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W_,f——lﬁho concept of producing titanium castlngs using low-melting

This program was conlucted to develop the technologies neces-
sary to estaplish a low-cost approach for producing titanium in-
vestment castings. This approach was based on using simpler and
cheaper melting and casting techniques, common to steel and super-
alloy investment foundries, for producing high-quality, low-cost
titanium castings. Pvogram objectives included: (1) development of
a low-melting titanium alloy displaying adequate tensile proper-
ties, (2) development of low reactivity ceramics for nse in melting
crucibles and investment mold facecoats, (3) establishing an induc-
tion melting and vacuum casting capability using the above technol-

ogies.

Alloy investigations conducted, by RMI Company, evaluated
eight binary titanium alloy systems. Low melting alloys from the
titanium~copper syrtem displayed the greatest potential with the
Ti-13Cu compositicn being selected as a base alloy for further
work. Several Ti~13Cu base alloys exhibited an attractive com-
bination of mechanical properties, heat treatment response and

melting temperature,
”E_g____g_.q ur

Laboratory ceramic material investigations identifed yttria
as the least reactive material, with thoria and a heavy-rare-earth-
mixed-oxide (60% yttria) material aiso exn;p;tlng low reactivity.
Due to the p6or thermal SHocK resistance of ytfrla,‘% titanium
modified yttria matecial (Y,0,-15Ti) was developed fOT melting
crucible_applicatiops.s Initial mold investigations using the
“heavy-rare-earth-mixed-oxide (HREMC) were gunerally unsuccessful
due to poor slurry stability and fine particle size.

Three low-melting alloys and the above ceramic materials wer:
used in casting trials, at the AiResearch Casting Company to pro-
vide cast mater.al for tensile property, chemical analysis, and
metallographic evaluaticns. The alloys iacluded Ti~13Cu-4,5Ni
(melting tempera*uve 2425°F), Ti-13Cu (2630°F) and Ti-13Cu-1l.5Al
(2605°F). The cast Ti-13Cu-1.5A1 alloy demonstrated the ability
to meet program tensile property goals, which were established as

follows:

UTS, ksi ¥S, ksi Elong.
Room ‘remperature 180 90 5%
6GO°F 60 50 5%

The Ti-13Cu~4.5Ni alloy, cast into an advanced experimental mold
systen (Y,0, plus YZO?/K SlO binder), experienced minimal mold/

metal reactlon and the as cast surfaces exhibited low levels of
contamination.

allo&», vacvum induction melting in a ceramic crucible, and low-
reactivity investment molds, was successfully demonstrated, and
offers the potential for further production of low-cost, high-

quality, titanium castings.§<\
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PREFACE

This firal technical report covers work submitted by the
AiResearch Manufacturing Company of Arizona, POB 5217, Phoenix,
Arizona (85010), performed under Contract F33615-74-C-5055,
Project/Task Number 73510818, from 15 February 1974 to 15 January
1976. 7This report has peen given the AiResearch internal desig-
nation of 76-311721 and was submitted by the authors for approval
in May 1976.

This 24-month contract was under the technicual direction of
Mr. W. R. Kerr {(AFML/LLS) of the Air Force Materials Laboratory,
Metals and Ceramics Division; Wright-Patterson Air Force Base,
Ohio, 45443.

Mr. John A. Petrusha (AiPResearch) was the program manager,
and Don R. Schuyler (AiResearch) the principal investigator. The
assistance of Messrs. Keith W. Benn (AiResearch), Munco Fujii
(AiResearch), Dave W. Richerson (AiResearch), Richard F. Roe
(Coors Porcelain) and Dave Mustoe (Coors Porcelainj is gratefull *
acknowledged. The contributions of AiResearch Casting Company
personnel, undasr the directicn of Hal Simmons and Emil Raulin are

appreciated.

Alloy devcloprent activities for the program were subcon-
tracted to RMI Company, HNiles, Ohio and supervised by G. S. Hall,

e alid

under the technical management of S. R. Seagle, Manager of Re-~

[

search. Special appreciation is extended to Dr. H. B. Bomberger,
for his interest and helpful discussions during the course of this
investigation. Appreciation is further extended to the RMI
Company, Research and Development staff for providing able acssis-
tance in conducting the work under this contract.
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SUMMARY

This program was conducted to develop the technologies nec-
esgary to establish a low cost aprodach for producing titanium in-
vestment castings. The low cost approach was based on using
simpler and cheaper melting and casting techniques common to
steel and superailoy investment foundries for producing high-
Jquality low cost titanium carscings. The program was organized

to develop the materials, and adapt applicahle technologies com-
mon to thece foundries, to titanium castings produccion as fol-

lows:

o} A titanium alloy having a melting point considerably
below existing commercial alloys, to reduce its
reactivity with crucible and mold materials, was

reguired,

o A melting crucible material was required that dis-
played minimuwa reactivity with molten titaniwa and
could be used for repeated melting cperations.

o Developing a mold system that would contain the low-
melting alloy with minimum casc surface contamination,
was required,

o] Establish an induction melting and vacuum casting
capability that involved these technologies.

The program was organized intc two phases, with Phase I
encompassing alloy and ceramic¢ manaxiats development activities
anG fhase II encompassing process develoument aand production of
titanium castings using Phase I techouluyy., Objectives were to
develop materials and procedures necessary for titanium invest-
ment castings production from low-melting titanium alloys (2200~
2400°F}, capable of mceting the following tensile property goals:

iv
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Temperatura uTs ¥s Elongation
—LCF; Aksi) (ksi —. A3

75 100 94 5.0

£00 60 50 5.0

During Phasz I, RMYI Company under subcontract acuivities
evaluated a variety cof low-melting titanium alloy system=. This
included 32 alioys from 8 titanium binary systems whigh were eval-~
uated metallurgiczlly and by mechanical property testing. Alloys
from the titanium-copper system displayed the greatest potential,
and composition 7i~13Cu was selected as a base alloy for furthesr
work. Several Ti-1l3Cu base alloys exhibired an attractive combi-
natien of mechanical properties, heat treatment response, and
melting ncint.

Phase 1 work also included evaluations of a variety of cer-
amic nateyxials for reactivity with low-melting titcanium allc's.
Controllea laboratory melts of low-melting titanium alloys were
made in small crucibles frem candidate ceramic materialy. After
solidification, titanium alloy melts were evaluated for contami-~
nation by chemical analysis, metallographic examination and ha::é-
ness testing. This work identified yttria as the least reactive
material, with thoria and a heavy-rare-~earth-mixed-oxide (G0
percent: ytivia) material alsc exhibiting low reactivitv., Tue to
pcor therral shock resistance of yttria, a titanium modified
vttria material (Y203-15Ti) was developed for melting crucible
applicacions. Heactivity of this modified yttria composition was
clighily greater than pure yttria, but comparable to thoria and
hecavy-rare—earth-mixerd-oxide, A limited amount of laboratory
development work was also conducted, with the more promising cer-
amic materials, to identify binder systems and processing tech-
niques that would allow investment mcld fabrication.

During Phase II, two vacuum invastment casting trials were
conducted, at AiResearch Casting Company, using Phase I developed

P bt
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materials, The initial casting trial utilized Y

' ¢1 melting
crucibles and two low-melting titapium alloys (Ti-13Cu and
Ti-~13Cu-4,5H1i).

the stanlard zircon shell mold system, due to slurry stability arné

o]
203"
A total of fifteen castings ware made using only

sintering problems encountered with the experimental mold system.
3-15Ti melt-
ing crucible and satisfactory castings were produceéd despite sur-

This casting trial demonstrated viabillty of the Y20

face guality problems resulting from mold/metal reactions with
the zircon mold system. Testing demonstraced attraccive tensile
propert es for both low melting ailioys in tha2 cast form, despite
oxygen contamination levels near 0.4 percent and the presence of

Y..0, inclusioas.
273

Foxr the second cascing trial, the Ti--13Cu allcy was modified
by adding 1.5 percent aluminum to improve the tensile strength.
The Y203-15Ti melting crucible was again used for this casting
trial along with several experimental and curre.t sroduction mold
sirster.s.  This casting activity was sucuz2ssfully completed and
me=allurgical and mechanical property evaluations conducted.
significan: iaternal porosity was present in the cast test bars
from the primary mcld system (graphite iwwestment), due to the
low mold preheac temperature. This poresity was eliminated by
hot isnsrtatic pressing (HIP) and in the HIP plus heat treat con-
dition, the cast Ti-~13Cu-1l.5Al1 alloy satisfied program tensile
propverty goals except for room ter.jerature t:znsile t.ongation
(4.7 versus a goal of 5.0 percent). Castirgs again displayed
yttrium and oxyger contamination levels as well as yttria inclu-
sions ecuivalent to those observed in the first casting irial.
Castinc evaluation alsc showed the experimental mold system with
a y-tria plus yttria/potassium silicate facecoat experienced
little mold/metal reaction.

The concept of producing low-melting titanium alloy castings
using vacui® investment melting and casting techniques was demon-
strated. Cast .ag contamination levels (0.2-0.4 percent oxygen

and 0.2-0.5 percent yttrium) corxrrelated directly to alloy melting,

vi
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and resultant casting process temperatures. Promising alloys
based »n the titanium-copper binary system, a cerauic melting
crucible, and an advanced ceramic mold facecoat system were iden-
tified. Development of these technologies provides a strong
fourdation fox future establishment of a low-cost investment cast-

ing process for producing titanium castings.
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DEVELOPMENT OF TITANIUM ALLOY
CASTING TECHWOLOGY

1.0 INTRODUCTION

Titanium casting prnduction in the United States is limited
to a few foundries, which all use skull melting in a water cooled
copper crucib.¢ by the consumable and/or nenconsumable electrode

msthod. 7Iwo busic casting process mold systems arz used; ceranic

investment molds
wolds similar to those used for sand casting.
involves consumable electrode melting into a graphite-lined, water-
cooled ccoper jacket and molds fabricated from stzel, graphite,
alumina c¢: sillimanite (AlZSiOS) lined with a graphite dispersoid.

using a nonreactive {acecoat, and rammed graphi‘.e
. . 4
Russi=n practlce( )

At the present time, precision aerospace castings are expen-

sive, due to high reject rates and rework efforts associated with

quality problems. These quality problems relate directly to melt-

ing temperatures (~3000°F) and high reactivity of commeccial tita-
As a result, an objective of this prog-.am is to
lower cost

nium alloys.
reduce titanium castings cost by using simpler an:
vacuum investmenc casting technigues, common to superalloy and

steel foundries.

Conventional superalloy vacuum investment casting processes
use inductlon melting in an uncooled ceramic crucible that pro-
viles accurate metal temperature control, melt thermal homogene-

ity, and molten metal superheating. 1In addition, significant

1 - . .
()Glasunov, S.G., "Precision Casting of Titanium, The Science,
Technology, and Applicuation of Titanium." Pergamon Press,

New York, pp. 143-148, 1970,
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preheating (200C°F) of ceramic molds is also possible with the
conventional vacuum investment process, which reduces the tem-
perature differential be‘we.n the mold and molten alloy. These
aavanteges contribute to improved casting quality, and result in
minimum rejection rates and rework operation. However, the re-~
activity and melting temperature of existing commercial titanium
allc ys preclude the use of ceramic crucibles and mold materials
normolly employed in tha vacuum investment casting process.
Therefore, to use the < mnventional vacuum investment casting ap-
proach for producing lcv cost titarium castings, a low-melting
titaaium alloy, and an advanced, low-reactivity ceramic crucible
wnd mold system, must be developed.

-

To achieve proyram objecilives, development of a titanium
alloy possessing good strength and adequate tensile ductility,
while simultaneously displaying a sufficiently low melting tem-
perature, was required. This would minimize the potential metal/
ceramic reactions encountered in the casting operation, Attain-
ing this objective wan complicated by the fact that solute addi-
tions, made to reduce the melting point of titaniwnmn, result in
formations of intermetallic compounds that reduce alloy ductility.
To complement this low-melting alloy system, improved ceramic
systems were also required., Pricr work at AiResearch indicated
that ceramic systems currently used in vacuum investment found-
ries were not adequate for melting or containing coaventional
titanium alloys and to a certain extent, low-melting titanium
alloys. Therefore, development of cost-effective ceramic systems

for melting crucibles and mold construction was pursued.

Successful completion of this program would develop technol-
ogy that would provide a hase to eventually allow any vacuum in-
vestment casting foundry to produce cast titanium components,
This advancement would significantly reduce the cost of titanium

castings, and result in the following benefits:
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Eliminate requirements fur specialized melting equip-
ment and processing techniques over those currently

iy

bl

employed in vacuum investment foundries

hh iR

o
Y,

Provide greater capacity for production of titanium

A

castings

N e ) o

st

Promote significant manufacturing cost savings through
replacement of selected cast and wrought titanium alloy

TR

parts

Allow weight reduction by substitution for appropriate

cast steel components

Essentially eliminate corrosion problems (galvanic or

PN

general) currently experienced with magnesium and alu-

minum hardware

Solve materials-related structural problems (creep) by
replacing highly stressed magnesium and aluminum alloys i
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2.0 OROGRhM APPROACH

The overall program objective was toc establish the materials

technology necessary to develop a low cost approach for producing

titanium alloy castings which further identified specific goals

as listed below:

(a)

(b)

Titanium Alloy - Development of a low melting (2200° -

2400°F) titaniwn alloy that would meet the minimum

tensile properties shown below:

UTS, ksi YS, ksi Elongation

o] Room Temperature 100 90 5 percent
o) 600°F 60 50 5 percent

Crucible/Mold System - Development of ceramic materials

and fabrication procedures for induction melting cruci-
bles, and investment molds that result in minimum cast

alloy contamination.

The original program was divided into three phases as shown

in the flow diagram; Material Develc»ment, Casting Development,

and Casting Optimization (see Figure 1). Under a revised program

plan only the first two phases were conducted however, all three

phases are briefly discussed below:

(a)

Phase I, Materxial Development - This phase consisted

of three sequential tasks involving concurrent alloy
development and crucible/mold material investigations,
which resulted in materials selection for Phase I1I
casting development. Titanium alloy compositions with
melting points ranging from 2400 - 2800°F, and antic-
ipated room temperature tensile elongations of five
percent, or greater, were evaluated. Tensile testing,
chemical analysis, metallurgical evaluation and heat
treatment studies were conducted with these alloys.
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Laboratory evaluation of potential low reactivity cer-
amic materials that could be used for melting crucibles
and/or shell molds was alsc performed. Charges of a
master low~melting (estimated 2570°F) titanium alloy
(Ti-2.7Be) were melted in a variety of l-inch diameter
crucibles at standard conditions. These samples were
then assessed for contamination using a combination of

chemical analysis, metallography and hardness testing.

(b) Phase II, Casting Development -~ During this phase, the

most promising titanium alloy: and ceramic materials
selected from Phase I were evaluated further as part of
casting development activities. The selected alloys
demonstrated a tolerance for contamination and dis-
played arc-melted ingot tensile ductilities of five
percent or better. The crucible materials were se-
lected on the basis of low reactivity and good thermal
shock resistance, while the mold materials were allowed
higher reactivity to minimize cost. In all cases, cru-
cible and mold materials were selected to be cost-
effective and not require sophisticat«i fabrication
techniques to support the low-cost cauvting approach.

(c) Phase III, ~2:iting Optimization - Phase III was to have

consisted zf a firal casting operation using an opti-
mized low=~twlting alloy and the most promising crucible
and mold materials. 1In Phase IIJ, complex shapes were
to be casi ts demonstrate process limits with respect

to sectiv:. size, contamination, and properties. Proc-
ess reproducilility was to be assessed by casting two
lots of sempices followad by appropriate mechanical prop-
erty and metallurgical evaluations. This phase was not
conducted due to a revision in the program pian.
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3.0 RESULTS AND DISCUSSION

The program was conducted as a two-phase effort to achieve
the following objectives:

o) Phase I - Prepare and evaluate low-melting titanium
alloys to identify systems with acceptable tensile
properties (especially, ductility). Concurrent devel--
opment and evaluation of candidate ceramic materials
were also conducted for subsequent use as melting cru-

cibles and mold facecoats in Phase II.

o] Phase II - Develop casting process requirements using
the best alloys, crucibles and molds selected from
Phase I work. Demonstrate the capabilitv of meeting
the program goals using the cast alloy(s).

The two major endeavors of Phase I consisted of alloy devel-
oprment and crucihle/mold material investigations, which were each
subdivided into three tasks and conducted in sequence (Figure 1).
Alloy development (Section 3.1) was performed under subcontract
by RMI Company and is discussed separately from the ceramic in-
vestigations (Section 3.2).

3.1 Fhase I Alloy Development

The high-melting temperature (approximately 3000°F) and
associated reactivity precludes the use of existing commercial
titanium alleys with conventional investment casting ceramic
systems. Pre-vious experimental work shows the feasibility of
using conventional vacuvm investment casting technigues for cast-
ing titanium alloys having significantly lower melting tempera-
tures (approximately 2500°F). However, significant alloy aevelop-
ment work was required to ident:ify alloys that display the proper
combination of melting temperature and mechanical properties.
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With the above concept in mind, alloy additions to titanium

can be primarily classified into the following two categories:

S iy, P
e

o Elements that produce significant reductions in melt-
ing temperature with varying impact on strength (iron,
chromiua, cobalt, nickel, copper, beryllium, munganese,

and silicon).,

o) Elements that produce strength improvements with min~
imal impact on melting temperature (molybdenum, van-
adium, columbium, tantalum, zirconium, aluminum, tin,

oxygen and carbon).

Alloy investigations proceeded through three sequential
tasks. This alloy development activity is summarized in Figure 2
sl.owing the specific compositions evaluated in the three Phase 1
tasks. Initial alloy additions made to titanium were selected
primarily on the basis of depressing the melting point without
seriously degrading mechanical properties. Later ternary addi-
tions were made to some of the more promising low-melting alloys
to improve strength and/or heat treatment response. This work
resulted in the selection of two promising alloys for casting
efforts of Phase II. Alloy development work discussion is di-

vided into six sections as follows:

Alloy Evaluation Procedure ;
General Results ‘
Task T Investigations

Task II Investigations

Task IITI Investigations

Discussion of Alloy Evaluations

0O 0O 0O 0 0 O

D\ T B,
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Ti-8Cu-6.5Ni
Ti=13Cu

L

Ti=14Hn=-0,03Y
Ti-20Cr-0.03Y

Ti-9Fe-0.03Y
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Low Melting Ti-Be
Alloy Eutectics

i~18e
Ti-1Be-2Si
Ti-2.7Be~2.5V(Al)

Ti-2.78e-52r

|
Ti-Cu sttem
Ti-10Cu
Ti-10Cu~2.5Fe
Ti-13Cu~2.5Fe

Ti~Fe sttem
Ti-7Fe-0,03Y
Ti-7Ffe-5Mn-0,03Y
Ti-7Fe-1Be-0.03Y

Ti-13Cu-iCo
Ti-13Cu-4, 5Ni
Ti-13Cu-~18e
i-16Cy
1

1

Ti-Be System
T1-2.78e~5V

Additional

Heat Treat Studies

Hi-lBCu-3Aﬂ

lEvaI;;;:]

l

-

Assessment
Studies

Contamination

|

Melting Point

Ti-13Cu-0.2 0
Ti=13Cu-0. 257,23

Ti-13Cu=-2A1
Ti~13Cu-bsn

2500~2600°F

Ti~10Cu~2.5Fe~2Al

Melting Point
<2500F
Ti-16Cu-1.5A]

Ti-19Cu
Ti-19Cu-1A]

i

Figure 2,
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Schemativ for Phase i, Alloy Selections.
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3.1.1 Alloy Evaluation Procedures

Phase I alloy compositions were consumable-electrode arc
melted under vacuum and remelted under argon (one atmosphere pres-
swre). Exceptions were the Ti-13Cu and ©i-13Cu-1Be alloys which
were arc melted a third time under argon. At the beginning of the
program, all ingots were intended to be double-vacuum arc melted.
However, arc control problems were experienced early in the second
vacuum melting operation and the procedure was successfully
changed to second-stage argon melting. The Ti-13Cu ingot (Heat
34029) was successfully double vacuum melted, but for consistency,
was melted a third time under argon. Ti-13Cu-1lBe (Heat 34267)
showed segregation after second-stage melting, and was remelted
under argon in an attempt to improve homogeneity. There was no
evidence of cracking in any arc melted ingot, and therefore, slow

cooling after melting, to prevent cracking, was not needed.

Final arc-melted ingcts weighed approximately 17 pounds and
were 4.5-inches in diameter by approximately 6 inches high. A
larger 30-pound Ti-2.7Be (Heat 24038) control alloy ingot was
melted to supply sufficient material for all Phase I crucible/
melt studies (further discussed in Section 3.2.1.1).

