 15 37.¢ 172.6 254
w B As Cast y2.0 Ho, 2 15 35.0 i73.2
€ s Cast 94,0 1i1.6 9 26.% 172.4
Ping As Last Y2.3 il0.6 13 1.2
" 1550F - ZHR-WQ + 1000 F- R~ AC 107.5 123.6 3 2.4
" " o 1100 HR 103.4 118.6 4 8.5
" " vowm " gk 101.6 116.4 6 11,3
{P149-3,
3 63A1-31Mo PING-ZA As Cast 136.0 154, 4 8 4.0 216.4 331
v B As Cast 132.0 152.0 12 21.5 224,90
€ As Cast i3v.0 1542 10 20.4 LR
359 As Cast 2 140.0 a 6./ 219,2 k23]
As Cast 1o lap. s 6 10.6
Pllg As Cast 134 2 ey 7 1] 120
" {600~ JR-WG4 1 000F - IR AT TR 1211 I3 3.3
" «“ "o " 2R - 1€s.0 113.5 1 3.0
" o LT 170.G 1j5.5 2 3.2
t . o ghik v cee . 196, 1 2 0.2
Plag As Cast ith a4 io is.y 1B
- 1GOOF- 2:K- W+ 1GOOI - JHR-AC HAS 11t £ N
- . o Y MR- iy 174 i 3.0
- v " ik il 176 2 3,2
" oo o O#HR --- 1eg, H 0.2
" I550F 00 g 1hg I:h ?
- ot e 142 W 2 4.0
o " O LI00E- M LAM 1 /G 3 7.0
" i oo T uHE - 152 1.2 3 7k
v Beaf ot ot jpoor 134 TX3 ? 0.9
" : o Y BHR 13F 10 3 6.3
: o [REI IY P tox, H R
oo T hen 13¢ e 5 ii.s
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TABLE J21 (Centinuved)