After melting, ingots were sectioned for evaluation as shown
in Figure 3. Transverse Section A was etched and a visual inter-
pretation of the macrostructure for each ingot was recorded.
samples for hardness, oxygen and hydrogen analyses, and as-melted
ingot tensile blanks were cut from slice A. As-melted ingot prop-
orties were considered as an important indicator of mechanical
properties the alloys would exhibit in the cast condition. Chips
saved from machining tensile blankg were used for chemical anal-
ysis samples to determine major alloying elements and remaining
residual elements {Phase I chemical analysis results are compiled
in Appendix A, Table A-~1l). Samples for hardness and metallography
evaluation were heat treated using various time-temperature param-

eters and were ground to remove oxidation products. Slice B was
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cut into four tensile blanks for heat treatment studies and
tensile testing of the heat treated material. The l.5-inch thick
slice C, was transmitted to AiResearch for crucible melt studies

and melting point determinations in Phase I.

whe metallurgical evaluation for Phase 1 consisted of hard-
ness studies on the as-melted ingots and at least fcour heat
treatments on each alloy. Heat treatments on allcys containing
active eutectoid additions (Co, Ni, Cu, Be and Si additions) con-
sisted initially of heating to, and furnace cooling from, tempera-

tures corresponding to 50°F below the respective eutectic, peri-~

A

tectic, and eutectoid temperatures for the various compositions.

b
£ -’-‘u?'*

This was followed by long time exposure at temperatures below the

v
g
P S

M

alloys respective eutectoid temperature. Temperature selection
for the sluggish eutectoid alloys (Cr, Fe and Mn additions)} were
generally based on heat treating above the respective beta transus
or below the eutectoid temperatures., After heat treatment at the
higher temperature, these alloys were furnace cooled, air cooled
or water quenched. Aging treatments were conducted below the
eutectoid temperatures., Based on hardness data and microstruc-
ture examination, at least two heat treatments were chosen for
each composition anéd used to determine the heat-treated tensile
properties. Complete hardness and tensile results for Phase I
compositions are compiled in Appendix B, Table B-l. As-melted
and heat treated microsturctures for all Phase I alloys are shown

in Appendix C.

Thermal exposure tests were also conducted on five Phase I
alloys to evaluate metallurgical stability and oxidation resis-
tance. Two tensile samples from each alloy were exposed at 800°F
for 200 hours in air. After exposure, the samples were tested at

room temperature, with the surface oxide layer intact.

Melting points were determined for selected Phase I alloys

by heating a small sample of the alloy in vacuum, under a partial

12
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argon pressure. Initial and final melting temperatures were

measured with an optical pyrometer. Some variability in these

temperatures was ohserved due to slight reaction between the al-
loy and support plate (tantalum). However, it was estimated that
reliability was within +45 and -20°F of the true liguidus temper-

ature.

Densities for selected Phase I alloys were determined by
water displacement. Salt spray corrosion tests, per ASTM Speci-
fication Bl1l7, were also conducted cn selected Phase I composi-
tions. One side of each alloy sample was polizhed to a metallo-
graphic finish at the beginning of the exposure and a scratch
placed in the surface to locate a specific area. Microstructural
examination of this area, and weight measurements were made peri-
odically during an exposure of up to 1960 hours.

3.1.2 General Results

Observations applicable to alloy compositions, evaluated dur-
ing Phase 1, are presented in the following sections. Included
are arc-melted ingot structure, chemical analyses, alloy melting
point, salt spray corrosion and density. Specific results ob-
tained in each of the three individual Phase I tasks are dis-

cussed in subsequent sections.

3.1.2.1 1Ingot Structure

Generally, etched transverse slices, from the center of each
ingot, exhibited equiaxed grains throughout the as-melted cross
section, Several ingots had columnar grains from 0.06 to 1.5
inches in length extending in from the outside edge toward the
equiaxed grains in the center. The Ti-13Cu-1lBe ingot had the
longest columnar grains. The second longest columnar grains were
observed in the Ti~1lCo ingot with columnar grains also found in
all ingots containing 2.7 percent beryllium, and the beta alloy
eutectics, which contained manganese, chromium and iron. The

smallest equiaxed macro-grain (<1/64 inch) was found in the

13
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Ti-13Cu~1iBe alloy. All silicon-containing ingots had small
equiaxed grain sizes (1/64 inch) as did the Ti-19Cu ingot. Tae
largest equiaxed grains (up to 1/8 inch) were found in the low-
melting beta alloys containing major amounts of manganese, chrom-
ium, and iron. All remainiug ingots had equiaxed grain sizes be-
tween those discussed above. The equiaxed grain size of the
majority of Ti~Cu compositions were 1/32 inch.

Etched ingots showed a melting pattern, which is evidence of
macrosegregation, in the ingots containing 1 percent beryllium
and in Ti~1lo, Ti-)1Ni, Ti~9Fe-~0.03Y, and Ti~14Mn-0.03Y¥. A
melting pattern also existed in Ti-8Cu-6.5Ni and Ti~-19Cu ingots,
Other copper-containing ingots were free of this pattern indicat-
ing good melting behavior and freedom from gross alloy segrega-
tion.

3.1.2.2 Chemical Analyses

Chemical analyses of Phase I ingots (Aprmendix A, Table A-1)
indicates that actual compositions agreed well with goals. Resi-
dual elements, carbon, nitrogen, and iron (except when iron was
an alloying element) were normal and consistent within ¥hase I
ingots. Oxygen content was 0.10 percent and greater, when major
metallic additions were made as powder or flake. Oxydgen was in-
tentionally increased in Ti-1l3Cu (Heat 24273) and Ti-13Cu-0.25
Y203 (Heat 24281) ingots and the analyzed oxygen contents of
these compositions agreed with the goal formulations. Hydrogen
was not determined on all the ingots because low-melting titanium
compositions had a tendency to promote loss of the platinum analyt-
ical susceptors. Initial hydrogen results were within the ranges
expected for titanium ingots. Most low-melting compositions con-
tained alloying additions in far greater amounts than typical for
conventional titanium alloys. Standard analytical procedures for
these elements are accurate at the usual lower levels, but the
accuracy had noi been established for the higher concentrations,
However, analytical results for the major addition agreed reason-
ably well with formulated goals.

&
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3.1.2.3 Alloy ¥=lting Points

Host aliuys »d significantly lower molting points than orig- X
inally estimated (Taple 1l). Copper-bearing alloys had melting '
points 45 - 85°F lowe. than predicted from the phase diagrams.
For this reason, as well as the promising properties displayed
by these alloys, rost melting point experiments were performed

on copper-bearing :'loys,

Greater discrepancies were observed between predicted, and
measured, melting points of ternary alloys, as compared with bi-
nary systems. Adding 4.5 percent nrickel appeared more potent in
depressing the melting point {188°F) thaa suggested from phase
diagrams (120°F). 1Iron at 2.5 percent appeared predictable (78°F
measured versus a phace diagram estimate of 90°F), but the mea-
sured effects of 1 percent cokalt (24°F) and 3 percent aluminum
(18°F) were less than expected (60°F and 35°F, respectively) from

(2,3,4) These results indicate complex inter:

phase diagrams.
actions with ternary and higher alloy systems with some potential

for synergistic effects.

3.1.2.4 Salt Spray Corrosion

Salt spray corrosion tests conducted on selected alloys in=-
dicated that only minor weight changes occurred, with no signifi-
cant microstructural evidence of corrosion observed after exposure
for 1960 hours. All alloys appeared to have salt spray corrosion
resistance similar to the Ti~6Al-4V control alloy. ‘

(2)Hansen, #i., "Constitution of Binary Alloys", McGraw-Hill,
New York, 1958.

(3)Elliott, R.P., "Constitution of Binary Alloys", First Supple-~
ment, McGraw-Hill, New York, 1965.

(4)Shunk, F.A., "Constitution of Binary Alloys", Second Supple-
ment, McGraw-llill, New York, 1969.
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3.1.2.5 Density Measurements

Density measurements were made on a significant number of
Phase I alloys. Most alloy systems of interest (lowest melting
temperatures and those meeting mechanical property goals) had
densities ranging from 0.17 to 0.18 1b/in3, which were approxi-
mately 8 percent above that of Ti-6Al-4V.

3.1.3 Task I - Investigations

Phase I evaluation under this contract consisted of three
sequential tasks that allowed continued alloy optimization to-
ward achieving contract goals. Low-melting alloys, evaluated
in Task I, included; eutectics (Ti-Ni, Ti-Cu, Ti~Cu~Ni, and
Ti-Si); low-melting beta eutectics (Ti-Mn and Ti-Fe); Ti~Cr;

and several Ti-Be eutectics that were hypoeutectic in composition.

3.1.3.1 Alloy Selection

The following twelve low-melting binary and ternary titan-
ium alloy compositions were selected for Task I evaluation:

Sroup A Group B Group C
Ti-11Co , Pi-14Mn~0.03Y Ti-1Be
Ti-13Cu Ti-20Cx~0.03Y ?i-1Be~-25i
Ti-11Ni Ti-9Fe-0.03Y Ti-2.7Be-~2.5V-0.3Al
Ti-4Si Ti-2,7Be-5Zr
Ti-8Cu~-6.5N1

These composiéions were as lean in alloy ccntent as consid-
ered reasonable to enhance meeting program mechanical property
goals. As a result, alloy melting points (2500 ~ 2850°F) were
higher than the desired 2400°F maximum. Depend.nyg on the degree
of reactivity and mechanical propertics displayed by these alloys,

17
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subsequent alloy additions could be made to further depress
melting temperatures. The basis for selection of Task I alloys
is as follows:

(a) Group A - Low-Melting Eutectics: Hypereutectoid Alloys

o Ti-11lCo (Estimated Melting Point 2500°F) - The
Ti-Co system has a low eutectic temperature of

1870°F (eutectic composition is Ti-28Co) and pre-

(5,6)

viously displayed low hardness with one

(6)

source reporting exceptionally high ductility

(75 percent elongation). At higher cobalt levels,
embrittlement was encountered due to formation of
the Ti,co (®)

contents formation of omega was thought to cause
(7)

intermetallic, and at lower cobalt

low ductility. Retained beta was reported

in the Ti-Co system, after rapid quenching.(s'a’g)
After slow cooling from below the eutectoid tem~-
perature, a pearlitic structure was reported for

a Ti-9.9Co alloy.(lo)

(5)

Molchanova, E.K., "Phase Diagrams of Titanium Alloys", Daniel
bavey & Co., Inc., New York, N.Y., 1965.

Yakymyshyn, F.W., et al, "The Relationship Between the Con-
stitutional and Mechanical Properties of Titanium-Rich Alloys
of Titanium and Cobalt". Preprint ¢f Forty-Second Annual
Contrantion of the ASM, October, 1960, No. 198.

Fedotov, S.G., ¢t al, "The Phys.cal Properties of Binary Alloys
of Titanium in the Quench-Hardened State". Translation, NASA
Scientific and Tecnnical Information Facility, 1966 (N66-32590).

(6)

(7)

(8)Kolacnev, B.A., and Livano, V.A., "Relationship of Structures

Foried on Quenching Titaniuvm Alloys to Equilibrium Phase Dia-
grams", Physical Metalluwvgy of Titanium. I.I. Kornilov,
Editcr, Science Publishing House, Moscow, 1964, NASA Technical
Translation, NASA TT F-338, November, 1965, pp 67.

Orrell, F.L., Jr.. and Fontana, M.D.,; "The Titanium-Cobalt
System", AShM Transactions, Vol. 47, 1955, pp 554--563,

Mack, David J., "Nonferrous Eutectoid Structures", Metallography,
Structures and Phase Diagrams, American Society for Metals,
Metals Park, Ohio, 1973, Metals H.ndbook, Vol. 8.

(9)

(10)

18
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Ti-13Cu (Estimated Melting Point 2700°F) - The
Ti-Cu system has a low reported eutectic temper-
ature at 1750°F (at a composition of a Ti-50Cu)
and the beta phase is not retained at room tem-~

(11) Hardness of beta-

perature by quenching.
quenched specimens increased with copper content,
but no minimum was reported. However, heat treat-
ment, particularly slow cooling, was effective in
altering hardness. Holding just below the eutec-
toid temperature and furnace cooling was reported
to produce a pearlitic structure for a Ti-7Cu al-

loy.

Ti-11Ni (Estimated Melting Point 2700°F) -~ Like
the Ti-Cu system, eutect*c temperature in the
Ti-Ni system is near 17%9°F (at Ti-27Ni)}. Retained

beta was reported in a Ti-8Ni alloy after quenching

(8,12) At nickel con-

tents of 7 percent, and less, omega was observed(lZ)
{13)

from the beta phase field.

with low ductility reported for this alloy,
while at higher nickel c¢ontents somewhat bhetter
ductility was obtained. Previous RMI evaluations

of Ti-17Ni compositions showed limited ductility

(1 percent elongation) f)r annealed samples. There-
fore, an-alloy with 11 : 'rcent nickel appeared to
offer the best opportun-iy for this system.

(ll)Holden, F.C., 2t al, "Heat Treatmert and Mechanical Propertiecs

of Ti~Cu Alloys". AIME Transactions, Vol. 203, 1955, pp 117-
125,

Margolin, Harold, et al, "Titanium~Nickel Phase Diagram".

AIME Transactions, Vol. 197, 1953, pp 243-247.

(13)Kalabukhova, S.V., and Mikheev, V.S., "Investigation of

Mechanical Properties ~I Ti-~ifo-Ni Alloys". Translation
National Lending Likrary for Science and Technology, Nov-
ember, 1970 (N71-36904).

(12)

19
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o Ti-48i (Estimated Melting Point 2700°F) - Silicon
is the most active beta eutectoid element that can

be added to titanium (eutectic composition is at
Ti-8.581 and 2425°F) but the beta phase is not re-
tained upon guenching. Hardness of Ti-Si alloys
increased linearly with increasing silicon con~

(14)

tent. At the 4 percent silicon level, a hard-

ness of 311 Vickers and 6 percent tensile elonga-
tion were reported.(ls)
o Ti-8Cu~6,5Ni (Estimated Melting Point 2700°F) -

Earlier RMI evaluation indicated that several

Ti~Cu~Ni system composition displayed low hard-
ness before and after annealing, as well as low
melting points. The melting point of this ternary
composition should be similar to those of Ti-11Ni
and Ti-13Cu binary alloys, which were also in-
cluded in Task 1.

(b} Group B -~ Low-Melting Beta Alloys

o) Ti-14Mn-0.03Y (Estimated iMelting Point 2780°F) -~
This composition is hypoeutectoid with the eutec-

tic composition at Ti-40in and 2150°F. Minimum
hardness is believed to occur in the Ti~Mn system

{16
near 13 percent manganese'" )

with the beta phase
completely retained at this point. The omega
phase forms at lower manganese concentrations,

while at higher levels eutectoid decomposition

(14 . . L
)Hansea, 4., et al, "The Titanium-Silicon System", Transactions

of the AsSM, Vol. 44, 1952, pp 518-538.

15 . .

{ )Egrgmlan, E., "The Phase Diagram and Properties of Titanium-
Silicon Alloys". Office of Naval Research, London, Techni-
cal Report ONKL-61~53, May, 1953,

(lG)Maykuth, D.J., et al) "The Titanium-Manganese, Titanium-
Tungoten, and Titanium-Tantalum Phase Diagrams", Battelle
HMemorial Institute. Prepared for Wright Air Develupment
Center, AF Technical Report 6516, Part 2, July, 1959,
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1reduces ductility. Independent studies at RMI
showed modest ductility for Ti-14Mn (4.5 percent
elongation} with improvement obtained Ly adding
yttrium, Other experimental work indicated that
heat treatment would provide improved ductility in

alloys of this system.(l7)

]
E
E
X
g
g
|
:

1
]
3
s
i

3

o Ti-20Cr~0,03Y (Estimated Melting Point 2820°F) -
The Ti-Cr system (contains nc eutectic) has a rel-

J T

atively high liquidus temperature of 2550°F at
Ti-46Cr. This system, like those of Ti-Mn and Ti-
Fe, exhibits sluggish eutectoid decomposition.

The Ti-20Cr composition is the only beta alloy
studied that is a hyperxeutectoid. A 100 percent
metastable beta phase was retained after quenching
a Ti-%Cr alloy from the beta phase field, but omega
has been detected in binary alloys of less than 9
(5) Minimum hardness was re-
ported for a Ti-20Cr alloy,(l8: and a Ti-18Cr alloy
gquenched from the beta field reportedly displayed
(19)  ai_150cr alloy

weldments displayed 4.5 percent tensile elongation,

percent chromium.

31 percent tensile eloangation.

which was imprcved to 10 percent by heat treat-

(20)

ment, The Ti-20Cr composition selected for

1 A ) S R AL N LA ALAAAL A H NSt o 3 N e v

(17)Holden, F.C., "Heat Treatment, Structure, and Mechanical
Properties of Ti-Mn Alloys", AIMi Transactions, Vol. 200,
1954, pp 169-184.

(le)Fontana, M.G., "Titanium-Chromium Binary Alloys", Ohio State
University Research Foundation. Prepared for United St-.tes
Air Forre, Air Material Command, AF Technical Report No. 5946,
May, 1950.

(lg)Douglass, R.W., et al, "Metallurgical and Mechanical Charac-
teristics of High~-Purity Titanium Base Alloys", Battelle
Memorial Institute, for Viright Air Development Division,
WADC Technical Report 59-595, March, 1960.

Heyer, Herbert M.. and Rostoker, William "Study of Effects of
Alloying Elements on the Weldability of Titanium Sheet",
Armour Research Foundation, for Wright Air Development Center,
Technical Report 53-230, iay, 1953.
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This program had a moderately high melting point
(2820°F, but was expected to display good ductil-
ity.

o} Ti-9Fe-0.03Y \3’stimated Melting Point 2700°F) -
This binary ¢ -stem is similax tc the preceding two
beta alloys in that 100 percent beta can be re-

tained. This composition is hypoeutectoid with
the eutectic at Ti-~29Fe at a temperature of 1985°F.
At less than 5 percent iron, omega phase occurred
during cooling from the beta phase field(Zl) and
ductility of a cast Ti-6.2F'e alloy was reported

as 2.3 percent.(zz)

Minimum hardness was reported
for Ti-10Fe after quenching from the beta field.(s)
Previous RMI evaluation showed an early generation
beta alloy, Ti-1Al-8V~5Fe, had good ductility after
cooling from the beta field. Beta content of this

alloy was equivalent to 7 percent iron.

(c) Group C - Low-Melting Ti-Be Alloy Eutectics:
Hypoeutectoid Alloys

o Ti-1lBe (Estimated Melting Point 2850°F)) - The
eutectic composition is estimated to be near
. (2,3,4,23,24) o . .
Ti-7Be at 1800°F. Prior studies
conducted at RMI and AiResearch revealed moderate
ductility (2 to 4 percent) for Ti-Be alloys con-
taining 2 to 5 percent beryllium (melting points

(21)Petrcva, L.A., "Metastable Phases in the Alloys of Titanium

with g-Alloying Metals", Titanium Alloys for Modern Technol-
ogy, N.P. Sazhin, et al, NASA Technical Translation MASA TT
F~596, March, 1970, pp 138~152.

Hehner, N., et al, "Mechanical Properties of Cast Titanium-
Iron and Titanium~Aluminum~Iron Alloys", Frankford Arsenal,
Philadelphia, Pa., Report No. R-1416, November, 1957.

Kaufman, L. and Nesor, H., "Computer Analysis of Alloy Sys-

tems", Technical Report ARML-TR-73-~56, Manlabs, Inc., March
1973.

Hunter, D.B., "The Titanium-Beryllium Phase Diagram up to 10
Wt~-Pct Be", AIME Trans., V. 236, P. 900, June 1966.

(22)

(23)

(24)
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of 2.00 - 2700°F). The L~percent beryllium

composition was selected tc obtain optimum duct-
ility. If improved ductility was achieved, this
composition would serve as a base for subsequent

alloy medification.

e} Ti-~1Be~-231 (Estimated Melting Point 2690G°F) -~
Adding silicon was expected to improve strength
and iower the melting pecint of the above Ti-lBe
alloy.

o] Ti-2.7Be~-2.5V~0.3A1 (Estimated Melting Point
2500°F) ~ Earlier RMI and AiResearch work indi-

cated Ti-2.7Be alloys achieved mcderate ductility

(3 percent). In additicn, RMI studies also in-
dicated vanadium additions improved Ti-~2.7Be alloy
strength substantialliv,

.

without altering ductilicy.
Vanadium promoted berz phase formation and was
expected to provide the opportunity for obtaining
improved ductility tirough heat treatmeat. The
small aluminus addition was made becaise of the
desirability to add vanadium as a vanadium-
aluminum master alioy.

o Ti-2,7Be-5%r (Estimated Melting Point 2500°F) -~
RMI studies also showed that zirconium additions,

to Ti-Be alloys, also improved strength but more
important, agpeared to improve ductility. Because
of this poss.ibility, the addition of zirconium
was explored,

3.1.3.2 Results
Evaluation of Task I as-melted compositions showed that six

of the twelve compositions had low ¢ s-melted ductility (less than
2 percent elongation) including Ti-11lCo, Ti-11Ni, Ti-9Fe-~0.03Y,

23
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T3-1Be-28i, Ti-2.7Be-52%2r, and Ti-2.7Be-2.5V-0.3A1 (complete
tensile xessults in Appendix B, Table B~l). Ti-48i, Ti-14Mn-0,03Y,
Ti-8Cu-6 3Ni, and Ti-1Be alloys had modest tensile elongation
(average of 1.9 to 4.0 percent). Ti-~13Cu and Ti-20Cr-0.03Y dis-
plavesd ihe best ductilities, which averaged 10 and 5 percent elon-
gation, respectively (Table 2). These latter two compositions
nearly met all the contract room temperature mechanical property
goals in the as-melted condition.