MECHANICAL PROPERTIES OF HEAT TREATED EXPERIMENTAL ALLOYS

Yield Ultimate
Strength Tenslla Etongation Reductlon Notch 8rinell

Alloy Alloy Heat K3 Strength In 4D In Area Tensile Hardness
No, Type No. Heat Treatment (0.2% Offset)  XSI Per Cant Per Cent kS Numbs
2y P359 As Cast m HS 7.5 4,0 219
" 1520F - 2HR-WQ+ | GOOF - BHR-AC 149 165 5 1,5 2i7
LU " vo0 o HI0OF-bHR v 4 158 3 6.7 226
" " o jOS0F-GIR 150 163 4 8.1 222
" 50 ' 1000F-8HR " 18 163 4 10.6 214
" " "on 1100F-4HR ¢ 144 153 3 7.0 224
" " B 1050F-6HR ' 146 169 5 6.7 221
PI49  1550F- 2HR-WQ4i000F- 4ilR-Al 158 163.6 2 4.9 363
[ - won "oOLBHR 159 168.0 2 5,0 352
H n won 1100F-28R M 155 120.0 3 1.0 352
" wooomo o hyp 152 162.4 i X 352
" 1500F ' ' 1OOOF-4HR 134 165.0 2 4.9 352
" " o " BHR 136 170.0 3 6.3 352
" v v 1100F-2HR M 132 166.0 3 8.6 34)
u voomo W Lug » 132 166,0 s 1.5 352
(E‘%'”
32 15v P146-2A As Cast 115.0 124.8 3 9.2 122.8 293
B As Cast 115.0 134.0 5 11.5 167.2
C As Cast 115.0 135.2 6 8.6 177.6
[ AL 13507 2HR~WQ+900F - 2HR- AC 141.8 thiy 0 3 1.8
1" " L 1 164.0 166.5 3 3.8
P146 " BHon o gHR 135.3 1367 2 3.3
4) 2ty PL23 As Cast 85 106 i5 5.9 e
" " 1000F-BHR- AC
n " " {h"“ "
o " 900F-72HR " 88 105 15 23.9 ht
" " L 84 104 16 2.4 235
" ' "oohg " 49 106 15 24.6 2y
" " BOOF- BHR " o 1ol 12 20.4 299
" " " 2hHg " 1] 104 15 244 241
" " " hyhk ¢ o8 105 16 27.2 24
" " JOOF- gMi ** 86 104 16 25.9 235
" " " 24HR 86 104 17 26.5 223
" " " 4gHR 83 105 16 30.5 223
" " GOOF-24HR *
" " " LBHR
" P202 1475F- 2HR-W)+1 200F - 2HR-AC 55 82.48 21 41.4 170
" " nooouowm " BHR - 5y 89 i5 34.1 183
" 7573 As Cast 100 1y 14 14.9 173 255
b - 100 118 13 19.7 174 255
" " 1000F-HOHR-AC 100 itz 13 ig.1 262
o w YOOF- BHR- " j02 lio 13 17.5 W
" o 600F- BHR % 115 6 9.2 269
" " " doHR " 164 by i3 2.8 248
42 6AL-2Cu P23 -1A As Cast R3] 123.6 3 L | 162.% 283
" 2 M lest A 122.2 9 14.9 182.8
" C As Cast HH Ho 3 2 5.0 H T
o P223 1475F- 2HR-WQ+ 1 200F - 2HR-AC 108 3.6 19 23.2 262
' " " non " gHR v 106 116.8 lo 23.2 \Flez-5) 269
iy 3A1-2dv  Plag- 1A As Cast 94.0 106.5 1 28.5 158, 2,
B As Cast 94 0 tisig i 1 % p
C As Cast 9.0 108,0 12 29,9
e Ay Sast Jn 1uj.6 11 29.5
" U508 - 2HR- W +JOOF - JHR-AC 101.6 iy o 9 11,2
" " oo . qup v 1a%_3 113.9 5 153
" -t oo "ogHR v 1550 11¢.5 Q 2.2
' 135G6F Y 2R v 1ot .4 108.6 12 20 3
" " o " LR 10Z.0 106.6 16 21,1
. : R 1ua 2 10,5 " 307
" : L R T TS 10/,2 tul, ) 9 21.2
it 2y
5ig 2018 A Last [N E £ 1e e [FE el
B A5 Cast T 150 Ha . Y]
L A3 Last in L A A 5. 1968
.32 In-ey fue g [N LR N . LI 3
" R 111 B [ Vo g 4 il s 65
RS il Vs b f ty ¢ s
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TABLE J21 {Continved)

MECHANICAL PROPERTIES OF HEAT TREATED EXPERIMENTAL ALLOYS

Yiold Ultimate
Strongth  Tenslle flongation  Reductlon Notch Brinoll

Alloy Alloy Keat Ksi Strength in 4D In Area Tensile Hardness
Mo, Type  No, = Heat Teeotment  _ _ {0.2% Uffset)  KSI __ Per Cent  Per Cept __ KS! __ Number _
LY S Mo~ 58e P1Yg2-2A As Costi [T 9¢.0 1Y 25.2 127.2 201
“ 8 As Cast 68 90.4 13 26 132
" C As Cast 68 91.6 13 23 133.2
" Pig2 1500F- 2HR-WQ 7% 126.0 [ 9.2 233
" " w Yov 4 9ODF- |HR-AC 78 106.0 3 8.6 277
" » “ Bon noouR T 7?2 104 4.5 ] 2hy
" 11} n [1] n " 'I"R n ;lz I]',‘l.ﬁ 7 ".9 2"8
" " n non "oghR v 60 113.2 7 1.9 241
" " " "W B00F-1HR ' 8l 1722 2.5 [ 285
o " " non w2k 74 1268 3 6.3 293
" " " "o " 4HR v 16 123.6 6 7.6 293
" " " nomn wo gHR 16 122.2 & 7.4 285
{P234-2)
49  6Al-6V P234-1A As Cast 1110 132.0 10 32,5 206.0 296
-25n 8 As Cast 115.0 136.0 8 21.0 204,90
€ As Cast 111.0 I31.0 9 29,0 204.4
P234 1600F- 2HR-W) + 1000F - 2ZHR-AC —— 163.6 H 3.8 263
n (1] n n o h"R " ‘()o 'b3.6 2 3.8 352
" " o TI00F-2HR OV 146 148.8 2 7.0 3s2
n " "wow "4k n 150 160.0 1 1.6 352
" " " & JOOOF-2HR 142 199.2 I 4.9 352
" " "won o BHR o 145 157.2 1 0.3 352
n " Yo L100F-20R Y 1451 155.2 2 7.0 341
" " won "O4HR v 140 154, 2 3 7.6 34t
50 13Sn-2A1 P230-1A As Cast 122,0 1420 L] 5.3 196,2 305
-102r B As Cast 123,0 1432 i1 i8.9 186.0
€ As Cast 123.0 i 0 10 18.1 190.0
P230 1025 F - 4HR- AC 126 141.6 7 11.9 293
" " I6HR * 125 43,6 4 7.6 3
55 GAI-4V P297-1A As Cast 10+4.0 124,0 9 25,7 277
0,59 B As Cast? 106.0 12A.0 10 25,2
C As Cast 1040 124.0 12 41.4
313 200 243
197.6
203.2
55 313 160G F~ 2HR-WG+ 1000 F- 24iR-AC 121 139.6 5 1i.5 321
" " nonon g o 120 139.6 8 15,1 3
" » "o 100F-2HR " 123 1262 [ 13,5 2
* " weon oO4HR (R} 1340 8 16.7 293
" © v 1000F-2HR 124 138.0 7 13.5 302
" - B mogyg [P0] 138.8 7 12,9 302
" n "o T100F-2HR " 116 132.8 8 12,7 293
" " "o "oOAHR M 110 133.6 9 17.5 3t
56 GAl-by
-0.5Ta 348 As Cast 104 124 1 38.9 192 282.3
" Az Last 08 128 11 2h.9 190
" Ar Cast 104 124 1] 2 £ 18
" JOCOF - ZR-W}+ GOUF- 211KR-AC 117 1404 [3 tn_n 893 22121
" o Y BHR-AC i23 1450.0 4 12.2 FFiY 321
" + Y JUUDF - 2HK ily t138.2 9 25,2 3t
" " " L L S 139 136.8 9 25,0 321
" . "ot 1 100F-21R v 11 134,0 3 299 302
" " [T " Lur M t20 ijj.i'l 5 !','-.!_! o2
" YR Y HOOGE- i feu 136.0 4 ié.z 3t
N - o T R - it (R [3 2.0 iR N
" .- <t L IUDE-ZiiR ¢ iio 134, 2 6 7.6 302
" " o R 1T O 116 131.2 7 s, 2 3t
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TABLE J: T {Contiriued)