In heat treated conditions, the Ti~20Cr-0.03Y alloy exhibited
zero ductility after having shown promising as-melted ductility.
After heat treatment, only alloys from the Ti-Cu and Ti~Be systems
showed promise for meeting contract ductility goals (Table 2).
However, alloys from both systems were low in strength and higher
in melting peint than desired. The Ti-~13Cu alloy appeared to
have more than adequate ductility while the Ti~-8Cu-5.5Ni showed,
with the heat treatments investigated, moderate ductility, in-
creased strength and a lower melting point than T'.-13Cu., The mod=-
erate Ti-8Cu-6.5Ni alloy ductility was encouraging in that this
alloy had one of the lowest measured melting points 2515°F of any
task I composition.

The twelve Task I alloy as-melted ingot microstructures, are
shown in Appendix C, Figure C~l, Table 3 describes major micro-
structural features of the various compositions. For the first
five (Group A) compositions, good ductility was associated, with
a uniform pearlitic microstructure, and a discontinuous beta
grain boundary as typified by Ti-~13Cu and Ti-8Cu-6.5Ni (Figure 4).
For the three Group B beta alloy eutectics, good as-melted duc-
tility was associated with relatively clean beta grain boundaries
and a secondary phase that did not contain sharp features as typ-
ified by Ti-20Cr-0.03Y (Figure 4). For beryllium-containing
compositions (Group C) the best ductility was also associated
with a uniform pearlitic structure, and a discontinuous grain
boundary as shown by the Ti-2.7Be-5%r alloy (Figure 4),
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TABLE 2

PROPERTY SUMMARY OF BEST PHASE I, TA3K 1 ALLOY COMPOSITIONS

Room Room Temperature
Temperature Tensile
Tensile, Heat Treated,
Actual or As-melted

Heat Nominal Estimated UtsS | YS El RA Heat uts § Ys El RA
No Composition Melting Point,F | ksi | ksi 3 3 Treatments ksi | ksi 2 2
24106 | Ti-1Be 2800} 87 72 3 2 | 1775F-1hr-FC 66 | 48 1 8 | 7
84 68 3 2 64 49 6 5

1775F-1hr-FC to 62 52 3 2

1400F ~4hr-AC 67 53 6 4

34029 Ti-13Cu 26131 104 82 |10 ] 102 1760F-1hr-FC 74 58 5 6
105 82 10 {12 74 59 5 5

1560F-1hr-FC 85 62 13 |16

83 59 |14 |20

24107 | Ti-2.7Be-5Zr 2570 92 | 80 1 =21 1775F-1hr-FC 54 bg | s 3
93 80 1 -3 52 L8 4 1

1775F~thr=FC to 58 52 4 2

1400F-4hr-AC 55 50 b 1

24108 Ti=2.78e-2.5V-2.3Al 2570 92 87 1 =31 1775F=1hr-FC 85 74 2 |«
96 | 82 1 -3 83| 75| 2 |«
1775F=1hr-AC + 80 80 2 o

1400F-4hr-FC 93 | 79 2 1

24032 | Ti-8Cu-6.5Ni 25151 1] 92 | 21 22| 1725F-1hr-FC s7 | 7| 4] s
114 84 6 6 97 71 b 6

1450F=1hr-FC 95 ! 64 | 6 | 8
98 66 5 42

PROGRAM GOALS 2400 100 90 5 100 90 5

1. Experimentally determined
2. Broke at or near gage mark
3. Broke in shank of tensile

T g P
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TABLE 3

MICROSTRUCTURE FEATURES OF PHASE I, TASK I
COMPOSITIONS

ARC-MEITED

W

Arce ASTH “ajor Feature Grain Sezondary featule Mipor foature
LORE OB B madted Gaudn Taze 14 Natrix beandary tn Matriy in Hatzty
erlilty
Lamaily doot ¢ ~ 172 Single ;hase constisuent |Very f.nc and rela=- Ixtremely faine Very small sphero:d
+ ndentrated as 1slinds tively claarn peariitic-type nhase
42 Of I T L gradr seructute
boundary
Ji=i3Ca eard w1/ Pearlaticetype SLIUCTUre (D15 onttnuwsus and
A30% 0f e faate-
let
TiellNz Puex . o - N . .

2 -3 Clusters of siny.e= oM continuous Large platclens of Extiomely fine-
phase constitucnt sifigle-phase con~ single phase con= grained two-phase
originating fror grain stitusnt Stituent structure
bounudary

Ti=45: Limited 2 -4 aingla-phase large Alrmost continaocus Small spheroid
needle=1ahe precipitate "Chinese Scrapt” phase
eutestic
T1=3Cu~b. % 2 Linited G - 1/2 Pearlitic- ype structure |Digcont ruous Harder and appears
cuming Gut at grain oS an extremely fine
roandwry and exten 3 grained LNo-phane
into 1nturior of grain structure
Ti=%e- 3} Peorx L Srall nescle-like sce= Necdlo~like phlse 1s | Concentration ofl Srall spherfousd plase
ondary phase concentrated at andd unndle-iake phase
por; 'ndxcular o
grawn beusdary. De-
nuded area away from
gra:n houndary
Ti=lifn~y 230 fLampated -G Sharp featured lath- Re.atively clean Concentration ofl Srall spherord phsse
ke phase with a discontinu~ lath=ln e phase
ous spheroiu phase
in grain boundary
Ta=20C=L. w32 | wood [ snall=rounded secondary JReiat: oly cle n Concentration of! Lven smelier spherowd
phase approaching a rounded secondary phase
spheroird shape phase
Ti~lke Lamited 1 -2 Pearlicic-type piscontinuous sec- Snall pepper=like
strusrure ondary phase secondary bhasce
Ti-l8c-lw Poor 3 -4 Clusters of rounded sec~ |Continuous phase Small prpper=like
cndary partacies an a witl. sgcondary par- secondary phase
Leta grais ticles
i1=2.7Be=5%4ir Por 3 Pounded secondary par- Contihuous cutectic | Concentration of a Small splieroad phase
vicles in beta grain phosce with discon- gray=-colored phasc
tinuous secondary at. the grain bound-
particles aries extending in-
ward to the grain
Ti1=2.1be=2.5%~} Poor 3 -5 mall lath=like feature |large width of con= | $mall spheroid phase
[ 9 Vimsde graan tinuous cutectic
H

!
At subgrain boundaries

»e

r Yhe beta gra'ns
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All heat treated microstructures for Task 1 alloys are

presented in Appendix C, Figure C-2. The standard Kroll's etch
developed reasonable microstructural features for these wide
ranges of composition., Microstructures of heat treated samples
were more uniform than those for the as-melted ccndition (Figure
5) . Secondary phases generally have less alignment, after heat
treatment, and tend to become rounded with lowesr heat treatment
temperatures producing smaller secondary phase particles. &all
the alloys except the beta eutectics (Group B, Section 3.1.3.1),
appear to have less continuous grain boundaries after heat treat-
ment, while beta eutectics have very narrow grain boundaries.

In the overaged condition, the Ti-20Cr-0.03Y alloy had a concen-
tration of fine second phase particles around the beta grain
boundary, which may be responsible for the low tensile ductility
in this condition (¥Figure 5). As with arc-melted material, good
tensile ductility on heat treating is associated with the forma-
tion of uniform microstructural features and discontinuous beta
grain boundaries (Ti-13Cu and Ti-8Cu-6.5Ni alloys, Figure 5).

Hardness data for heat treated Task I ingots (also compiled
in Appendix B) were generally lower than that for the as-melted
ingot material, especially after furnace cooling from annealing
temperatures. This lower hardness implied reduced strength and
possible increased ductility.

Task I alloys evaluation results specifically identified
the copper bearing alloys as the most promising for obtaining
low~melting points, while maint~aining good tensile 3uctility.
Microstructures for these alloys also indicated directions for
future heat treatment activities to obtain the best combination
of strength and ductility.
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3.1.4 Task II, Investigations

3.1.4.1 Alloy Selection

Based on Task I results alloys selected Jor Phase II con-
sisted of the: Ti-Cu system; beta titanium alloys (Ti~Fe system)
and Ti-2.7Be-5V alloy. Specific alloy compositions and selection
basis are listed below:

Ti-Cu System Ti-Fe System Ti-Be System

Ti-10Cu Ti-7Fe-0.03Y Ti~2.7Be~-5V
Ti-10Cu-2.5Fe Ti~7Fe-5Mn-0.03Y

Ti-13Cu-2,.5Fe Ti-7Fe-1Be~0.03Y

Ti-13Cu-1Co

Ti-13Cu-1Be

Ti-13Cu-3Al

Ti-16Cu

(a) Ti-Cu System - Both Task I alloys containing copper

displayed good ductility in as-melted ingot form as well
as in a heat-treated condition. For this reason, the
Ti~Cu system was selected as the primary candidate for
further investigation, using a variety of elements to
decrease the melting point and/or improve stxength.
This philcsophy resulted in the five Ti-13Cu ternary
compcsitions, all of which had estimated melting points
near or lower than 2600°F. Ti~-13Cu-4.5Ni was consid-
ered a more promising lower melting point variant of
the Ti-8Cu-6.5Ni alloy, which had shown good proper-
ties in Task I. Ternary additions of iron, cobalt,
beryllium and aluminum were made to increase strength,
and decrease the melting point of the base Ti-10Cu

and Ti-13Cu alloys.
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(c)

Ti-Fe System -~ No beta alloy from Task I (Ti-9Fe,

Ti-20Cr, Ti-14Mn) showed attractive ductility at the
composition levels evaluated. However, further evalua-
tion of the hest of the three alloys waeg considered de-
sirable at a reduced alloy content, in an effort to cb-
tain improved ductility. The Ti-Fe system was selected
for further evaluation over the Ti~Cr and Ti-Mn systems
because of:

o Better heat treatment response.

o Iron being a more effective melting point
depressant.

o Greater promise for higher strength.

A 7-percent iron content (MP - 2740°F) was chosen since
this was considered below the level at which signifi-
cant eutectoid compound formation occurred during aging.
This composition (Ti-7Fe) afforded the greatest poten-
tial for obtaining improved ductility.

A 5-percent manganese additior: of the Ti~7Fe binary

was expected to depress the melting point to near 2680°F.
The third alloy in this group involved a l-percent beryl-
lium addition (Ti~7Fe-1Be) to depress the melting point
to near 2570°F. The choice of l-percent beryllium was
based on the reasonable ductility shown by the Task I
Ti-1Be alloy. Like the Task I beta alloys these alloys
contained a 0.03 percent yttrium addition, which has
produced improved ductility in commercial and experi-~
mental titanium alloys.

Ti-Be System - The last composition selected for Task
IT was the Ti-2,7Be-5V alloy, which had an estimated
melting point of 2545°F and had shown promising ingot
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ductility in earlier work. Vanadium was added as an
elemental addition rather than as an aluminum~master
alloy addition as in Task I. Compared to the Task I
Ti-2.7Be alloys, the above alloy had a higher beta con-
tent (5 percent versus 2.0 percent vanadium) and no
alpha stabilizing elements.

3.1.4.2 1Initial Tensile Property Evaluations

Complete tensile and hardness results for the Task II alloys
are shown in Appendix B. The Task II investigations continued to
indicate the Ti-Cu system was superior to other alloy systems for
achieving the contract goals.

Several of these alloys met or closely approached the room
temperature mechanical property goals in the as-melted ingot or
heat treated conditions. However, only one heat treat condition
of one of the three Ti-7Fe system alloys met these goals after
the initial heat treatment study. This alloy (Ti~-7Fe-0.03Y), had
an estimated melting point of 2740°F, which was considered too
high compared to the Ti-Cu alloys. The Ti~Cu alloys displayed the
best room temperature tensile proper.ies of Task II alloys (sum-
marized in Table 4). The Ti-10Cu alloy (actual melting point of
2725°F) met the room temperature tensile property goals in the
as-melted condition and several alloys including Ti-13Cu-2.S5Fe
and Ti-13Cu-1Cu approached these goals.

In the heat treated condition all alloys suffered reductions
in strength but experienced improved ductility. The Ti-13Cu
binary was used as a base to determine the effect of several
ternary additions on properties. Evaluation of these alloys in
the as-melted form as well as the heat treated condition showed
the 2.5 percent iron addition resulted in the largest yield
strength increase, 13-15 ksi in the Ti-13Cu base and 2-29 ksi in
the Ti-10Cu base. A cobalt addition of 1.0 percent gave a small
yield strength increase (2-5 ksi) and nickel had mixed effects
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TABLE 4

PROPERTY SUMMARY OF INITIAL BEST PHASE I,
TASK 11 ALLOY COMPOSITIONS

Room Room Tempezuature

Temperature Tensile

Tensile, Heat Treated,
Actual or As-nelted |

Heat Nominal Estimated UTS 1 YS El | RA Heat Jgi5 1YS El | RA
No. Composition Melting Point,F | ksi | ksi 2 2 Treatments k>i | ksi 3 2
24220 Ti-10Cu 2725! 136 102 7 10 1760F-1hr-FC 107 75 10 10
133 | 100 S 9 107 80 |10 8
1560F-1hr-FC 81 61 2z {27
82 6y |24 }27
24219 Ti-10Cu-2.5Fe 2680 k8 | 128 2 3 1,60F-1hr-fFC 112 80 6 )
156 | 132 4 s 112 78 8 7
1560F-1hr-FC 106 77 1h 12
105 70 {12 12
24221 Ti-13Cu-1Co 2595l 106 86 5 10 1760F-thr~FC 81 63 6 4
110 88 8 9 74 63 4 3
1560° -thr-FC 9 62 10 7
89 62 | 10 8
24219 Ti-13Cu-2.5Fe 2570} 122} 98 | & 2 1760F~-1hr-fC 77 70 5 3
26 | 97 1 4| 3 gs | 721 1| -2
1560F-thr-FC 100 75 6 4
97 73 S 3
i~ - 147 -} -} - 1560°F-1he~-FC| 122 ] 104 | 10 {21
24264 Ti-13Cu-3Al 143 - - - 118 | 106 5 6
24217 Ti-16Cu 2515¢ 37 75 9 j10 1760F-1hr-FC 70 56 [ 2
57 76 9 112 74 56 5 2
1560F-1hr-FC 82 56 9 9
84 s8 {10 9
24224 Ti-13Cu-4.5Ni 2h25! 92| 718} -1} =2 1760F-1hr=FC 75§ S9 1 3 <2
103 76 6 4 78 62 3 <2
1560F-1hr-FC 89 63 5 3
87 65 5 3
PROGRAM GOALS 2400 100 ) 90 | 5 | ~ -= 100 | 0 5} <

I. Experimentally determined
2, Broke at or near gage mark
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on yield strength over the base Ti-13Cu alloy strength.
Ti-13Cu-4.5N1i alloy (Task I1I) had a lower melting point,
strength, and possibly ductility than the Ti-8Cu-6.5Ni alloy
{(Task I). Comparing Ti--16Cu to 1i~10Cu (Table 4) showed a
melting point reduction of over 230°F for the higher copper
alloy, but displayed reductions in strength and ductility for
all conditions evaluated.

Results (Table 4) for the Ti-13Cu-3Al composition were en-
couraging in that the yield strengths, after annealing at 1560°F
and furnace cooling, were considerably above (45 ksi) the Ti-13Cu
level as well as above the room temperature tensile yield
strength goal of 90 ksi. Turtlermore, the alloy had 8 percent
average elongation in this heat treat condition. Fowever, the
lack of ductility in the as-melted condition indicated 3 percent
aluminum was too high and a lower level would be more desirable.

Continued heat treacment studies on the 2.7 percent beiyl-
lium alloys (Appendix B, Table B-~1) did not result in any im~-
provements in ductility or strength over the conditions evalu-
ated in Task I. The Task II beryllium containing alloys
Ti-13Cu-1Be, Ti-7Fe-1Be~0.03Y, and ?i-2.7Be-5V, all had esti-
mated melting points at or higher than the previous Task I
Ti-8Cu-6.5Ni composition (MP=2515°F) as well as lower tensile
ductilities, rendering these three beryiiium containing composi-

tions much less desirable.

3.1.4.3 Additional Tensile Property Evaluations

Several of the Task I and Task II Ti-Cu compositions ap-
proached the room temperature mechanical property goals. How-
ever, actual castings would be of varying sizes asnd cross sections,
which would introduce variable cooling rates with a1 possible var-
iation in properties. Therefore, a Leat treatment was desirable
to climinate variations in strength or ductility caused by varied
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cooling rates, Considerable effort was made to evaluate the
effect of cooling rate, solution annealing temperature, and aging
time and temperatvre parameters using the various Ti-Cu composi-
tions. Most of this vork was based on hardness data witn the
majority of the =ffort oa the Ti-~.3Cu, Ti-16Cu, and Ti-13Cu-3Al

alloys.

Increased cooling rates and duplex heat treatments were
found to be effective in increasing the tensile strength and/or
hardness cf alloys from the Ti-Cu svste.a. Therefore, all of the
Ti-Cu compositions were further evaluated primarily using duplex
heat treatments in an effcrt tc obtain improved tensile proper-
ties (tensile and hardness data compiled in Appendix B, Table
B-1). The exception was the Ti-106Cu slloy, which exceeded the
room temperature tensile goals in the as—-melted condition. A
summary of these room temperature tensile results Zor the duplex

heat treated alloys is listed in Table 5.

The binavy T3i~13Cu and Ti~16Cu alloys nearly achieved the
room temperature tensile gcals after the duplex treatment and
suggested thiat higher copper contents (lower melting points)
should be evaluated. Several of the ternary compositions met or
exceeded the room temperature tensile property goals after dup-
lex heat *treating with the Ti-13Cu-4.5Ni alloy nearly meeting
all these goals including a melting point of 2400°F. Ti--13Cu-
3201 exceeded the room temperature goals in the annealed condi-
tion (Table 5}, which suggested further effort be expended in
adding alpha stabilizing elements to Ti-Cu compositions.

3.1.4.4 HMicrostructural Evaluation

The as~melted and heat treated Ti-~Cu binary alloy micro-
structures were similar to the structures observed during Task I
(Figures 4 and 5). The Ti~10Cu alloy microstructure exhibited
the greatest variation from that considered typical for the
Ti-Cu alloys with no obvious grain pattern, but a slight
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TABLE 5

SUMMARY OF HEAT TREATED ROOM TEMPERATURE TENSILE
PROPERTIES OF TASKS I AND II, Ti-Cu ALLOYS

Annealed? Dupliex Heat Treafed3
Actual or Tensile Properties Tensile Properties
Hueat Nominal Estimated UT§ YS_ El RA UT§ :S_ 2; RQ
Ho. Composition Melting Point F ksi ks i 2 2 ksi 5 i
i~ 27251 81 61 22 27 w) 136 102 7 10
24220 Ti=10Cu 725 o o a2 |7 i 02 ! S
i- -2. 2680 106 77 14 12 151 124 5 3
24219 Ti-10Cu-2.5Fe 105 70 12 12
i- 2613} 85 62 13 16 118 88 16 12
34029 Ti-13Cu 3 5 |1 e
i-i3Cu- 1 106 77 14 12 110 92 8 6
2422y Ti-i3Cu-1Co 2595 108 mo 12 1o e S S
’ 8] 71 7
s Ti-13Cu~3Al 2595} 122 1 106 |10 |1 e | 12
g 2hz6u 13003 18 | 106 | 6 | 65
= . -
e i-13Cu-2.5Fe 25701 100 75 6 4 123 702 3
- 24219 Ti-13Cu-2.5Fe o 3 : 3 130 102 i 6
ZR]
| i- 25151 82 ] s6 | 9| 9 e | o | w6
S e Tinecs 8 | 58 |10 | 9 mz | 2| s | e
2
?fé i-8Cu- i 1 (1] [3 8 120 83 8 9
: 24032 Ti-8Cu-6.5Nj 2515 gg ) S5 120 8 8 :
24224 Ti-13Cu-4.5Ni 24251 89 63 5 3 119 | 104 4 6
87 65 5 3
PROGRAM GOALS 2400 100 90 5 100 90 5

1. Experimentally determined.
2. Eutectoid Temperature + 100°F (1560°F)~hr-FC at 100°F/hr to 900°F-AC.

3. Best duplex heat treatment in approaching goals with good strength-

ductility combination; for specific heat treatment, see Appendix B,
Table Bl.

4. As-melted properties

5. Broke at or near gage mark.
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subgrain pattern was evident. This heat trzated Ta«x II, Ti-Cu

alloy microstructure appeared nore uniform (Apr.udix C, Figure
C-4, a through 1) compared to es-melted inqgot microstructures
(Appendix C, Figure C-3, a thrcugh f). The secondarv phases
generally had less alignment after heat .reaument and tended to
form a rounded shape and lowering the heai treatment L wperature
from 1760° to 1560°F produced a smaller particle size.

The as-melted Ti-Fe alloy microstructures appeared juite ;
different from the Ti-Cu alloy.. The Ti~7Fe-0.03Y and Ti-7le~
5Mn-0.03Y alloys had martensiiic alpha in the interior of the
grain with an oriented, lathe-like features along the grain
boundaries. Microstructures of the Ti~7Fe-~0.03Y alloy in the
beta annealed plus furnace cooled and solution treated plus aged
conditions were typical of beta titanium alloys treated in these
conditions. Both of these alloys developed microstructural
"sharp" features, which were associated with the poor tensile
ductilities.

Microstructures of the as-melted and heat treated Ti-2.7Be-~5V
alloy were similar to those observed for Task I beryilium con-
taining alloys and did not indicate additional avenues for im-
provement of tensile properties.

3.1.5 Task III, Investigations

Based on encouraging Task II results, only Ti-Cu composi-~

tions were selected for evaluation in Task III., The major heac

treatments of interest were the annealed (1560°F-1 hr-FC at
100°F/hr to 900°F-AC) and the duplex heat treatment (solution
at 1760°F for 1 hour, aii cool, and age) conditions.
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3.1.5.1 Alloy Selections

Alloys chosen for Task III evaluations and the basis for
making these selections were as follows:

Group A Group B Group C

’:% Ti-13Cu-0.2 Oxygen Ti-13Cu=-2Al Ti-16Cu-1.5A1
Ti-13Cu-0.25 ¥,0; ™i-13Cu-4Sn Ti-19Cu

7 Ti-10Cu-2.5Fe-2A1 Ti-19Cu-1Al
o8 (a) Group A - This group of alloy compositions contained

oxyden and yttrium oxide additions to the Ti-13Cu

composition to determine their effect on mechanical

£ properties of the Ti-Cu system, Both were contam-
§§§ inants expected to occur during casting due to

s . )

i reactions between molten metal and crucible or mcld

ceramics. The 0.2 percent oxygen level was bhased

s

AR P
T

upon the maximum limit specified for current aerospace

e

- . . . .

o titanium castings as well as a reasonable expectation
<§’ of what the program casting process may promote. The
4 level of yttrium oxide was selected at 0.25 percent
%; based upon the typical melt contamination levels en-
I’ " - . v . .

i countered during the laboratory ceramic evaluations
f§§ (Section 3.2).

3

9

(b) Group B - The second group of compositions selected
were those that had estimated melting points between

.
PR

—r

i

2500°F and 2600°F and required strength improvements.
Aluminum, tin and iron appeared to be favorable alloy
additions and were chosen for more extensive evalua-
tion. 1In addition to reducing density, aluminum sub-
stantially improved strength without sacrificing
ductility. Close comparison of properties for the
Ti-13Cu and Ti-13Cu-3Al alloys indicated a better

NI R VR S o 0 gy B S
R R G A

g

A 38
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strength~ductility relationship in the aluminum-
containing alloy. A Ti-13Cu-2Al composition was
selected for Task III in order to decreasc the high
streng*h and improve the ductility. 7i-10Cu~2.5Fe
alloy from Task II was modified with 2 percent aiumi-
num in an effort to retain maximum ductility at the
higher strength levels while simultaneously reducing
the melting point from the iron addition. A third
alloy was selected (Ti-13Cu-4Sn) with tin added on
the same basis as aluminum; that is, to obtain solid-
solution strengthening of the alpha phase but at a

reduced level.

(c) Group C - The third group of compositions selected
were those that had melting points less than 2500°F.
However, the large amount of alloying required to ob-
tain such low liquidus temperatures increased the
probability of obtaining low tensile ductility. The
binary Ti-19Cu was evaluated, even though it was
within the eutectic field, because considerable duc-
tility had been previously observed with the Ti-16Cu
alloy. Aluminum additions to Ti-1l6Cu and Ti-~19Cu
binary alloys were also made to increase strength

while maintaining ductility.

3.1,5.2 Tensile Property Evaluation

All hardness and tensile properties for the Task III alloys
are compiled in Appendix B. Table 6 contains a summary of ten-~
sile data for these compositions, as well as comparative Task II
data for the Ti-13Cu and Ti-13Cu-3Al alloys and showed several
compositions met the program room temperature tensile goals of
90 ksi yield strength and 5 percent elongation. Good ductility
(greater than 2 percent) was achieved in the as-melted condition
for all compositions with the exception of alloys which con-
tained aluminum additions of 2 percent or more. The Ti-10Cu-
2.5Fe~-2Al1 composition had particularly high as-melted strength
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TABLE 6

SUMMARY ROOM TEMPERATURE PROPERTIES FOR PHASE I,
TASK III ALLOYS, Ti~13Cu, AND Ti-13Cu-3Al ALLOYS

Tensile Properties

Actual or Ag-melted Annealed? puplex Heat Treated?

Heat Nominal €stimated uts | ys [ RA uTsS | YS [4] RA utS Ys £l RA

» No Composition Melting Point,F | ksi Jksi 2 2 ksi | ksi 2 2 ksi | kst 2 3
24227 Ti-10Cu-2.5Fe-2A} 2665 175 {168 2 4 132 | 106 7 b4
170 1160 | 2 4 131 | 106 7 7

34029 Ti-13Cu f{Task I} 26131 104 82 [ 10 f10" 85 62 |13 |16 118 88 |10 12
105 82 [10 |12 83 59 |14 |20

24273 Ti-13Cu-0.2 0 2613 132 |09 3 2 95 72 5 6 122 | 102 5 5

120 | 102 3 2 95 72 4 4 125 [100 | 5 | 6

26281 | Ti-13Cu-0.25Y,04 2613 1o | 76 { 9 111 87 | s6 {10 {16 J106 | 77 | 8 | 3"

102 76 7 9 86 | s4 {12 |7 104 J5 | 8 9

24275 | Ti-13Cu-2Al 2600 143 {138 1 S IR 92 12 |4 127 | 1ok 7 8

163 | 148 1 S lroe | 92 1z |4 126 [106 ' 6 7

24264 Ti-13Cu-3A) (Task II) 2595} W7 | e e f- 122 fioh |10 |1 146 {128 7 7
W3 | == j-= |- 118 [106 | 6 | 6

24276 | Ti-13Cu-4sn 2590 118 Jtoo | 81 9 95 78 8 |10 115 {106 | 8 |10
116 | 99| 8 |1t 94 77 9 |10

24278 Ti=16Cu-1.5Ai1 2500 13 97 4 [ 94 79 4y 6 122 | 112 5 5

My | 97 | 41 5 94 | 78 ] 6] 4 | 120 |3} 315

24279 | 1i-19Cu 24171 87 | 65 | 4 | & 63 | 53 | 1 | M} os2 | 74 k|2

90 | 65 | 4 3 68 52 4 3 37 | 8¢ 4 3

24280 | Ti-19Cu-1Al 2410 98 | 80 | 3 2 86 | 65 5 7 97 79 b 3

95 73 3 3 90 68 5 6 101 78 b 5

PROGRAM GOALS 25400 100 { 90 | 5 100 { 30 5 100 | 20 5

1. Experimentally determined
2. 1560F-1hr-FC @ 100F/hr to 900F-AC

3. Best duplex heat treatment in approaching goals with good
strength-ductility combination; for specific heat treatment,
see Appendix B, Table Bl.

4. Broke at or near gage mark
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(164 ksi yield strength) and consequently low ductility.
However, the three compositions (Ti-l10Cu-2.5Fe~2Al, Ti-13Cu-2Al,
and Ti-13Cu-3Al), which had high strength in the as-melted condi-
tion, met the program room temperature tensile goals after
annealing. Increasing copper content was found to decrease

the strength when the alloy was annealed above the eutectoid

temperature. In this condition, other elements added to the
Ti~-Cu binary compositions tended to minimize the reduction in

strength.

Tensile results showed the alloys exhibited very favorable

heat treatment response. Duplex neat treatments could be used

,,“.‘..‘,w.
P R A
TR

\ & o & ad
A S R
e o T s A AT RO

L
U

ES i

to produce a range of strengths and ductilities depending on

X rm—

T

the aging temperature and time selected. Based on the normal
strength-ductility relationships, the ductility of many of
these compositions could be improved by adjusting the strength
to a lower level. However, with the Ti-19Cu composition, water

e b o S s

guenching from the annealing temperature (instead of air cool-
ing) was required to obtain strength levels comparable to the
other duplex heat treated Ti~Cu alloys.

Data from 7Ti-Cu compositions that contained alpha stabil-
izers were especially encouraging, particularly aluminum addi-
tions. On the basis of as-melted ductilities, 2 percent alum-
inum in the Ti-13Cu composition was excessive, although in heat
treated conditions ample ductility was obtained at 2 and 3 per-
cent aluminum levels. In addition to the apparent benefits of
aluminum on strength, melting point, and density, an improvement
in fluidity may also be obtained when casting the alloy(zs).

Data in Table 6 also show minor losses in ductility and
strength when 0.25 percent Y,0, was added to the Ti-13Cu alloy.
However, when 0.2 percent oxygen was added to the Ti-13Cu alloy,

(25)Magnitskiy, O. N., "Casting Properties of Titanium Alloys"”,
1968. Translation by Foreign Technology Division, Wright-~
Patterscn Air Force Base, Ohio. FTD-HT-23-386-69, april 1970.
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an appreciabple loss in ductility was observed and this was not
recovered effectively by heat treatment. The oxygen containing
Ti-13Cu alloy tensile properties were increased as expected and

met the program goals.

3.1.5.3 1Influence of Thermal Exposure on Tensile Properties

Table 7 contains pre- and post-thermal exposure tensile re-
sults for five heat treated compositions. The thermal exposure
consisted of exposing machined tensile specimens at 800°F for
200 hours in air and then tensile testing at room temperature
with the surfaces intact. The alloys selected covered a composi-
tion range that was necessary to select alloys for Phase II. The
binary Ti-16Cu alloy showed a slight instability as evidenced by
a loss in strength, whereas Ti-Cu compositions with aluminum,
iron, and nickel additions were stable. The Ti-13Cu-2.5Fe,
Ti-13Cu~-4.5Ni, and Ti-13Cu-2Al alloys showed slight gains in
ductility with the Ti-13Cu-4.5Hi alloy also experiencing an in-
crease of 10 ksi in yield strength. The addition of ternary ele~
ments to the binary Ti-~-Cu alloy appeared to provide improved and
acceptable alloy thermal stability.

3.1.5.4 Microstructural Evaluation

Microstructures of the as-melted and heat treated Task III
(also Ti-13Cu-3Al) compositions are assembled in Appendix C.
Additions of aluminum, tin, and oxygen to Ti-13Cu resulted in a
finer transformed product within the beta grains of as-melted
ingot. The as-melted microstructure of the Ti~19Cu alloy ap-
peared similar to those for the Ti~13Cu and Ti-1l6Cu alloys (Fig-
ure 6). Aluminum additions to the 16 and 19 percent copper
compositions did not refine the transformation product compared
to the respective binary bases. The yttria~containing Ti-13Cu
composition microstructure contained light-gray colored second-

ary particles, which tended to have a square shape. These
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Figure 6, Typical Microstructure From As-Melted 4.5-Inch-Diameter
Ti-Cu Ingots (250X).
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particles are similar in appearance to those observed in
Ti-2.7Be melts made in yttria containing crucibles during the

ceramic investigation portion of the program (see Section 3.2).

After heat treatment,

The annealed (1560°F-1 hr-FC at 100/hr to 900°F-AC) micro~
structures for all the copper containing compositions except

Ti-13Cu-3Al appear similar (Figure 7).
the size of the TiZCu precipitate was increased at the prior
beta grain boundary and within the grains. In the annealed
condition, Ti-13Cu-3Al had a microstructure similar to that of
primarily composed of
from the duplex heat
have in comparison a
absence of TiZCu pre-
This fineness of

e :
R
po LM WS

i,

.

the annealed Ti-10Cu alloy, that is, one
spherical agglomerates., Microstructures
treated compositions, including Ti-13Cu,

finer lamellar product 2and a decrease or

cipitates at the prior beta grain bcundaries.
the lamellar products was believed responsible for the higher

strength obtained with the duplex heat treatments compared to

the annealed condition.

3.1.6 Discussion of Alloy Evaluation
At the end of Task I of Phase I, the Ti~Cu system was the

nost attractive for further exploitation to meet the program
Therefore, during the remaining tasks in Phase I, major

goals.

emphasis was placed on the Ti-Cu system, with additional effort

involving beryllium-containing and low-melting beta eutectic

The Ti-7Fe-0.03Y alloy tensile ductility met the program
How-

goals and exceeded that of an earlier Task I composition.

alloys.
ever, the melting point of this beta alloy was excessive (above

2700°F) and efforts to lower the melting point by 5 perxrcent man-
ganese (2680°F) or 1 percent beryllium (2570°F) additions reduced
Further work in

the tensile ductility to unacceptable levels.
Task II with a Ti~2.7Be~5V alloy (MP=2570°F) did not result in

improved properties over the Task I compositions and the addition
of 1 percent beryllium to the Ti-13Cu alloy (MP=2506°F) resulted

ik “-'h'tl{“ﬁ\'ﬂ{}: A
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(d) HEAT 24279 9609
Ti-19Cu

Typical Microstructures of Annealed (1560°F-1Hr-FC)
Material From 4.5-Inch-Diameter Ti-Cu Ingots (250X).

46



http://www.abbottaerospace.com/technical-library

Tl (O hy - 3 iy i i o - i T el X T
e T T , < Fasrbh Wi T T
e G R T e
SR LN AICRIAC i ok AR R 4 PR eI

Ay 8 et
R0 ST Bl M e

£t

"“El”ﬂf“‘

Y VA

4

in both low strength and low ductility. The above trends all
supported early decisions to concentrate efforts on the Ti-Cu

system.

Ti-Cu alioys met or nearly met the room temperature ten-~
sile goals in one or more conditions (as-melted, annealed, or
duplex heat treated) as shown in Figure 8. Hardness data from
other duplex heat treatments consisting of various aging
temperature-time parameters applied to Ti~Cu compositions indi-
cated flexibility for varying the strenath of these alloys
(Appendix B, Table B~I). Data suggests these alloys exhibit very
good heat treatment response, which should result in an even
better combination of yield strength and ductility for many of
the Ti-Cu alloys.

Early investigations on Ti-Cu alloys indicated that high
h(11,26,27,28)

(11,26,28)

strengt could be obtained but with attendant low

ductility. However, data from this program demon-
strated excellent ductility (6 to 23 percent elongation) with
Ti-1C0Cu, Ti-13Cu, and Ti-1l6Cu alloys in the as-melted or
annealed conditions, and adequate ductility (4 percent elonga-

tion) for similar conditions with the Ti~19Cu composition.

The duplex heat treatment applied to the Ti~Cu alloys re-
sulted in higher strengths compared to annealed material. The
ductility of these heat treated Ti-Cu alloys was, on a strength-
ductility comparison, as good as or better than the ductility

26 . .
( )Buchanan, K.M., et al, "Titanium-Based Casting Alloys",

British Non-Ferrous Metals Research Assn.,, for Procurement
Erxecutive, Ministry of Defense, Final Report, S$295/11,
July 1973.

Williams, J. C., "An Electron Microscopy Study of the Phase
Transformations in Ti:Cu Allcys", PhD dissertation, Univer-
sity of Washington, 1968. Available University Microfilms
Inc., Ann Brbor, Michigan, 69-13, 640,

Bunshah, R.F., and Margolin, H., "Microstructure and Mechani-
cal Properties of Ti-Cu-‘Al and Ti-Cu-Al-Sn Alloys",
Transactions of the American Society for Metals, Vol. 51,

1959, pp 961-980.

(27)

(28)
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associated with annealed Ti-Cu compositions {Tables 5 and 6).
Aging the Ti-Cu alloys after rapid cooling from the beta or
beta-plus~compound field provided the flexibility for achieving
desired strength and ductility levels in these alloys. #Micro-
structures of duplex heat treated alloys, compared to annealed
material, consisted of a finer lamellar structure with a de-
crease or absence of TiZCu precipitates at the prior beta grain
L sundaries. The subsequent microstructural analyses in Phase II
as-melted Ti-Cu alloys showed that as the aging temperature in-
creased, coarseness of the lamellar structure increased and was
accompanied by decreased strength and a general improvement in
ductility.

Strength increases over the Ti-Cu binaries for the annealed
ternary and quaternary Ti-Cu alloys appeared to result from
solid-solution strengthening of the alpha phase by the added
elements. Table 8 shows the influence of these alloy elements
on strength and melting point of the Ti-Cu base alloy. Data
derived in this program on alloys in the annealed condition and

(29) show the alpha stabilizers,

compared with literature wvalues
aluminum and tin, resulted in greater alpha solid-solution
strengthening than expected. 1Iron, a sluggish eutectoid beta
element, resulted in less strengthening than expected and the
active eutectoid beta elements nickel and cobalt resulted in no
appreciable strengthening. The unexpected poor strengthening
from the addition of the nickel and cobalt suggests that these
elements may be interacting with copper, which is also an active
eutectoid element, and forming complex compounds such as Tix-
Cuy-NiZ or Tix-Cuy--Coz during the eutectoid reaction.

(29)Seagle, Stan R., "Principles of Alloying Titanium, Lesson 3,

Titanium and Its Alloys, Course 27". Edited by Harold D.
Kessler, Metals Engineering Institute, American Society for
Metals, 1968,
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TABLE 8

STRENGTH CONSIDERATION FOR Ti-Cu ALLOY DEVELOPMENT

O ESTIMATED YIELD STRENGTH OF BASE PHASES

Phase Yield Strength, ksi
Alpha Solid Solution Hardened by Copper 65
Ti,Cu 28

O EFFECT ON MELTING POINT AND THE ALPHA SOLID-SOLUTION
STRENGTHENING EFFECT OF OTHER ALLOYING ELEMENT
Dacrease in
Melting Point

From Ti-Cu Binary Increase in Strength
Element Compositions Contract Data!l Literature
Aluminum 6F/1% 15 ksi/1% 9 ksi/1%2
Tin <5F/1% b.5 ksi/1% 2.5 ksi/1%2
i ron 31F/1% 5.6 ksi/1% 10 ksi/1%
Nickel b2F/1% 1 ksi/1% 6 ksi/1%3
Cobalt 18F/1% 2 ksi/1% 8 ksi/1%2

1. B8ased on change in yield strength
of annealed compositions

2. Reference 29
3. Estimated
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The aging mechanism for the complex Ti~Cu alloys is thought Q
to be similar to that of tne Ti~Cu binary alloys. After duplex
heat treatment the complex Ti-Cu alloy microstructure consisted f
primarily of finer lamellar spacing than obtained with the an- ?
nealed complex Ti-Cu alloys. This finer lamellar structure and

the solid soluticn hardening of the alpha phase by the alloy

additions both contributed to the superior strength of the com-

plex Ti-Cu alloys compared to the binary alloys. An examination

of the aging cycles employed for Ti-Cu alloys (Appendix B,

Table B-1) indicates the Ti~Cu binary alloys regquire lower aging
temperatures than the complex Ti~Cu alloys to obtain equivalent

strength and hardness. A shift in phase boundaries in the Ti-~

Cu system appears to occur with the addition of alloying ele-

ments and appears to change the time~tenmperature-transformation

(TTT) relationships. This shift would explain the differences

in aging kinetics observed between the complex Ti~Cu and Ti~Cu

binary ccmpositions.

Copper was very effective in decreasing the liquidus tem-
peratures of titanium with approximately a 34°F decrease for
each weight percent added. Experimental melting point data
(Figure 9) showed equally good agreement, but somewhat lower
liquidus temperatures than estimated and published for the Ti~Cu
phase diagram(4). Experimental melting points of higher-copper
titanium alloys by Buchanan(26) follow reasonably well an exten-
sion of melting points of the lower copper titanium allovs
determined in this study. The Ti~40Cu alloy melting point, as
determined by Smeltzer and Compton,(BO) also agreed with an ex-
tension of the liquidus temperature line shown in Figure 9. All
ternary alloying additions to the Ti-Cu system that were evalu-
ated, resulted in further reduction in melting temperatures

(Table 8).

(30)Smeltzer, C.E., and Compton, W.A., "Titanium Braze System

for High Temperature Applications", First Interim Technical
Report, Solar Division of International Harvester Co., AF
Contract F33615-74-C~5118, August 1974.
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3.1.7 Summary - Alloy Development

Several approaches were investigated during Phase I to
achieve an alloy displaying a desirable combination of melting
point and tensile properties. The alloys evaluated included low-
melting eutectics (Ti-Ni, Ti-Cu, Ti-Co, and Ti-Si), beta eutec-
tics (Ti-Mn and Ti-Fe), and Ti-Cr and Ti-Be alloys. The most
promising alloys contained copper as the main welting point de-
pressant; thus, the emphasis during the latter portion of Phase I
wes placed on titanium alloys containing copper as the principal
alloying element. The annealed binary copper alloy strength
levels, while low, were increased by a duplex heat treatment, in-
volving aging below the eutectoid temperature after a solution
treatment. Both alpha (Al, Sn) and beta stabilizers (Fe, Ni, Co)
were added to the Ti-Cu alloys to increase strength and/cr to
further depress the melting point. The alpha stabilizing elements
were found to provide good strength improvements while maintain-
ing better ductilitv than beta stabilizers. The following eight
Ti-Cu base alloys, which had melting points ranging from 2515°F
to 2630°F, exhibited room-temperature tensile properties that met
the program goals in various heat treated conditions:

Ti-10Cu-2.5Fe Ti-13Cu~4Sn
Ti~10Cu-2.5Fe~2Al Ti-13Cu-1Co
Ti-13Cu-2Al Ti-13Cu-0.2 oxygen
Ti-13Cu~-3Al T1-16Cu

The Ti-13Cu-4.5Ni alloy was particularly attractive due to a
low melting point (2425°F) and near attainment of program tensile
goals (104 vs 90 ksi yield strength and 4 vs 5 percent elongation,
respectively). Thermal exposure tests (200 hours/800°F) conducted
on five binary and ternary alloys to evaluate metallurgical sta-
bility and oxidation resistance indicated alloys containing either
iron, nickel, or aluminum were very stable and experienced no loss
in ductility or strength.
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3.2 Phase I Crucible/Mold Material Investigations

The previous section (3.l) was concerned with the develop-
ment of low melting point titanium alloys. The present section
(3.2) is devoted to the evaluation of ceramic materials, which
could be applied to the fabrication of melting crucibles and
mold facecoats. Evaluation of ceramic materials in Phase I was

conducted by the following general procedure:

o Procure small crucibles of each ceramic
material.
o] Melt a charge of a low melting titanium control

alloy in the crucible under controlled and
repeatable laboratory conditions.

o Chemically analyze the alloy melt for contam-
ination and by metallography evaluate the cru-
cible/melt interface for degree of reaction.