MECHANICAL F:OPERTILS OF HEAT TREATED EXPERIMENTAL ALLOYS

Ylieid ultlmite

- Stiength  Tenslle Elunuation  Reduct fon Rotch Brineltl
Aljoy Allcy Heat K1 Stiength kn 4 In Arca fensfle  Hardoness
N Tepe o Ha o Heat Treatn at - [CCRPA AR £ PN ) T $1 Per Cong Per Cent  KSE_ Number
ST {IT))
S/ AT-7Ha P298-1A As Cast 1h 134 6H 10.6 192 285
" -0, 256 B As Cast 113 134 u 12,2 189.6
" C As Lasl 112 135.2 7 10.4 192
" P24 Ehyy 0k - 2His-wi) Hy 132 10 18.9 269
" r i "N QOOf - VAL Hoi Thy 0 0 388
" " Y T Vaben A 0 0 375
" “ n W "o v “ 152 0 o 388
" " "n n 15 " u"“ " .l ‘56 o 0 375
n " n aon 8000 - fut " " |56 ) 0 388
" w " uon vomr v " 157.8 0 0 338
(1) Il " Hoae "OR HR " IEDB.[’ 0 0 388
" " n [T " HHR n i62.% 0 0 388
60 LAY-hSn-82r P300  As Cast 133 152 1¢ 21
" -ifeelCr-1v 102455 - hiiR-AL i1 152 B 15.5% 344
" " " OgHR v 130 146 3 4.9 3n
" " R [ 37 153 8 10.6 33
" Pirgy 1000F-8R 157 174 3 5.2
n " 2R 160 176 [ 4.3
" 1 o hYHR 161 176 3 2.4 172
i - M Cant 151 170 7 10,5
" ' SOOI -3hR "
u n LU TNTT 156 177 [ 7 352
" " v bk 15G 156 0 [ 161 352
" " Y 741 [ S 156 172 4 5.3 352
" -~ HODF-BHR 15% 173 7 1.5
- " noghmp m Is7 173 2 2.4
" " v hguR 160 182 5 7.6
60 4A1-45n PIOO-1A  As Cast 132.0 151 9 2L.8 223,2 32i
B7r-1Fe ] As et 132.0 152.0 10 22,4 218.8
Iv«1Cr C  As Last 136.0 154.0 10 19.7 223.2
PhYY A et 51,0 1/0.0 7 10.5
300 Fiatof - 20K -+ LOOOF - 1HR-AC 152 178.8 3 10.9 363
" ' o "R 153 176.8 L} lo.0 363
" " LU T S 15} 173.6 3 5.3 363
P300 A gt 133 152 1o 21,0 221
rhyy As Lt 1) 170 7 10.5 231
r300 15600 HR-WL- LO0DF- | R -AC - 1-1 2 2.4
o " o L 1] S 150 [ 2 3.3
" 1500F —* " hHR M 154 179 2 5.3
" Ihs0f * " " IHR 152 179 L1 ina
0 F300 1ih0F - (4R- WO~ 1 GOGS - 2HK-AC 153 177 & 10.2
" I [T v hyR ist 17 3 5.3
. 1200F * OgHR 144 176 3 3.3
LYo " "o " " " 13 i7. 1 0.7 168
£300 15007 - SIR-HQ- 1 000F - THR-AL - 180.4 2 2.4 375
" L W 160.0 z 3.3 303
" " o Wik 154 178.¢ z 5.3 315
63 jAl«fo- 350 As Cast 155 172 ] i3 178 3%,
S uLSW-U.51a As Cast 155 1520 1 1.6 iz
LU {oF 35 S SRR As Tt iah 1.3 ! L 152
" " auBE HR-AC Rt Y7L S 7 ! 63
" * o bHn v 1aken T 2 363
- t 200F - JiR-AC ” . 1 357
-t i A - i e
fie BATSLanode § 00 R AL Laal 1 213.2 e
. B Ay Lt L 214
" P sueb - inik- AL ic M3
. Co e - . 33
. MR 1on [REWH 4 Sl
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TABLE J21 {Continued)