T LT gl
BT R IR R S b R B T T

S

o] Compare chemical analysis, microstructures and
' hardness data in order to identify the better

S

7,

(lower reactivity) ceramic materials.

w‘"’&w’?}@f‘*

i o

Evaluation of materials for crucible and mold applications
was consistent throughout Phase I, and the fabrication and
laboratory technigques used for all three Phase I tasks are dis-
cussed in a single section (3.2.1l). Results and discussion are
contained in one section (3.2.,2) and are reviewed in the se-

quence, in which the investigations occurred.

3.2.1 Material Procurement and Experimencal Procedures

Evaluation of the candidate ceramic materials was accom-—
plished by analyzing melts of a control alloy in small crucibles

fabricated from varicus ceramics. These analyses involved

54
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chemical analysis for contaminates as well as hardness testing
and metallography to detect metal/ceramic interactions. In
order to accomplish this evaluation, standard and consistent
techniques were used throughout Phase I including a control

alloy (Ti-2,7Be), crucible fabrication approaches, and melting
procedures.

Near the end of Phase I, a limited mold development activ-
ity was initiated to provide assistance in the material selec-
tion for Phase II. This development included laboratory
preparation of mold facecoat slurries, firing of dried samples,
and an evaluation of the degree of sintering.

3.2.1.1 Control Alloy

The best approach to evaluate promising ceramics for
crucible and mold applications would involve melting a control
titanium alloy (low melting point) in candidate ceramic cru-
cibles. Analysis of the resulting alloy melts (performed under
consistent laboratory procedures) would provide reliable data
necessary to the identification of the best ceramics. On the
basis of prior work, the Ti-Be system appeared to offer the
most promising properties for the program and was therefore
also chosen for the control alloy. The Ti-2.7Be alloy composi-
tion was selected based upon a melting point (2570°F) intention-
ally above the goal for the program (2400°T'). The higher melting
point provided a conservative approach toward ceramic selection

as well as experimental alloy selection for later casting
efforts.

One thirty-pound ingot (4.5-in. diameter) of the Ti-2,7Be
(nominal) alloy was double consumable vacuum melted at RMI
Company to provide sufficient material for all Phase I melting
experiments. The chemical composition of this material is
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reported in Appendix A [Table A-2) showing a Be content quite
near the target composition and low oxygen at uv.079 wt-percent

(de-ermined by vacuum fusicn analysis).

Also, as a result of the toxic nature of beryllium, master
alloy processing and melt runs were monitozed for beryllium con-
tamination. Handling beryllium-containing alloys may present a
health hazard, particularly in operauvions that create respirable
particulate matter. As a result, a portion of this program was
devoted to surveillance of operations such as melting, casting,
cutting, and polishing for airborne and surface concentrations
of beryllium. The National Institute for Occupational Safety
and Health (NIOSH) has prepared a recormended standard covering
the occupational exposure to beryllium. Key sections in this
standard deal with the f£ollowing:

Work place air

Medical surveillance

Marking of packages and areas where exposure
is possible

Prctective equipment and clothing

Informing employee of hazards

Work practices

Sanitation practices

O 0O O O O

Monitoring and records management
The above areas were recognized and implemented at RMI
Company and AiResearch during the activities involving all

berylliun containing alloys.

3.2.1.2 Laboratory Crucibles

Laboratory crucibles were fabricated by a variety of tech-
niques such as cold press and sinter, isostatic press and sinter,

hot pressing, reaction bonding or pyrolytic deposition.
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Crucibles were primarily a nominal l-inch diameter by l-inch
high, but a few were as large as 2-inch diameter by 2-inch high
(Figure 10). Crucibles were purchased from various suppliers as
detailed in Appendix D with fabrication parameters and proper-
ties. Chemical analyses of several lots of yttria used to fab-

ricate crucibles are also given in Appendix D (Table D-4).

Two special materials were procured during the Phase I and
included the Heavy Rare Earth Mixed Oxide (HREMO) and Light
Rare Earth Mixed Oxide (LREMO). The materials were concentrates
of respective ores, the HREMO coming from the mineral Xenoutime
(Y203°P205) while the LREMO material is obtained from the min-
eral Basnasite [(Ce,La,Dy)F C03]. Composition ranges for these
two concentrates are shown below:

HREMO
Percentage

Y203 58 - 63 Other rare earth oxides, 5-
Dy203 5 - 12 15 percent; non-rare earth
Yb203 5~ 7 oxides (CaO, A1203, T102),
ErZO3 5 - 7 6 percent maximum
Gd203 3~ 6
CeO2 1L- 5

LREMO
Ce0, 65 - 90 * Other rare earth oxides, 5-
La203 10 -~ 33 20 percent; now.-rare earths,
Nd203 5 =12 0.5 percent
ThO2 0 - 10

Both of these materials were used for crucible fabrication,
while only the HREMO material was used for mold development
during the program.
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Figusie 10, Appearance of Typical Laboratory Crucibles in a Range of
Sizes and Fabrication Techniques Procured During Phase I
Ceramic Investigations.
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3.2.1.3 Special Firing of Laboratory Crucibles

In addition to evaluating crucibles in the as-received con-
dition from suppliers, it was important to assess the effect of
crucibles in other fired conditions. In particular, it has

been reported(31,32) that low oxygen stoichiometry in yttria

was beneficial in reducing contamination. In addition, the fab-
rication of titanium containing ceramics involved a firing oper-
ation for which there were no previous guidelines. Therefore,
special firing procedures were required to produce the low oxy-
gen stoichiometry crucibles as well as define appropriate firing

for titanium modified ceramic compositions.

3.2.1.3.1 Low Oxygen Crucibles

Efforts were made to promote low oxygen stoichiometry in
several crucibles by refiring at high temperatures (greater than

2940°F) under various conditions as follows:

(a) Several Y203, Thoz and HREMO crucibles were
coated on the inside surface with a carbon-

acetone slurry, dried, and then fired.

(b) HREMO and Y203-15Ti crucibles were fired

without the presence of tuae carbon coating.

These crucibles were refired in argon by induction heating of a
graphite susceptor using the arrangement shown in Figure 11.
Judging by weight losses of the crucible due to firing, some

(31)
(32)

S. R. Lyon, Personal Communication, August 21, 1973.
Lyon, S. R., S. lnouye, C. A. Alexander, and D. E. Niesz,
"The Interaction of Titanium with Refractcry Oxides,"
Titanium Science and Technology, Volume 1, Edited by

R. I. Jolfee and H. M. Burte (1973) 271-284.
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decrease in oxygen stoichiometry (discussed further in Section

3.2.2.2) has occurred as shown in Table 9. Degradation occurred
primarily at the higher firing temperatures for the Y203 cru-

cibles (Figure 12).

3.2.1.3.2 Titanium-Modified Crucibles

Several of the titanium modified crucibles procured for
Task III were given firing treatments in addition to the initial
3000°F firing at Coors Porcelain Co. The setup shown in Figure
11 was used to induction heat the carbon susceptor and obtain
the necessary high temperature. Table 9 also presents firing
conditions for titanium modified crucibles given additional fir-

ing treatments.

3.2.1.4 Standard Laboratory Technique for Evaluating

Ceramic Crucibles

The candidate crucible/mold materials were evaluated by
melting a 10-gram charge of the Ti-2.7Be control alloy in cru-
cibles and holding for 10 minutes at a temperature of 2870°F
(300°F above the alloy melting point). The experimental setup
was placed in a vacuum chamber and induction heated (Figure 13).
The arrangement shown in Figure 14 was used for Tasks II and III,
whereas the Task I melts were made without the top 1id and insu-
lation., Temperatures were measured with a Pt/Pt-10 percent Rd
thermocouple located at the position shown in Figure 14, Esti-
mates, from a calibration melt of 1016 carbon steel {(MP=2774°F),
indicated crucibles were 50°F lower in temperature than the
thermocouple-indicated temperature during Task I, whereas the
deviation was not as large for later melts (near 20°F). However,
thermocouple-indicated temperatures are quoted throughout the

report.
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TABLE 9

FIRING PROCEDURES USED TO PREPARE

A e Ry :
i s d s
Eit «:ﬁ.&\;ﬂ SRR AT

SPECIAL CRUCIBLES FOR TASK II MELTING EXPERIMENTS

Carbon Estimated
Crucible Coating Firing Treatment Stoichiometry*
S Y,0,-14 Yes 3100°F/12 min/Argon Y50, g9
i _ o ]
%; 39 Yes 3320°F/13 min/Argon ‘1'202.97
5 _ o )
52 Yes 3220°F/10 min/Argon Y202.97
m -7 % o -
Tho,-D3 Yes 2940°F /20 min/Argon ThOL93
-D4 Yes 3165°F/14 min/Argon ThO1 96
-DS5 Yes 3220°F /15 min/Argon ThO1 95
HREMO~2 Yes 3075°F /12 min/Argon RE202 96
~4 No 3385°F /12 min/Argon R}3202.93
~7 Yes 3245°F /13 min/Argon R2202.94
Y203.15Ti-1 No 3355°F /11 min/Argon (0.11% loss)
-2 No 3190°F /11 min/Argon (0.034% loss)
~-4*% No 3190°F /11 min/Argon (0.008% gain)
-5 No 3200°F /14 min/Argon (0.012% loss)
* Based upon crucible weight loss from firing
** Firing set-up different from that used for all other crucibles shown
in §Lgure 12 in that the carbon top was replaced with an open
cylinder of Cb metal with an 1.D. the same as the carbnn dish.
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Several crucibles (3-5) were included in each melt run to
allow uniform comparisons of reactivicy. A yttrium oxide cru-
cible and alloy charge was included in each melt run to provide
a run-to-run correlation. Vacuum atmospheres in the 0.1 to 1.0
micron range were maintained during the melts except for one
run which was conducted in argoen at a partial pressure of 5-
incl.es of Hg. This argon run included CaO, Ca0O+15Ti and MyO
crucibles, all of which had shown excessive metal boiling and

spitting during previous vacuum runs.

After the melt run, the entire setup was cooled in vacuum
at a rate of approximately 4000°F/hour for the Task I and
1300°F/hour for the Tasks II and III melts. These slower cool-
ing rates for the later melts were partially due to the improved
laboratory melting setup, (included the 1lid arrangement that
also reduced thermal gradients) which kept the crucibles intact.

After cooling to near room temneratuc2, crucibles, with
the solidifed control alloy were removed from the susceptor
dish, photographed, weighed and examined. The crucible plus
melt was then sectioned tvo provide a combined metal/ceramic
metallography sample and the remainder of the melt used for
chemical analysis. The metallography sample containing both
~rucible and melt was then evaluated for crucible/melt re-
actions, metal bulk microstructure changes and hardness.

3.2.1.5 Additional Crucible Evaluations

Standard melt runs (Section 3.2.1.4) were primarily used to
assess the relative level of reactivity to molten titanium of
the various ceramics evaluated. It was also necessary to deter-
mine the degree of influence exerted by time and temperature on
contamination of melts. Therefore, variations in time and tem-

perature from the standard run were conducted in a series of
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additional melt runs. Evaluation procedures used for melts and

cruciblies were identical to those described previously for the
standard run.

As the alloy development progressed (Section 3.1l), other
binary systems (Ti-Cu and Ti-Fe) began tc appear more promising
than the Ti-Be system. Melt runs were therefore required to
ascess crucible contamination of these other alloy systems in
order to anticipate any serious deviation from results gained by
using the Ti-2.7Be control alloy to assess crucible performance.
Several melt runs were conducted using low melting alloys (Ti-
10Cu, Ti-16Cu and Ti-9Fe) as well as the control alloy. These
alloys were placed in various crucibles and run using the stan-
dard technique but at temperatures 200°F above the particular
alloy melting point as opposed to the 300°F used for standard
runs. A control sample, consisting of the Ti-2.7Be alloy in

Y703 crucible, was included in each additional melt run.

3.2.1.6 Chemical Analysis Techaiques

Since excessive oxygen can be deleterious to the mechan-
ical properties of titanium, it was monitored for all laboratory
crucible melts. One-gram samples of laboratory melts (Ti-2.7Be
alloy) were analyzed by the neutron activation technique
(IntelCom Rad Tech, San Jiego, CA). This technique had indi-
cated, during previous AiResearch studies, high:r oxygen values
than standard vacuum fusion techniques particularly, for samples
containing refractory oxides. To establish the control alloy
oxygen content, several Ti-2.7Be rolled bar samples were ana-
lyzed for oxygen by neutron activation (0.16 percent) and vacuum
fusion (0.11 percent) techniguces. The neutron activation value
was used as baseline for estimating oxygen contaminction of
Ti-2.7Be melts made in crucibles during Phase I.
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From neutron activation data, analyzed values for oxygen
are estimated within +0.06 percent of the actual amount. This
scatter is quite high and may relate to contamination assuciated
with sample preparation, variations in oxygen in the bar stock,
or inherent difficulties in the neutron activation analytical

process.

Chemical analysis of other elements (incluading rare earths
and some oxygen analyses) was conducted on l-gram samples sub~
mitted to National Spectographic Labecratories (Cleveland, OH).
Samples were submitted with the surface reaction zone intact on
the material but with adhering crucible material removed.

3.2.1.7 Mold Material Investigations

Fabrication of investment mclds does not involve pressing
and firing (greater than 2900°F) approaches used for crucibles.
The mold fabrication requires non-toxic cerimics that can be
handled in stable liquid slurries and can be fired at lower tem-
peratures (200C°F). The low temperature capability common to
the superalloy investment casting industry for mold sintering
places a restriction on the materials that may be used for the
low reactivity facecoat. Current practice involves using silica
as a binder aid as well as a primary material (silicates). The
silicates (erio2 primarily) were known to promote excessive con-
tamination of even the low melting titanium alloys and therefore
reqguired replacement with other low reactivity binders and »ri-
mary materials.

Crucible melt evaluations identified promising low reactiv-
ity materials, and several were considered for use in mold face-
coats. Evaluations were therefore required in order to adapt
the low reactivity ceramics to the mold fabrication process with
primary objectives of developing proper slurry properties and
low temperature sinterability (2000°F). Mold facecoat investi-

gations involved the prenaration of aquevus slurries of HREMO cx
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alumina with a variety of sintering aids and approrpriate
wetting and antifoam agents (specific compositions are given in
Appendix E (Tables E-~1, E-2, and E-3).

involved:

(a)

(b)

(c)

d)

Investigation during Phase I involved the evaluation of four

groups of facecoat compositions:

(a)

(b)

(c)

(d)

S SORE s

Processing of slurries

Mixing by hand, lightning mixer or ball mill

techniques

Drying the slurry in bulk, thin layers or slip :
cast on the inside of small crucibles §

Firing of dried slurries in air or argon at g
temperatures from 1900°F to 24S50°F :

Evaluating the fired mass for sintering quality

Group 1 - Organic binder used, bulk samples

evaluated

Group 2 - Contained Can, LiF and SiO2 sintering
aids, bulk samples evaluated

Group 3 - Contained CaF2 and SiO2 sirtering aids,

bulk and thin layer samples evaluated

Group 4 - Contained organic binder or CaF, and
Sio2 in large quantities, slip cast layers eval-

uated
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3.2.2 Results and Discussion - Crucible/Mold Materials

Phase I crucible/mold material evaluations were conducted

by evaluating titanium alloy melts in small ceramic crucibles

of various materials,

This was the primary technique for

screening materials, which would be acceptable in the casting

process as either induction melting crucibles or low reactivity

facecoacs for investment molds.

A limited effort also involved the evaluation of slurries

and various binder agents whicii would produce low temperature

(near 2000°F) sintering of appropriate material candidates for

mold facecoats.

3.2.2.1 Task I Crucible Investigations

Literature surveys and previous AiResearch efforts identi-

and mold applications.

0O O 0O o©o

Y503

¥,0,+15Ti (wt.-%)
- Tho,
e Dy20 3
E La,0;

CeS

discussed in Appendix F):

Reasonable cost
Ease of fabrication

fied several promising materials for possible use in crucible
These materials were selected based upon

one or more of the following criteria (specific details are

Low reactivity with molten titanium alloys
Adequate thermal shock resistance

The materials chosen were as follows:

Cao
Ca0-+15Ti
MgO

8icC
Pyrographite
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HREMO (Heavy Rare Earth Mixed Oxide)
LREMO (Light Rare Earth Mixed Oxide)

Crucibles were successfully fabricated from all of the above
candidates except La,05. Several different fabrication ap-
proaches were attempted with the La203, but no sound crucibles
could be produced primarily due to its hygrosccnic nature. As

a result, no evaluation of La203 crucibles was conducted.

Examination of the remaining crucibles visually and by
metallography (where appropriate) indicated all were reasonably
dense and well bonded except the Ca0O-15Ti, Y203~15Ti, and to a
limited degree Ca0O. Most crucibles ranged from 8$5-97 percent of
theoretical density, and were considered representative of good
material.

3.2.2.,1.1 Crucible Storage Evaluation

Most crucibles were not adversely affected by open stor-
age (humidity ranged from 4 to 36 percent). However, the Ca0
containing compositions and the Lazo3 were completely disinte-
grated by exposure to ambient air in approximately one-months
time. Of special significance is that the MgO and +he LREMO

crucibles performed well under ambient storage conditions.

3.2.2.1.2 Standard Crucible Evaluation

Eleven Task I standard melt runs were performed with a var-

iety of crucibles included in each run. All crucibles used in
z melt runs were able to contain the Ti-2.7Be control alloy with
n~ through-wall penetrations except in areas where a crack ex-
isted prior to melting. The Y203 and LREMO crucibles showed

a tendency for thermal shock cracking, but this occurred during

cooling cf the melt and did not result in metal loss.
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Chemical analysis results of the solidified control alloy
melts are summarized for each crucible composition in Table 10.
The Y,04 and Y203-15Ti were the best compositions for limiting

contamination of the alloy. HREMO crucibles demonstrated the

T e P

iR

e

next best performance, and due to relatively low cost, appears
promising. The Thoz, Ca0O, and Dy203 also displayed reasonable

NS
e e

s
o

indications of low reactivity. The remainder of the candidate

X
SRS

?§ materials all showed either excessive oxygen contents or large
%i amounts of other crucible elemental contamination.

E Microstructures indicate that a variety of sccond phases

w

Eo were produced in alloy melts. The second phases gcnerally ap-
%g peared blocky, as shown in Figure 15 for melts made in Y203,

;ﬁ Y203~15Ti, ThO2 and HREMO crucibles. The LREMO crucible did not
£

;% promote significant second phase formation, but severe second

phase formation occurred in melts conducted in Dy,05: CeS and
pyrographite. The presence of these second phases could affect
the cast alloy mechanical properties.

Melts made in the ¥,04 base systems consistently showed
less microstructural evidence of contamination than any of the
other crucible materials. Melts made in HREMO crucibles, in
addition to the blocky internal second phases, displayed micro-
structural contamination of the metal surface adjacent to the
crucibie to a depth of 120-200 mils. Melts in LREMO, MgO and
Ca0-15T1i crucibles showed an alpha case in addition to extensive
internal contamination (Figure 16). Melts in SiC exhibited se-~
vere surface contamination, while minor surface contamination
but heavy internal contamination was observed for melts in pyro-
graphite. Melts in CeS, Cao0, Tho2 and Dy203 all showed internal
microstructural contamination but an absence of surface alpha

case.
Bulk hardness measurements made on melts from each crucible/

mold material ranged from a low of RASB for Y203 to a high of
RA87 for the SiC melt. Starting ingot alloy hardness was RA51.
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TABLE 10

CHEMICAL ANALYSIS RESULTS

3t

FOR Ti-2.,7Be ALLOY MELTED IN TASK I
CRUCIBLES AT TEMPERATURES OF 2870°F

Oxygen Increase

Increase In Other Elements

Crucible | Number Of (wt-%) (we=%)
Material Melts Range Average Element Range Average
Y203 7 0.06~0.14 | 0.09 Y 0.07-0.26 0.19
¥203.1571 2 0.11-0.13 ] 0.12 Y 0.18-0.20 0.19
ThO, 3 0.46-0.64 | 0,57 Th 0.70-0.80 0.63
Dy203 2 0.83-1.07 | 0,95 Dy 0.3C-0.67 0.48
La,0, None - - - - -
LREMO 1 - 3.10 R.E. - 0.027
HREMO 2 0.44-0.52 }0.47 R.E. 0.07-0.29 0.16
Ca0 3 0.52-0.71 } 0.59 Ca 0.002-1.07 { 0.37
Ca0.15Ti 2 0.58-1.54 | 1.06 Ca <0.001-0,007 0.004
MgO 3 3.03-4.02 | 3.41 Mg 0.003-0.004} 0.004
Ces 1 0.02-0,03 }0.03 Ce - 0.56
S - 0.19
Pyro- 2 £.01-0.03 ] 0.02 C 0.56-0.60 0.58
graphite
SicC 1 - 0.02 loss | Ssi -- 7.51
c - 5.83
*Average oxygen content of alloy was 0.16 wt-%. Oxygen analyses per-

formed by neutron activation, others by wet chemical, spectro

chemical, or spectrographic.
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(c) (a)

Figure 15. Typical Microstructure of Ti-2,7Be Melts Conducted in

Crucibles of Y¥Y303(a), ¥203+15Ti(b), ThOj;(c) and Heavy
Rare Earth Mixed Oxides (d). All Show Large Blocky
Gray Inclusions, (As-Polished 100X).
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(a) MELT IN LREMO CRUCIBLE (IC-10)
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(b) MELT IN Ca0.l5Ti CRUCIBLE (IC-7)
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Figure 16.

(c) MELT IN MgO CRUCIBLE (IC-7)

Alpha Case Contamination of the Surface of
Ti-2.7Be Melts Made in Three Crucibles.

The Alpha Case is the Solid White Layer
in (a) and (c) Whereas it is the Porous

Appearing Layer in (b) (100X).
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Most of the crucible materials produced alloy melt hardnesses
in the low 60's, indicating various degrees of internal contam-

ination from reactions with the various crucible materials.

Microhardness measurements were also made on melts made in
5 and HRLMO).
Measurements were made primarily to determine; (1) if signifi-

several of the better crucible materials (Y203, ThO

cant contamination was present on the melt surface adjacent to
the crucible material and, (2) the relative hardness of the
second phase particles which developed in the melt as a result

of metal/crucible reaction. Edge hardness (l-mil from edge) did
not significantly differ from .nternal hardness indicating an ab-
sence of severe near-surface contamination. The true hardness

of second phase particles was difficult to assess due to shape
and size, but were found harder (407 KHHN) than the metal matrix
(209 KHN).

3.2.2.1.3 Temperature/Time Evaluations

Melt runs were performed to determine the effect of moclten
metal temperature and hold times on melt contamination with the
more promising crucible materials. Chenical analysis of these
melts (Table 11) indicated that increasing the metal temperature
promoted increased contamination. The influence of hold time
was not readily observed, except possibly by hardness changes
(Table 11) since hold times (3 to 10 minutes) were not far enough
apart to promote discernible differences. These times were ini-
tially chosen to reflect the typical time range expected during
actual casting operations. However, the typical melting time
actually 2xperienced during Phase II casting efforts was closer
to 20 minutes.

3.2.2.1.4 Summary - Task I

Y203, both as the pure material and in the titanium modi-
fied form, resulted in the lowest titanium melt contamination.
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The Y203-15Ti composition did not show the expected
reactivity improvement over Y504 (it was however equiv>lent) and
microstructures suggest:d it was fired at toc low a temperature
(3000°F). However, the titanium modified composgition did show

much improved thermal shock resistance to the pure Y203.

The Thoz, HREMO, and Ca0 compositions showed good promise
for limiting contamination of the melt. The Tho2 and HREMO
were projected at a cost of $7-11/pound for the raw powder com-
pared to Y203 at $30, while Ca0 was much lower in cost ($0.70/

pound) .

Other materials, Dy203, LREMO (Light Rare Earth Mixed
Oxides), Ca0O-+15Ti and MgO all showed high oxygen contamination
or severe second phase formation in the microstructure (pyrc-
graphite, 8iC and CeS), and therefore none of the above was

considered promising for further investigations.

3.2.2.2 Task II Crucible Investigations

The following crucible/mold compositions were included in
the Task IT investigation (properties compiled in Appendix D,

Table D-2):

Y203 (control f£rom Task I fabrication)
Y203 (substoichiometric)

ThO2
HREMO (substoichiometric)

Y203- 15Ti (wt~%)

Y203-8Ti (wt-%)

HREMO+15Ti (wt-%)

Y203 Slip cast into a SiC crucible
Cao

(substoichiometric)
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Crucibles evaluated in the substoichiometric condition
(Y203, Tho2 and HREMO) were purchased according to the same
specifications for similar Task I crucibles. Various thermal
treatments were then employed to reduce the oxygen stoichio-

metry as previously described (Section 3.2.1.3.1).

Titanium modifications of Y203 and HREMO materials were
considered promising from Task I results, especially from the
standpoint of improved thermal shock resistance. The Y203-8Ti
composition was selected in order to evaluate a lower titanium
content and was based upon results of research conducted at

Battelle Columbus Laboratories(33)

indicating titanium in ex-~
cess of 25 atc.aic-percent (6.5 weight-percent) was required to
saturate the Y203 with titanium. Reductions in titanium below
this level were not considered promising due to an expected loss
in thermal shock resistance. The fifteen percent titanium addi-
tion to HREMO was made based upon the acceptable Task I per-

formance of the Y203-15Ti composition.

Slip casting a layer of Y,05 on the inside of a SiC cru-
cible was intended to take advantage of the good reactivity dis-
played by Y,0, and the ercellent thermal shock resistance of
SiC. Calcia (CaO) was selected for further evaluation primarily
because of its low cost, moderate reactivity and good thermal

shock resistance.

Most of the Task II crucibles arrived in sound condition
from the suppliers, the Y203 coated SiC crucible being the ex~
ception. The Y203, slip cast into a SiC backup crucible, under-
went a reaction during sintering, which appeared to convert the
Y203 to a carbide. This reaction combined with the structural
deterioration of the SiC backup crucibles eliminated this

(33)McCoy, L. G., N. M. Griesenauer, C. A, Alexander,

T. R. Wright and D. E. Niesz, Interaction Between Titanium
and Y05 o Research on Metallurgical Synthesis, AFML-TR-

72-238, Part 1I, January 1974.
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composition froum further coansideration during the program.
However, the philosophy of applying « low-reactivity material
(Y703) to a thermal shock resistant substrate remains attractive

for future efforts.

A HREMO-+15Ti crucible, fired at 3100°F (at Coors) developed
severe cracking and degradation as time passed under dessicated
storage. The Y203-15Ti and Y203~8Ti crucibles also developed
very light cracking with time Lut not severe enough to prohibit
further evaluation. Lower temperature (3000°F) fired crucibles
of the above three compositions were intact and did not appear
to be degrading with time. Subsequent firing of single cru-
cibles under low thermal gradient conditions at equivalent tem-
peratures (at AiResearch) did not promove cracking. These
cracking problems were associated with the containment atmo-
sphere purity and/or thermal gradients during firing of multiple
crucibles by the supplier.

3.2.2.2.1 Special) Firing of Laboratory Crucibkles

Initial attempts to produce sound ¥,04 crucibles of low
stoichiometry were not successful due to severe degradation of
the crucibles. The degradation included fracturing of the
solid crucible as well as the formation of a powder. However,
the results of these thermal treatments showed that weight
losses and blackening of yttria crucibles were effected by
heating to 3100°F or above in close proximity to carbon (either
in vacuum or argon). This blackening has been associated with

(32) (32,34)

reduced oxygen stoichiometry , and the weight losses

(34)

Alexander, C.A., N.M. Griesenauer, D.P, Moak, L.D, McCoy,
and D.E. Niesz, "Evaiuation of Refractory Oxide Crucible
Material for Induction Melting of Titanium", AFML~TR-72-238
(1972) 76-93.
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indicate the crucibles could have compositions ranging from
Y202.98 to Y202’92. Efforts to resolve differences in lattice

parameters between white Y203 (supposedly stoichiometric in com-
position) and black material (supposedly substoichiometric) were
unsuccessful by X-ray diffraction. Chemical analysis for oxygen

was also inconclusive and no verification of stoichiometry could

Wt e anh Al SR el

be obtained.

Firing at temperatures greater than 3270°F were also found ;
to affect the Y203 crucible adversely, promoting severe cracking
and degradation. Firing conditions were subsequently estab- :
lished for rendering the Y203, Tho2 and HREMO crucible composi-
tions black (substoichiometric) as well as for the Y203-15Ti
materfal, and several intact crucibles prepared for subsequent
melcing experiments. The refiring used for the Y203-15Ti com~
position wac not to reduce stoichiometry but to increase crucible
density and promote a more complete reaction between the Y203

and the metallic titanium. ;

3.2.2.2.2 Standard Crucible Evaluation

Visual appearance of Task II crucibles after melt runs
varied from intact to shattered. From this inspection, an assess-
ment of thermal shock resistaiice was made with the titanium~
modified compositions exhibiting the greatest resistance to crack-
ing followed in order by CaO, :HREMO, Th02, and Y203. The Y203-
157i crucible was much superior to the HREMO-.15Ti composition.
Blistering of the HREMO+15Ti crucible after the melt run indi-
cated the titanium content was too high since the unmodified
HREMO crucible did not blister. Cliemical analysis results for
Task II crucible melts, summarized in Table 12, indicated the
Y203 composition continued to demonstrate the best performance.
The HREMO and ThO2 compositions exhibited next best performance,
although displaying about twice the oxygen contamination as

Y203 L4
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TABLE 12

CHEMICAL ANALYSIS RESULTS
FOR Ti-2.7Be ALLOY MELTED IN PHASE I, TASK II
CRUCIBLES AT A TEMPERATURE OF 2870°F*

o 4

Crucible Number of]Oxygen Increase (wt-%)|Increase in Other Elements
(wt-~%)

Material Melts Range ! Average Blement] Range Average

Y203—LS** 0.:1-0,17 0.12 Y 0.16-0.17 0.17
C 0.014-0,022} 0.018

HREMO-LS*# 3 0.21--0.32 0.27 Rarc 0.15-0.23 0.20
Earths

IIREMO~15T1 1 - 1.70 Rare - 0.09
Earths

Y203.15Ti 2 0.55~0,73 0.65 Y 0.06-0,19 0.11

Cao 1 - 1.41 Ca - 0.005

(1" dia.)

(2" dia)**+*

*Average oxydgen content of alloy was (.16 wt-~percent.

Oxygen

analyses performed by neutron activation, others by wet chemical,

spectrochemical, or sgectrographic.
melting point of 2570

crucibles (4 cc volume) as a l0-gram charge.

*41,S refers to crucibles with the thermal treatments designed to
produce low stoichiometry (oxygen).

r**The large crucible was charged with about 100 grams of alloy and

lost 85 percent during melting.

The amount remaining in the

The Ti-2.7 Be alloy has a
F and was placed within l-inch nominal

crucible was nearly equivalent to the amount in the small Cal
crucible and would be expected to show equivalent contamination

effects,

32
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The titanium modified ceramic compositions showed quite high
levels of oxygen contamination and low levels of yttrium or/and i
rare earth contaminration (Tuble 13). These oxygen levels, when §
compared to the Task I, Y203-15Ti crucible results (0.12 percent i
O2 and 0.19 percent Y increases), indicated that the Task II cru-
cibles contaminated the melt to a grea’er extent. Rechecking the
crucible manufacturer's (Coors Porcelain Co.) fabrication proce-
dures established Task I crucibles had been fired in argon while
the Task II crucibles were fired in a very poor vacuum (about 200~
microns uressure without argon purging). This poor vacuum could
increase the oxygen content of the titanium metal in Task II cru-
cibles as well as prevent the Y203 from going substoichiometric
in oxygen. Both of these effects woulG be expected to increase
the reactivity of the crucible toward the molten titanium alloy,
thereby ~ausing higher melt oxygen contamination.

BN L LT n T T L PO T TR FIUAPRLRE LU SRR L
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A comparison of analytical results between Tasks I and II :
is given in Table 13. This data indicates several trends as
follows:

o Apparent lower stoichiometry in the Y203 did not
improve its contamination performance.

0 Apparent lower stoichiom:try in the Task IX Tho2
and HREMO compositions showed marked improvements
in oxygen contamination over stoichiometric,

oo ¥ i TR A o et ¢ Wl

Task I crucibles (about 40 f.ercent less contamina-
tion) bu- with higher meta.ilic contamination.

o] A slight decrease in alloy melt contanination (lowor
O2 br: higher metallic contamination) cccurred when

W AR s fa e b s

the Y203'L5Ti crucibie was refired atv h.igher tempera-
tures (3200°F) in argon at AiResearca, indicating
higher firing temperatures may be useful.

W

pE Y et N BN 0
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TABLE 13

COMP. ZISON OF ALLOY CONTAMINATION LEVELS
FOR MELTS MADE IN TASK I AND TASK II

CRUCIBLES
Contamination increase (wt-percent)
Crucible * ' Oxygen Crucible Metallic
Task I Task II Task I Task II

Y203 0.09 0.12 %% 0.19 0,14 **
Y, 0.-LS -- 0.12 - 0.17

(¥,0; gg) '
ThO2 0.57 - L.063 -
Thoz—LS - 0.31 - 1.45

(ThO; 4¢)
HREMG 0.47 - 0.16 -
HREMO-LS ' - ) 0.27 - 0.20

(RE,0, 95!
Y203o15Ti 0.12 0.73 0.1¢ 0.06

(Fired 3000°F)
Y20 « 1571 - 0.65 - 0.11

(Pired >3180°F)
ca0 (l-in. diam) 0.59 1.41 0.37 0.064
*L,S refers to thermal treatzd crucibles to obtain low

stoichiometry as estimated in parenthesis.
**This value obtained for two r~alts made in same runs
as the Y203-LS crucibles.
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Microstructural examination of alloy melts showed the

&

*

X

’ (e} Mzit outgassing and contaminatiocn were considerably :

iigher foi Task II melts in CaO, possibly due to ;

inadequate firing or the higher melt run vacuum 3

%

! levels. 3

4 3

: 3
3
}

Sabi

3
§§ formation of second phase particles in alil melzs made in Y203r é
%ﬁ Thoz, and HREMO crucibles. This was consistent with Yrsk I re- %
fé sults. These particles vere located primarily in the evtectic g
%% areas of the microstructure. Melts made in ¥,0; showed no evi- ?
i% dence of a contaminated case (Figure 17a), although a variety of é
3% crucible surface textures were observed in contact with the melt. %
fé Melts made in the HREMO crucisle also did not exhibit surface §
é§ contamination, although moderate infiltration of the melt into é
;ﬁ the crucible was internittently observeda (IFigure 17b)., The sur- f
%; face of the melt adjacent to the 'I‘hO2 cruvible (Figure l7c) %
£ showed light alpha cease formation as well as some inte.na'l con- §
g tamination. ;
;2 llelts made in the Y04 crucibles displayed only slight evi-~ %
gg dence of microstruc:ural contamination. Bnth tl.= Th02 and HRe&MO f
i melts showed micrcstructures indicating higher contaminaticn %
f5§ than 203 melt (this was consistent with analvtical results). g
ﬁi The ¢ -"nium medified crucible compositions all prodv.ed heavier 3
ﬂgf contam....ition of the melt matrix. E
oz :
3.2.2.2.3 Alloy/Crucible Compatibil .ty Evaluation
jg Special melt runs conducted to evaluate the compatibility
?f ) of the most promising alloy systems and crucibles were made.

This evaluation woulsz allow deviations in performance cf cru-
cibies due to melts of other alloy compositions (than the con-
trol alloy) to k2 an icipated, Task I alloy development work
indicated the Ti-Cu and Ti-Fe systemns were most promising and
therefore Ti-9Fe (melting point of 2700°f), Ti-10Cu (MP=2725°F),
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(a) Y

Figure 17.

203--37 ETCHED (b) HREMO-4, FIRED AT

(c) ThOZ—DS, FIRED AT 3220°F
WITH CARBON COAT (IC-~23)

Typical Microstructures at the Crucible/Melt Interface
for Laboratory Melts of Ti-2.7Be Alloy in Y203, HREMO,
and ThOz Crucibles. Note the Absunce of Alpha~-Case on

Mel“s in Y203 and HREMO but its Presence for the Melt
in ThOs. (Etched, 250X).
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and Ti-16Cu (MP= 2575°F) were selected for the compatibility
90 HREMO,
and Y203~15Ti. The melt runs were made with the standard setup

study. The crucible materials selected were 2203, ThO

at temperatures approximately 200°F akove the melting point of
the alloy under test. A control sample was included in each run
and consisted of the Ti-2.7Be alloy in a Y203 crucible, Chemi-
cal analyses (Table 14) conducted on samples from each melt in-
dicated the following tr=nds:

o} The Y203 material remained the best material for
limiting the contamination in melts of all alloys.

o} Alloys with lower melting points displayed, in
general, lower contamination when melted with an
ecual amount of superheat.

o Lower absolute temperature also gave less contam-
ination.
o The Ti-Cu and Ti-Fe alloys displayed lower contam-~

ination than the Ti-2.7Be control alloy when melted
in Y203 crucibles.

o Ti~Cu and Ti-Fe alloys displayed higher oxygen and
lower metallic contamination than the Ti-2.7Be con-
trol alloy when melted in ThO, and HREMO crucibles.

o Effect of the Yzoq-ISTi crucible on the contamina-

tion of various alloys could not be clearly estab-
lished due to the limited amount of data.
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Microstructural examination of melts for the Ti-Cu and
Ti-Fe alloys in the Y?_O3 crucibles showed no apparent surface
contamination (Figure 18). 2ll three alloys exhibited similar
second phase particle forsation to that previously observed in
the Ti-2.7Be alloy melts.

Bulk hardness measurements for the three alloys melted in
Y203 showved increases, which were consistent with the increase ir

oxyger contamination.

3.2.2.2.4 Summary - Task II

Results from this task supported previous trends, which
showed that Y203 is the bhest material for limiting contamination
(0.16 percent 02) of low-melting titanium alloy melts. As
judged by oxygen contamination, HREMO (0.27 percent 02) and Tho2
(0.30 percent 02) were next best with titanium modified Y203
third (0.7 percent 02).

Lowering the apparent oxygen stoichiometry was not of sig-
nificant benefit for Y,0, but was effective in reducing oxygen
contamination of melts made in HREMO and ThoO, (by nearly 50 per-
cent)., Microstructural examination showed the continued pres-
ence of the blocky second phase particles in the lcw stoichi-
ometry versions of the Y203, HREMO and ThO2 crucibie melts.

Higher oxygen contamination of melts in titanium modified
Y203 were observed for crucibles fabricated in Task II (0.73
percent) than for those fabricated in Task I (0.12 percent).
The reason for this behavior was not identified but was attrib-

uted to crucible firing procedure.
Thermal shock resistance of the more promising cerami.c

systems was judged to range from fair to poor with Y,0; exhibic~

ing the poorest perfnrmance. However, titarium mocdification of
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Figure 18, Typical Microstructures at the Crucible/Melt Interface
for Laboratory Melts of Ti~10Cu, Ti-9Fe~0,.03Y and
Ti-16Cu Alloys in Y203 Crucibles,
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the ceramics significantly improved the thermal shock properties

USRI ST R R T ST VY

without seriously degrading reactivity.

SR

Contamination of other titanium alloys (Ti-Cu and Ti~Fe

v R e

binaries) were found comparable to that of the Ti-2.7Be control
alloy melted in the more promising crucible/mold materials. As
a result, scale-up of these type alloys to casting operations
was not expected to present any serious incompatibilities,

3.2.2.3 Task III Crucible Investigations

The following compositions and fabrication parameters were
selected for the Task III crucible evaluations:

o Y203 (control from Task I fabricaticn)

o Y203‘15Ti, as received (fired at 3000°F)

o} Y203-15Ti refired at temperatures above 3200°F

o HREMO-8Ti, as-received (fired at 3000°F)

o HREMO+8Ti, refired at temperatures above 3175°F :

Task I and II work identified Y203 as the least reactive
ceramic material, but its relatively high price ($30/1b) limits
its attractiveness for mold applications. However, Y203 is the
prime candidate for melting crucibles, but the thermal shock

resistance (TSR) of Y203 is poor and requires improvement. The
most promising approach toward improving the TSR is by the addi-
tion of titanium, which would then allow repeated crucible

usage in the casting process. Task Il results indicated there
was no appreciable difference in reactivity between the two
titanium modified Y203 compositions (8 percent and 15 percent
Ti) evaluated. The ¥,0,-15Ti composition was therefore selected
in Task III to obtain maximum TSR and these crucibles were eval-~
uvated in the as-received condition (fired at 3000°F in argon) as
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well as after refiring at a higher temperature (>3355°F).

Fvaluation of these crucibles in a higher fired condition was

ey

undertaken to improve the reactivity of the crucible, hopefully

4
B

to attain the low melt contamination levels observed for the

iz

r
£

Task I crucibles.

L
RIS O

Evaluation of the titanium modified HREMO system was con-
tinued since the HREMO material had demonstrated the potential

al

ki

for low melt contaminaticn and is substantially cheaper ($11/1b)

than Y203. In an effort to approach the reactivity level of the

basic HREMO system, while mzintaining the TSR obtained by titani-
um modification, a lower titanium content (8 percent) was se-

(MRt

jex
SRy
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sotbilod
WARN U

SN

S
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lected. Evaluations were performed on crucibles of this
material in the as-received (fired in argon at 3000°F) and in
the refired (in argon at >3175°F) conditions. Evaluation of
higher fired conditions were necessary to identify the best con-

o

',@f;

LU

ditions for low reactivity performance of the crucible.