MECHANICAL PROPERTIES OF HEAT TREATED EXPERIMENTAL ALLOYS

Yield Ultimate

Alloy  Alley Heat " Shength  Terslle Elongation Reduct. Notch  Brinell
No.,  Type . eut Treatmont Xsi Strangth In 4D  InArec Temlls Hardness
(0.2 Offcat} KS| Per Cont Por Cent  KSi Number
69 6Al-4y 434 A Cast 1 147.6 9 15.1 204 kirg
1Cr-1Mo . As Cast 126 144.8 7 18,6
. As Cast 128 145,0 8 17.0 204
None-A  As Cast 130 152.0 ? 15.1 krd]
B As Cast 122 152.0 [ 9.2
434 1550F - ZHR-WQ+1000F-4HR-AC 144 159.2 2 6.7 341
- 1550F~2HR-WQ+1000F-8HR-AC 144 158.8 2 6.7 341
" 1550F-2HR~QW+1 100F~2HP~AC 140 154,0 4 10.5 32
- 1550F-2HR-QW+1 100F~4{iR-AC 14} 154.4 4 7.0 352
» 1500F-2HR-QW+1000F ~dHR-AC 145 160.0 4 7.4 341
* 1500F-2HR-WQ#I000F -BHR-AC 141 156.8 3 7.8 331
- 1500F ~2HR-WQ4#T100F-2HR-AC 139 154,4 4 2.7 an
- 1500F ~2HR~ WG +1 100F -4HR~AC 136 150.0 5 11.2 an
s 8Z-dAl- 596 As Cast 154 mn 4 5.3 28 52
$nu] 5Fg- * 1500¢~2HR~AC 159 175 3 6.5 363
1.5Cs-1.5v * 1400F~2HR-AL 154 168 8 12,9 352
» 1300F~2HR-AC 154 168 4 6.7 352
" 1 200F -~ 2HR-AC 158 164 2 1.6 352
- 1400F ~2HR -AC+1000F ~ 48 HR -AC 142 Q 0
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TABLI J23

RESULTS OF DEVELOPMENTAL BRACKET COMPARATIVE FATIGUE TESTS

Fatigue life, Cycles

Load, Cast Ti-5Al-4V Cast 410 Steel
Pounds (As—Cast) (180,000 psi, min.)
18,000 NT 21,000 (2)
15,000 5,010 (1) 26,700 (2)
15,000 2,542 (1) 30, 380 (2)
12,000 7,552 (1) 93,180 {3)
12,000 14,710 (1) 118, 450 (2)
9,000 30,000 (1) 430,330 (1)
9,000 34,149 (2) 311,000 (2)
7,000 140,051 (3) NT
7,000 134,420 (2) NT
5,000 448,618 (1) NT
5,000 218,550 (2) NT

NT - None Tested.

(1) Failure in upper flange.

(2) Failure in upper large lug, at mounting hole.
(3) Failure in small lug.




Dimension
Type =~
Seo Foornotes

1

1

[SVa
. .

metre mmermer mmene] mcm o Il e .ot M L
Tt Mvivae W wuipCiiaicviug 1w Py 111G,

Dimension across but paraliei to parting line (includes mismatch)

Spacified
Nominal
Dimension

.200
.650
3.050
Not Specified
1.520
2.520
Not Specified

3.050

10,630

TABLES

TABLE Jjz4

Actual
Average
Dimension

0.205
b74

3.099
?.598
1.533
2.525

664

3.110

10.703

- Simple Dimanslon, not across parting iine .
Ntrnn

(SRR TTies

RESULTS OF STATISTICAL EVALUATION OF DIMENSIONS

Specified
Range

t 015

+
&

J9

-

-+

"+

Actual range was from conventlonal statistical analysis and represents plus and
minus three standard deviations,
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STATISTICAL AMALYSIS TECHNIQUES

.

Conventional statistical analysis methods were used to establish
composition limits, design allowables, and dimensional tolerances.
These methods are based on ihe ossumption that the various data being
studied rupresent a “normal ® distribution. The following symbols are

used:

n

= the number of individual values In a sample

X =an individual value in a sample
L X = the sum of tho individual values in the sample
X = the arithmetic mean {average) of the Individual values in the

sample

g = the standard deviation of the sample

The procedure for determining standard deviation is as follows

1'

2.

Determine n and X.

- EX

n

Determine the difference of each value from the average
{X - X} - - n volues will be obtained, Sign: can be disre -

gorded,

Square each of the values obtained in step 2 -~ {)? -X)2--
n values will be obtained,

Determine the sum of the values obtained in step three and
divide this sum by n.
L (X~X)?
Senmndgarrints i
n

Datermine the square root of the vaive obtained in step 4,
This #il ke one standard deviation,

J——

o 3\2
o =/ (X - X)
N/

n
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