The initial crucibles of both compositions (Y,C5+15Ti and
HREMO-8Ti) were received in poor condition and considered unsuit-
able for program evaluation. All crucibles were black and rough
as opposed to the gray, smooth appearance of crucibles from the
previous two tasks. Crucibles of both compositions exhibited
spalling, and/or extreme blistering (HREMO:8Ti). Discussions
with the vendor (Coors Porcelain Co.) indicated excessive tem-
peratures and heating rates were attained during firing due to
temperature measurement problems. This was attributed to fogging
of the furnace sight glass, due to the large number of crucibles
(11) fired, compared to previous tasks (3-4 crucibles). As a
result, erroneous optical pyrometer temperature measurements were
obtained with the actual firing temperature estimated to have
been in excess of 3000°F. This fogging phenomenon, had been ob-
served at less severe levels by Coors during previous firings
and was considered typical for titanium modified compositions.
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A second lot of crucibles were processed by Coors and
were delivered in good condition., The second crucible firing
was conducted using combined thermocouple and pyrometer temper-

ature measurements with only 4-5 crucibles fired in each lot.

Several crucibles were refired, at AiResearch prior to melt
runs (approach previously described in Section 3.2.1.3.2), using
higher temperatures (to 3685°F) than the initial 3000°F firing

at Coors (crucible appearances and properties are presented in
Appendix D, Table D-4).

2,2.2.3.1 Standard Crucible Evaluation

Chemical analyses of the Task III melt runs are shown in
Table 15.

Yttria control crucibles included in these runs were
again rated as the best for minimizing oxygen contamination of

low-melting titanium melts with greater reactivity resulting from
modification of the Y504 with titanium. Oxygen analyses were

again contrary to the low oxygen contamination (0.12 percent) ob-
served for melts in Y,0

5 3~15Ti crucibles fabricated during Task I

of the program (the next section describes a “urther analysis of
the contrary behavior).

The titanium modified HREMO crucible melts showed a 10 to 25

percent higher contamination level (0.63 percent oxygen) than the

titanium modified Y203 crucible melts ‘0.50 percent oxygen).

This was considered very good performance since the HREMO com-

position contains only 60 percent Y203 and would be sheaper than
Y203 compositions.

Both titanium~-modified materials exhibited reduced re-

activity after firing at progressively higher temperatures
(Table 15).

The HREMO+8Ti composition fired at 3355°F showed
melt contamination levels (0.46 percent 02) which were nearly

equivalent to the Y203-15Ti crucible (0.41 percent 02) fired at
the same temperature.
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No difference in thermal shceck resistance
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2 TABLE 15
CHEMICAL ANALYSIS RESULTS
§§ FOR Ti~-2.7Be ALLOY MELTED IN PHASE I, TASK III
! AT A TEMPERATURE OF 2870°F
-
| Increase In Other Elements
= Crucible |Number of | OXYgen Increase(wt-%) (wt-2)
é& Material** Melts Range Average Element Range Average
%5
i Y203 2 0.18-0.19 0.19 Y 0.15-0.17] 0.16
¥,0,:157i
k! 3000°F
£ (As-Received) 1 - 0.50 ° Y - 0.11
9
3355°F 1 - 0.41 Y - 0.09
(Refired)
e 3685°F 1 - 0.36 Y - 0.11
E% (Refired)
‘ HREMO+ 8Ti
3000°F
(As~Received) 1 - 0.63 Rare - 0.16
Earths
3175°F 1 - 0.55 Rare - 0.15
(Refired) Earths
3355°F 1 - 0.46 Rare - 0.13
(Refired) Earths
*Average oxygen content of alloy was 0.1l6 wt-%.
**Tgmgeratures listed beneath crucible material refers to the re-
firing temperature used after fabrication. As received crucibles
were fired at 3000°F.
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was observed, and basad upon tl.e above melt contamination levels,
these two compositions appear Lo be nearly equal in periormauce.

Metallograpnhic examination of the melts made in both the
Y203~15Ti and HREMO-+87i crucibles continued to show second phase
particles distributed throughout the metal. The size and number
of these particles did not appear to be influenced by the cruci-
ble firing temperature. Melts made in both crucible materials
also showed a relatively clean layer of metal adjacent to the
crucible surface.

The influence of crucible firing temperature on the crucible
microstructure is shown for Y203'15Ti (Figure 19) and HREMO+8Ti
(Figure 20). As firing temperature was increased, both crucible
compositions showed decreased porosity as well as microstructural
changes in the titanium particles. HREMO+8Ti appears to show
lower porosity than Y203015Ti for equivalent firing conditions,
indicating more complete sintering for the HPEMO composition.
Although it was not evaluated, the decrease in porosity would be
£ expected to decrease thermal shock resistance,

Bulk hardness measurements of crucible melts were not made
during Task III since previous work showed poor correlation be-

tween hardness and oxygen content.

3.2.2.3.2 Supplemental Y

203¢15Ti Crucible Evaluation

Chemical analysis of melts made in Y203015Ti crucibles during
the three tasks indicated different levels of contamination for
each lot., 1In order to verify that experimental procedures were
not responsible for this inconsistency, extra Y203015Ti crucibles
remaining from each of the three tasks, were run cogether in a
single melt run. Lower reactivity was verified for Task I cruci-
bles and fabrication parameters and properties did not readily
explain the difference in performance (Table 16). The firing
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TABLE 16

RESULTS OF SPFCIAL Y203'15Ti CRUCIBLE MELT RUN
AND CRUCIBLE FABRICATION SUMMARY

2203‘15Ti Crucibles .
Fabrijcxted In

Contamination Increase
{(standard meit run IZ-30)

o Orygen (wt-%)

o Yttrium (wt-%)

FPabrication Parmeters and
Properties

.3
o Green Density (lb/in7)
0 Firing - Temperature (°F)
- Time (hrs)

~ Atmosphere

o Fired Density (lb/in3)
0 Fired Shrinkage (%)

o Fired Veight Gain (%)

Task I  Task I1I vask III
{Sroup z)

0.22 0.61 0.41

0.15 0.08 0.11

0.078 0.062 0.083

3000** 3000 3000

2 0.17 1

Argen Vacuum Argon

(260 w)

0.119 0.088 0.126

14 9 11

0.6 2.3 4.5

*Melts were made in a crucible procured for each of the 3 tasks
and run in a single Task III standard melt run. Oxygen content

of the alloy charge was 0.16%.

**Piring may have been at higher temperature (near 3200°F).
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temperature fo.o Task I crucibles was believed higher (near 3200°F)

than that quoted in (Table 16). Data in Table 15 indicated cruci~

ble firing temperatures i. excess of 3685°F would be reguired to

cause Task I crucibles to perform at the verv low melt contam- ’
ination levels observed. This high temperature (>3685°F) was ‘
considered too far above the estimated Task I crucible firing
temperature (3200°F) to have been responsible for the good Task I
crucible performance. Raw material analysis indicated the tita-

nium powder used for Task I crucible fabrication was of slightly

higher purity, showing lower values of Al, Mg ané Si than the Ti

powder used for Tasks II end III crucibles (Appendix D, Table

D-6). Actual reasons for the superior performance cof Task I,

Y203-15Ti crucibles are not clear but it was shown that both
fabrication parameters anéd raw material purity were important.

3.2.2.3.3 Summary ~ Task III

Pure Y203 continued as the best ceramic material for limit-
ing contamination of molten titanium alloys. However, titanium
modification of the Y203 is a preferred technique for melting
crucible fabrication since this procedure provides superior TSR,
with minimal increases in reactivity. Higher firing tempera-
tures are also a desirable method of d=creasing reactivity of
titanium modified materials but may also produce lower thermal
shock resistance. The titanium modified HREMO material demon-
strated slightly greater reactivity than the comparable yttria

system, but it may be a more desirable material due to its sig-

nificantly lower raw material cost (70 percent lower).

3 Task III Y203~15Ti cruciblzs showed higher reactivity than
f§ did comparable Task I crucibles. The superior reactivity of Tes:s
ﬁf I crucibles was verified by an additional melt run. Processing
£ of crucibles, includ:ng a possible higher firing temperature,

did not appear responsible for the superior performance of Task

I Y203-15Ti crucibles. The better performance was attributed to
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titanium powder purity where Task I powder showed lower levels
of Al, Mg and Si.

3.2.2.4 Mold Investigations

Standard investment casting molds in general are not accept-
aRle for casting low melting titanium alloys. Typical molds
have a facecoat of zircon or alumina bonded with silica., The
silica i3 especially undesirable AQue to reactivity with molten
titanium, thereby contaminating the cast surface.

Silica is typically added to the facecoat slurry as ethyl
silicate or colloidal silica. The colloidal silica acts as @2
suspending agent to produce a stable slurrv, and as a binder to
give the facecoat and mold adequate green étrength during hand-
ling and de-waxing. After de-waxing, the meld is typically
fired in the range of 1800° to 2100°F. The colloidal silica
reacts chemically with the alumina or zircon to produce a sturdy
mold and a hard, smooth facecoat which is resistar : to spalling
and moderate abrasion,

Cracible investigations had identified several ceramics pos-
sessing low reactivities with the titanium alloys. These ce-~
ramics were considered for mold applications and several inves-
tigations (four groups) were conducted in order to establish
prccedures for mold facecoat fabrication. Mold facecoat formu-
lation was primarily directed at eliminating possible contami-
nants such as the silica bkinder. Facecoat formulation also
involved substitution of a low reactivity material (HREMO) for
current primary materials (ZrSiO4 or A1203), while retaining the
low temperature (2000°F) sintering capability of the molds. The
above formulation goals, established mold facecoat evaluations
as described in the following four investigations.

3.2.2.4.1 Group 1 Facecoat Evaluations

The goal of this group was to explore the problems that
would arise in preparing a mold facecoat containing no silica.

100
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Efforts involved the use of alumina as a flour material and an
organic pinder material (Methocel MC 4000) to provide slurry

stability and facecoat green strength. Fifteen aqueous slurry
compositions including the Methocel, anti-foam agent and a wet-

ting agent were evaluated with the following conclusiocns:

o An acceptable slurry ccild not be prepared without the
use of wetting and antifoam agents.

o A slurry containing approximately 80 percent solids 0.5
percent Methccel MC 4000, a wetting agent and an anti-
foam agent produced a very uniform facecocat having ac-
ceptable green strengtn.

o Firing at 2000°F removed the Methocel binder but did
not produce sufficient sintering, leaving a powdery
facecoat that could be easily abraded.

This study concluded that acceptable slurry properties
could be achieved using an organic rather than a colloidal
silica binder. However, a fired facecoat was not produced with
acceptable properties. This work established a need for inor-
ganic sintering aids (CaoO, Sioz, etc.) for integrating the lower
reactivity ceramics (Y203, Thoz, HREMO, etc.) into the mold
fabrication process.

3.2.2.4.2 Group 2 Facecoat Evaluations

The goal was ©o0 apply inorganic binders to facecoat formu-
lation in order to obtain ;interind at 2000°F. Additions of
colloidal silica, Can, and LiF were used to prepare slurries
with HREMO and A1203 powders (called flour for mold making).
Slurry preparation procedures and results used for Group 2 candi-
dates are given in Appendix E, Table E-1. Colloidal silica,
typically used in commercial mold systems, results in cc-~tamina-
tion when casting titanium, Silica was included in this inves-

tigation in reduced concentratiorns to replace the organic binder

101

wra N oo - ~ - - P -~

;
2

PRSP RN

e

JENRY 2 ST AL T

v

I

s

Pt I

cense AR Dy

J
P

B2 NP

g

A

Sk

Wi d fent

N
L



http://www.abbottaerospace.com/technical-library

B e R, Tiren e, - ORISR

{(tlethocel} to determine the minimum quantity that would permit
sintering, CaF, was selected because of excellent fluxing prop-
erties and reasonable potential to permit sintering of eitbher
HREMO or A1203 at 20uC°F. In addition, CaF2

protective cover slag in the Inducioslag process for melting
(35)

has be2n used as a
conventional titanium alloys. L1F was chosen due to its
lower melting temperature and to expand the use of fluorides as
sintering aids. Several slurries wire evaluated with the follow-
ing conclusions:

o A1203 slurri~s had good consistency and stability but
required optimization of the solids content.

o) The KREMO powder had a much smaller particle size and
required a low solids content to produce a usuable
slurry. In addition, the HREMO slurries had high pH
and the viscosity changed with time, indicating a sta-
bility problem.

0 Additions of colloidal silica to the HREMO and A1203
slurries promoted adequate green strength and si-.ter-
ing. However, there was a tendency for a graater
degree of sintering at the surface of theze samples,
indicating a migration of Sioz.

o} Additions of CaF, aid LiF significantly decreased the

-~

facecoat green strearwth.

‘0 Car, provided adegquatre sintering in concentrations
from 5 to 25 weight pwuccent.

o} LiF was excessively vrlatile and while producing ade-
gquate sintering in<Alﬁ63’did not in HREMO.

135)C%ite§, P. G. and R. A. Beall; “Industoslag Melting of
Titarium Scrap and Sponge,* Metallurgical Society of AIME.
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Group 2 evaluation generally indicated adequate sintering
of dried slurries in bulk form could be obtained using inorganic
binders but that some segregaticn occurred causing non-uniform

sintering behavior.

3.2.2.4.3 Group 3 Facecoat Evaluations

The goal was to optimize the HREMO slurry composition and
evaluate its sintering behavior wnen sliip cast on the inside of
SiC and R1.0, crucibles. Three slurries were evaluated (Appendix

273
E, Table E~2) with the following conclusions:

o HREMO slurry of 55 percent solids (95 percent HREMO,
5 percent Can, Methocel, wetting and antifoam agents)
had acceptable stability and good coating properties
(composition CC-2).

o Slurry viscosity instability and low solids content ob-
served for Group 2 and 3 HREMO slurries agppeared to be
a function of the ultrafine HREMO particle size (<10~
microns) and blending procedure.

o Thin coatings of Group 3 slurries did not sinter ade=-
gquately at 1950°F as was indicated by Group 2 experi-
ments. The lack of sintering to a hard coating was
attributed o binder migration and separation during

the drying procgess,

3.2.2.4.4 Group 4 Facecoat Evaluations

The goal was to evaluate slurry fcrmulations with higher
binder contents than Groups 2 and 3 in order to promote sintering
at 2000°F in thin layers. Slurry compositions (Appendix E, Table
E-3) involved hiyh binder contents (8 to 17 percent CaF,, 4 to 17
percent colloidal silica, and 43 percent Can plus A1203) mixed
with the HREMO powder and slip cast into crucibles. Evaluations
of fired samples indicated the following:
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o These compositions did not sinter in thin layexs at
temperatures of 1900°F and 2190°F.

o Selected samples, also did not sinter at temperatures
as high as 2450°F in air or 2100°F in argon.

Group 4 facecoat formulation of high binder content did not
improve the sintering characteristics of HREMO slurries beyond
the level displayed for low binder contents evaluated in the

other groups.

3.2.2.4.5 Summary - Mold Investigations

Investigations showed a need for binder additions to promote
sintering of mold facecoats which contained a low reactivity
material such as HREMO. Subsequent evaluations using Can, LiF,
and colleidal silica indicated these materials could, in some
cases, promote sintering of the HREMO material. This sintering
was, however, for dried slurries showing concentrations of these
binders at surfaces, with bulk samples and thin layers generally

not showing appreciable sintering.

As a result of the above experiments, it was apparent that
further laboratory work was required to define adequate mold face-
coat slurry compositions and preparation procedures. It was
also bkelieved that yttria would present identical problems to
those experienced with HREMO (lack of sinterability at low tem-
perature) due to the less reactive nature of yttria. These pre-
liminary evaluations served to identify the following specific
problem areas which required further investigation in Phase II
mold development activities:

Facecoat slurry stability

Low temperature (2000°F) facecoat sintering aids

104

- wo‘«.k;,m» ‘(,v‘%}
e

[N

o



http://www.abbottaerospace.com/technical-library

08 L A S e VS Y
SR i e G

R e e < S
TS Ao R S G o

i et VI .
crontieui S

4

3.3 Summary - Phase I

Phase I alloy development was successful in identifying
alloys of the Ti-Cu system as having low melting temperatures
(2600°F or less) combined with desirable tensile properties.
Eight Ti-Cu alloys ranging in melting temperatures from 2515° to
2625°F, demonstrated tensile properties, which met the room tem-

perature goals of the program. These eight alloys included the

o following:

b Ti-10Cu~2.5 Fe Ti-13Cu~48Sn

o Ti-10Cu~2.5Fe-2Al Ti-13Cu~1Co

iig Ti-13Cu~-2al Ti-13Cu~0.2 oxygen
4 : Ti-13Cu-3Al Ti-16Cu

8

%ﬁ ‘ The room temperature tensile property goal~ (100 ksi UTS,

5 90 ksi ¥YS and 5 percent elongation) were achiev.d in the above
alloys using a variety of heat treatments with the most effective
being a solution and age cycle. Two additional alloys Ti-13Cu-
4,5Ni and Ti~16Cu~1.5Al, were also considered promising, due to
their lower melting temperaturzs (2425° and 2500°F, respectively)

and near goal tensile properties.

Thermal exposures applied to several alloys indicated the

Ti-Cu alloys require at least third element additions to obtain
thermal stability. Salt spray corrosion testing of selected al-
loys to 1960 hours indicated all of the Ti-Cu alloys were at
least equivalent to a Ti-6Al-4V control alloy sample.

Evaluations were conducted on Ti-Cu alloys having inten-
tional additions of oxygen and yttrium which were expected as
contaminants from the casting process. A Ti-13Cu-0.2 oxygen al-
loy displayed the expected strength increase with a corresponding
loss in ductility compared to the Ti-13Cu baseline alloy. A
Ti-13Cu-0.25 Y,05 alloy exhibited slight decreases in strength
and ductility, but ductility was considerably better than the

oxygen containing alloy.
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Crucible/mold investigations identified the more promising
ceramic materials for use as melting crucibles and mold face-
coats in investment casting of low-melting titanium alloys. The

é; best material for limiting contamination of melts was pure Y203,
§§ followed by the HREMO material and ThO,. Titanium modified

Zﬁ versions of Y203 and HREMO, displayed improvad thermal shock

ﬁf resistance compared to the basic oxides and the reactivity of

= these modified compositions was acceptable. Other materials such

~
St

i o i

as Dy203, Ca0 and pyrographite promoted moderate contamination
levels in melts and were considered marginal for future applica-
tions. Fabrication procedures and material purity also appeared
to influence the reactivity performance of the ceramic systems.

Fross iy
Sk ".\-«“»‘w :

oy

Laboratory mold development activities indicated a need for
further work to identify binder systems, which would promote low
temperature (2000°F) sintering of these low reactivity ceramic
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3.4 Selection of Materials for Phase II Casting Development
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Phase II involved the application of technologies, estab-
lished in Phase I toward the development of a casting process
consistent with the objectives of the program. Two casting
trials were conducted in Phase II with appropriate chemical, me-
chanical property and metalliurgical evaluations of castings.

Phase I results allowad a selection (by joint decision of the AFML
project engineer and AiResearch and RMI representatives) of the
following alloys, melting crucibles and mold facecoat compositions

FRORELE
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for initial evaluation in casting Trial "aA":
o Alloys - Ti-13Cu and Ti-13Cu-~4.5Ni

o Crucibles -~ Y203-15Ti and Y203-15Ti with a Y203
surface layer

o Mold Facecoats - HREMO and the AiResearch Zircon
(ZrSiO4) system
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The basis for these selections are reviewed in the

following sections.

3.4.1 Alloys

The Ti-13Cu alloy was selected primarily on the basis of
good ingot tensile ductility, which would provide maximum tolexr-
ance for potential contamination from the casting operation.
This binaryv system would then provide a good base for further
alloy additions. However, the melting point (2630°F) of the
binary composition was in excess of the 2400°F maximum desired
for the program.

The Ti-13Cu-4.5Ni alloy had a melting point (2425°F) com-
mensurate with the program objectives, but the demonstrated ingot
tensile properties were mirginal with respect to the program
goals. However, the results of casting these two alloys would
help define the influence of alloy melting temperature on con-
tamination levels and, mechanical properties. This data would
allow selection of an improved alloy for casting Trial "B".

3.4.2 Crucible

Yttria is the best material for crucibles from a reactivity
standpoint, but displays very poor thermal shock resistance. In
order to obtain a good combination of reactivity and thermal
shock resistance, Y203°15Ti was selected as the primary crucible
material. However, in an effort to exploit the low reactivity of
the yttria material, Y203-15Ti crucibles were also used as sub-
strates to which a pure yctria layer was applied on the inner
surfaces.

3.4.3 Mold Facecoat Material

During casting, a mold is in contact with molten metal for
a short time and therefore facecoat materials would not have to
be as inert as crucible materials. Low cost mold construction ma-
terials are required since investment molds are not reusable.
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HREMO material was established as the next least reactive material

.

compared to pure yttria, but with only 30 percent of the cost, and
was therefore considered the prime candidate for the mold face-~
cpat. Phase I efforts, failed to define adequate binders for sin-
tering the HREMO material and other desirable materials (such as
yttria or thoria) were expected to have similar sintering problems.
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The current AiResearch mold system which utilizes a ZrSiO4
facecoat was selected as the second candidate material. This
would be the lowest cost approach bu® one that was expected to
result in higher contamination of the cast alloy. However, the

ket E e

i '.)ﬁ‘

contamination of a low-melting titanium alloy by a conventional
mold system was not known, This assessment of the worst situa-
tion would allow final mold material decisions for subsequent

program efforts,

3.5 Casting Triai "A"

Alloys, melting crucibles, and thermocouple protection
tubes were procured for the casting effort. Limited evaluation
of the alloy ingot material was also conducted to provide a base-
line for comparison with cast alloys. Since mold facecoat con-
struction had been identified as a major problem during Phase I, .
additional development activity was performed in this area.

3.5.1 Material Procurement

3.5.1.1 Alloy

One~hundred-pound ingots of the Ti~-13Cu and Ti-13Cu-4.5Ni
compositions were arc-melted to supply material for Casting Trial
"A". These ingots were larger (8-inch diameter) than those eval-
uated during Phase I (4.5-inch). Melting practice was equivalent
to Phase I procedures and metallurgical evaluation of the mate~
rials followed the procedures in Section 3.1.2. Additional me-
chanical property testing included smooth rocrating-beam fatigue
and 600°F tensile of the two as-melted alloys in the optimum heat

treated condition.
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After melting, the ingots were sectioned t.ansversely as
shown in Figure 21. Samples of as-melted material from both in-
gots were supplied to the Air Force Materials Laboratory. Both
ingots were sampled for chemical analysis, hardness, metallog-

raphy, and mechanical properties in the locations also shown in
Figure 21.
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Ingot compositions agreed closely with the aim formulations
(Appendix A, Table A-Z) and oxygen contents of these Phase II

heats (0.052 percent) were slightly lower than similar Phase I :
ing~ts (0.078 and 0.094 perceat). :

Examination of etched macro slices cut transversely through

o bl O e tBY T on

ingot centers showed equiaxed macro grains. Both ingots showed
grain sizes (1/32 inch) similar to those obtained from the
smaller 4.5-inch Phase I ingots. k

Hardness data and radial tensile properties are presented in
Table 17 for the Ti~13Cu and Ti-13Cu-4.5Ni alloys from Phase II P
and Phase I. The larger as-melted Phase II ingots have slightly 3 :
lower hardness, yield and ultimate strengths, and equivalent duc-
tility, to the smaller ingots. This lower hardness and strength
of the larger as-melted ingots is associated with a slower cool- '
ing rate during ingot solidification. Upon heat treatment, the : :
two larger ingots developed equivalent strengths to the smaller ~
ingots of the same composition, indicating differences in ox:'yen
level did not siagnificantly influence tensile properties.

Typical microstructures are presented for both compositions
in Figures 22, 23, and 24. Several pertinent observations, re-

lating to as-melted and annealed structural features of these ma-
terials are listed below:

- o Both of the larger ingots show: more porosity, a
larger average beta-grain size, better defined TiZCu
precipitates, and less uniform lamellar structure

;§ than Phase I ingots, all attributed to size effects
& rather than compositional differences.
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TABLE 1/ {
i
TASK I OF PHI}SE IT7 ARC~MELTED INGOT ROCKWELL A HARDNESS :
AND TENSILE PROPERTIES COMPARED TO PHASE I RESULTS ;
Rockwell A phase 115 __-__Phase !
Heat foninal Hardness Urs 1) Jis f VS T RA
" Covapos i tion Heat Treatment Fhess §¢ ase | ksl [ ksl 4 2 ksi fksi b3 4
25056 | Ti-13cu As-Cast 57.3 58.31 9% | 66 [w.0 15,9 s | 82 Jr0.5 ] 9.712
91 {63 [9.0 {°3.9 105 | 82 [10.0 [ 11.6?
1550F=1hr=FC 53.7 53.3! 78 | 60 J15.5 ]18.2 85 | 62 |13.0 | 16.08
2100F/hr to 300F-AC 82 | 60 ]13.0 |16.3 83 | 59 [14.0 | 20.0!
1760F~1hr-AC n.a 63.9? ’
1760F~1hr=AC + 102 | 82 '{11.0 |12.3 106 | 82 {10.0 | 11.0!
1450F-BhrAC 100 | 80 [10.0 j11.7
1760F=1hr-AC ¢ 63.5 s4.11 12 | & | 5.5 | 6.2 118 | 88 [10.0 § 12,0}
1300F-8hr-AC 116 | 87 | 5.5 | 5.2
1760F-1hr-AC + 63.5 11h | 82 | 6.0 [ 5.82
1300F~8hr-AC + 1y | 8 | 6.0} 6,32
S00F~8hr-AC
1760F-1hr=-AC + 65.0 65.6! 118] 88} 6.0 8.6
1250F-8hr=-AC 114 88| 6.0 8.3
1760F-1hr=AC + 63.9 63,1
1200F-8hr~AC .
50671 Ti-13Cu-4.5Ni] As-Cast 56.5 57.33 8] 62)] s0] 7.9 9z 784 -~ e 2,3
89 | 56 | ho] 6.2 103 761 6.0] &.33
1560F~1hr=FC 54,7 56,39 gs | 63 s5.0] 2.43°3
2100F/hr tc 900F-AC 87 | .65 ] 5. 2.3
1760F~1hr=AC 68.4 70.53
1760F=1hr=AG + 961 727 | 4.0 2.82 102 771 40f 3.03
1560F~8hr-AC 96 781 ho| 48
1760F=Thr-AC + 63.5 63.5° % | )60l 63 98| | so| wow
1450F-8hr=AC 7] 722 5.0} 5.2
1760F~Thr-AC + 95 72 6.5 4.8 .
1450F-Bhr~AC + 9 | 72| 5.5) ek |’
900F~8hr-AC
1760F~1hr=AC + 9t ] 69} %o} 8.5
1450F-8hr=AC + 89| 70 %o} 3.3
850F-28hr-AC
1760F-Thr=AC + 65.1 119 [104 | 4.0} 6.0%
1375F~8hr~AC
1760F-1hr~AC + 55.3
1375F-Bhr-AC +
900F-8hr-AC
1760F=1hr=AC + 66.2
1275F-8hr-AC
1. 4.S5-inch-diameter ingot, Heat 34029 3, &,5-inch-diameter ingot, Heat 24224
2. Broke at or near gage mark 4, 1760F-1hr~AC + 1475F-8nr-AC
5, Mid Radial Speciman direction and location
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4 Figure 22, Typical Microstructures of the Phase II Ti-13Cu and
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Typical Microstructures of the Phase II Ti~13Cu
Alloy (Heat 25056) Showing the Effect of Various
Aging Treatments After High Temperature Annealing
(1760°F~1 Hr-AC).
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o For both alloys, the 1560°F anneal improved the

definition of microstructural features and gave a

coarser lamellar structure than in the Phase I ingots.

For both Phase II compositions, lower aging.temperatures
after solution annealing (1760°F~1lhr-AC), resulted in finer eu-
tectoid product and nonuniform microstructures. The Ti-13Cu-
4.5Ni alloy generally showed coarser eutectoid structures at
equivalent aging temperatures. 2Aging both alloys at 1450°F gave
microstructures similar to the annealed condition, but included
narrower TiZCu precipitates at the prior bheta grain boundaries
and smaller TiZCu precipitation within grains. Based on the
above evaluations, a duplex heat treatment was selected for both
alloys for subsequent mechanical property determinations. Ten-
sile tests evaluated a variety of heat treatments (Pabl~ 17) and
indicated the strengths of duplex treated material frcm Phase I
and II compositions were equivalent when heat treated similarly.
However, when the Phase II Ti-1l3Cu alloy was aged at 1300°F, it
displayed approximately the same strength but about half the
ductility of similar Phase I material. Lower ductility in the
Phase II Ti-13Cu material was related to a less ﬁniform micro-

structure in the larger ingots (Phase II).

On the basis of the above evaluations, the duplex . eat
treatment (1760°F anneal followed by the 1450°F age) was se-
lected for second tier mechanical property testing of i .se Il
Ti-13Cu and Ti-13Cu-4.5Ni ingots. Second tier evaluat: ws in-
cluded additional room temperature tcrcile tests, and 6.0°F ten-

sile properties and room temperature rotating-beam fatigue tests.

Sample location within the as-melted ingot showed a minor
influence (up to 12 ksi strength and 5 percent elongation) on
room temperature tensile properties for duplex annealed material
(Table 18). These property differences did not indicate that
orientation effects would be a problem for the two alloys in the
cast condition. Aging Ti-13Cu-4.5Ni at a lower temperature
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TABLE 18

PROPERTY DATA FROM HEAT-TREATED AS~MELTED PHASE II INGOTS OF
Ti-13Cu AND Ti~13Cu-4,5Ni COMPOSITIONS {OR CASTING TRIAL "A"

Type Locaticn
Heat Nominal cf and Spegxmfn Heat uTs | ¥§ EL RA
to. Compusition Test Direction Treatma: _§ (ksi)lcksiy]. (2) |_(8)
25056] T1~13Cu Room Temp. Mid Radial 1760F-1hr-AC+| 102 82 111,00 ]12.3
fensile 1450F~8hr-AC 100 80 f10.0 J11.7
Room Temp. Edge Tangential |1760F-lhr-AC+| 100 ] 74 [12.0 }15.5
Tensile 1450F-8hr-Ac | 10c} 75 fro.0 3 6.72
Room Temp. Mid Tangential 1760F~1hr-AC+}] 100 72 §12.0 J14.6
Tensile 1459F-8hr~AC
Room Temp. Center 1760F~1hr-AC+ 98 70 J12.5 J12.6
Tensile 1450F~€hr=-AC
6LOF Edge Tangential [1760F-lhr~AC+ 74 44 J13.0 |25.2
Tensile 1450F-8hr-aAC 75 4% §16.0 §25.5
High-Cycle Random ) 1760F-1lhr~aC+] 30 k3i Endurance Limit
Fatigue Tangential 1450F~-8hr-AC (107 cycies)
(R = -1.0)
25057} Ti-13Cu~4.oN2 Room Temp. Mid Radial 1760F-1hr—~AC+ 96 73 6.0 6.3
Tensile 1450F-8hr=-aC 97 72 5.9 5.2
focm Temp. Edge Tangential ]1760P-lhr-AC+ 9s 1 71 4.0 5.8
= Tensile 1450F-8hr-AC 99 73 7.0 110.5
= Room Temp. Mid Targential |1760F-lhr-Ac+| 98| 70 | 5.5 | 8.2
ﬁi Tensile 1450F-8hr~AC
: Room Temp. Center 1760F-lhr-Ac+| 89 ] 66 [ z.0 ] 9..°
Tensile 1450F-8hr-AC
Room Temp Mid Radial 1760F-1hr-AC+ 1 108 | 99 5.9 1.4
Tensile 1375F-8hr-aC |} 104 f 91 |} 3.5 7.9
600F Edge Tangential {1760F-lhr~AC+ 86 50 |15.0 | 24.0
Tensile 1450F-8hr-AC 82 41 113.0 §23.4
High-Cycle Random 1760F-1hr-AC+} 30 ksi Endurance Limit
igtiqgf o Tangential 1450F~8hr=aAC (107 cycles)

5

znrokc at ox

near gage mark

1i\s cut from a transverse slice from the center ot 8-inch-diameter, arc-cast ingot
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(1375°F) increased the alloy s* agth sufficiently to meet room
temperature program goals while ductility (4.2 percent} dropped
slightly below the goal (5 percent).

The 600°F tensile properties of Ti~-13Cu and Ti-13Cu-4.5Ni
were similar (Table 18). The 46 ksi average yield strength of
both alloys was close to the program goal of 50 ksi, and the
ductilities (14 percen% elongation) were well above the 5 percent
goal. The 600°F yield strength is about 63 percent of the room
temperature yield strength for both compositions. For comparison

the 600°F yield strength for wrought, Ti-6Al-4V is approximately
68 percent of the room temperature yield strength.

The smooth rotating-beam fatigue endurance limits for

the Ti-13Cu and Ti-13Cu~4.5Ni alloys were 30 ksi (Figure 25).
Analysis of the data showed no consistent relationship between
failures and specimen location in the ingot. Fracture surface
examination of the broken fatigue specimens showed evidence of
porosity up to 0.0l-inch diameter in size. On several specimens,
porosity was identified as probable fatigue initiation sites.
However, fracture analysis was difficulc because the fatigue sur-

faces were damaged prior to final failure.

Table 19 lists endurance limits of other cast titanium

alloys(36’ 37) along with data(38) from aluminum and magnesium
castings at a stress ratio of R = ~-1,0. The limits at R = -1.0
(36)

Brown, Robert A., "Precision Casting of Titanium". Lecture
1l1-A; paper presented at New York Univer :ity Titanium Course,
September 8-11, 1969.

McClaren, S.W., et al, "Processing, Evaluation, and Standard-
ization of Titanium Alloy Castings". LTV Aerospace Corpore-

tion for Air Force Materials Laboratory, Wright-Patterson Air
Force Base, Ohio. Technical Report TR-68-264, April 1, 1969,

(38)Brown, R.A., et al, "Productinn, Properties and Applications
of Precision Titanium Castings". Paper presented at Fall
Meeting of AIME, Detroit, Michigan, October 18-21, 1971.

(37)
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TABLE 19

COMPARISON OF HIGH CYCLE FATIGUE DATA
FOR INGOT Ti-Cu ALLOYS, Ti-6Al-4V,
Ti-5A1=-2.5Sn, ALUMINUM AND MAGNESIUM ALLOYS

I Endurance Ratio of
Limit, ksi Endurance Limit
Alloy at R = -1,0 UTS (ksi) to UTS

Ti-~13Cu 30 99 0.30

Ti-1l3Cu-4,5Ni 30 94 0.32

Investment Cast

Low Oxygen Ti-6Al=-4V 35 108 0.32
Ref. 36

Ti-6Al-4V 55 138 0.40
Ref, 37

i-5A1~2.5Sn 39 120 0.32
Ref. 37

Aluminum Alloy 7% 66 0.11
Ref. 38

Magnesium Alloy 5% 43 0.12
Ref. 38

*Estimated
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for the aluminum and magnesium castings are estimated from
values established at different stress ratios, following the pro-
cedures described by Dieter.(39) Fatigue performances of alloys
are often compared on the basis of endurance strength divided by
ultimate strength., This ratio for the program Ti-13Cu and
Ti-13Cu~-4.5Ni ingot material (0.30 to 0.32) is similar to other
cast titanium alloys and is significantly higher than for alumi-
num and magnesium castings (0.11 to 0.12).

Table 20 presents tensile properties for Ti-13Cu and
Ti-13Cu-4.5Ni Phase II ingot material after a 200~hour thermal
stability exposure at 800°F (surface oxide layer intact), as well
as previous Phase I results for comparison. The ductilities of
Phase II alloys were not significantly affected by the thermal
exposure, and only slight decreases occurred in the yield
strength of Ti-~13Cu (6 ksi) and in the ultimate strength of
Ti-13Cu-4.5Ni (9 ksi).

In summary, scaling-up the Phase I compositions from 4.5~
to 8-inch ingots produced the following variations, which af-
fected microstructures and therefore, tensile properties:

o] A slower cooling rate of the 8-inch ingots resulted in
lower as~-melted strengths than in the 4.5-inch ingots.

o A greater incidence of porosity was evident in the
larger as-melted ingots.

o The 8-inch ingots contained larger as-melted micro
grains than 4.5-inch ingots. It is believed that the
larger grains resulted in less uniform structures and
reduced tensile ductility.

(39)Dieter, George E., Jr., "Mechanical Metallurgy," McGraw~Hill
Book Company, New York, 1941, pp 324-325,
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o) The higher aging temperatures after solution annealing
were effective in obtaining more uniform microstruc-
tures and greater ductility but lower strength.

o Oxygen and other compositional differences did not
appear to influence tensile properties.

3.5.1.2 Melting Crucibles

Four melting crucibles (3.5-inch diameter by 8-inch high)
were fabricated by Coors for use in casting Trial "A". All four
crucibles were cold isostatic pressed from a mixture of Y203 plus
15 weight-percent titanium (yttria characterized in Appendix D,
Table D-5, lot 4 and the titanium in Appendix D, Table D-6, lot
3). A pure yttria layer was slip cast onto the inside surface of
two crucilkles prior to firing. This was generally successful ex-
cept several small runs and flaws developed near the top edge of
one crucible where the slip was poured out. Processing param-
eters and physical data are given in Appendix D, Table D-7 for
these crucibles (numbers 1 through 4) as well as for two small
control crucibles that were fired in the same run as the No. 4
large crucible.

The four large crucibles were received in good condition,
except Crucible No. 1 exhibited an outside surface layer near the
bottom that was spalling. This layer was identified as YZSiOS’
by X~ray diffraction, and spectrographically contained high
yttrium and silicon with minor titanium. The silicon contamina-
tion source was not verified, but may have resulted from previous
silicon contamination of the firing furnace. As a precaution the
two crucibles without the yttria coating were grit blasted to re-
move a small amount of the inside surface to eliminate potential
melt contamination.

The yttria coated crucibles displayed some coating darken-
ing, which may have been due to reaction with titanium in the
crucible body that rendered the coating substoichiometric. Car-
bon contamination from furnace fixturing was also observed at
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the bottom of one yttria coated «rucible (No. 2). Therefore,
crucibles No. 3 (yttria layer) and No. 4 (Y203'15Ti) were
selected for use in Casting Trial "A".

3.5.1.3 Thermocouple Protection Tubes

Previous casting efforts at AiResearch using low melting
titanium alloys indicated optical pyrometer measurement of melt
temperature was difficult due to metal fogging of the furnace
site port. Therefore, direct thermocouple measurement of melt
temperatures during the program casting trials was reguired. The
reactivity of titanium precludes the use of conventional thermo-
couple assemblies, which use sheath materials such as Inconel 600,
tantalum, platinum or various oxide or silicate ceramics. Phase
I work identified Y,05 as a low reactivity material, which would
be satisfactory for thermocouple protection tubes as well as the
melting crucibles. However Y,0, was not sufficiently thermal
shock resistant and Y203'15Ti tubes were much too expensive to
fabricate protection tubes for the prcyram. Therefore, the con-
cept of applying a thin layer of ¥,05 to the outside of a suitable
protection tube by plasme spray techniques was pursued.

As a result, thermocouple protection tube substrates of
three ceramic compositions (silica, alumina, and mullite) were
plasma sprayed with yttria (Y203) powder by Plasmadyne (Santa
Ana, California). Preliminary plasma spray efforts had indicated
standard production yttria powder had too small a particle size
(<20-microns) to permit proper feeding of the plasma gun, As a
result, a coarse (35 percent was + 325 mesh) yttria powder (Ap-
pendix D, Table D-5, Lot 792) was procured from Molybdenum
Corporation of America (Louviers, Colorado). Test samples were
sprayed with a 10-mil thick layer of yttria and showed excellent
adherence.

Thermal shock tests were conducted to determine the more

durable substrate/coating combinations. A coated tube of each
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composition was inserted into a iurnace at elevated temperatures,
{(up to 2250°F), allowed to soak for a minimum of 15 miautes and ¢
then removed into ambient air. Visual inspection identified the

alumina substrate as the best material. Tendencies for spalling
of the yttria layer were ol erved with all the substrates, but
the overall results were sufficiently encouraging to use all
three combinations for Casting Trial "a".

3.5.2 Mold Development i

W W

As previously discussed (Paragraph 3.2,1.7), investigations i
¢f binder materials for mold facecoats identified the following
requirements:

(a) Promote sintering of the facecoat system at 2000°F
(b) Provide slurxy stability

(¢) Result in minimal contamination of titanium metal
(d) Display a lack of toxicity

These requirements provided direction to the extensive mold

P T IR ST LR

facecoat investigations and material selections discussed in the
following sections.

3.5.2.1 Material Procurement

HREMO materiel previcusly used in the program was typically
60 percent yttria with the balance consisting of other rare earth
oxides and a low non~rare earth impurity content (less than 6
percent CaO or Tioz). The HREMO powder was produced from a sul-
fate solution of Xenotime ore by precipitating as an exalate and
firing to an oxide as shown in Figure 26 (Process A). Since
HREMO displays the dvsired low reactivity but presents consider-
able difficulty in sintering, several other forms of the heavy
rare earth concentrate (HREC) were selected for investigation on
the basis of:

(a) Improved low temperature sinterability
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(b) Conversion to the oxide (HREMO) at low temperatures

(c) Acceptable chemical and thermal stability

The four selected HREC materials (oxalate, carbonate, hydro-
xide and fluoride) were procured from Research Chemicals, Inc.
(Phoenix, Arizona) at two purity levels. The two purity levels
for each material were obtained by variations in processing (Fig-
ure 26). The first process (Process B) involved a single preci-
pitation of four concentrates and produced the lowest purity.

The four concentrates produced;by.frocess C involved a duplex
precipitation which produced higher purity materials (Appendix D,
Table D-9). These eight HREC were then used either as low per-
centage additives to the HREMO material in an effort to improve
sinterability, or as the primary facecoat material, which could
then be fired to the oxide.

3.5.2.2 Facecoat Investigations

Additional oxide and silicate materials were also procured
for evaluation as sintering aids., Various combinations of these
sintering aids with HREMO and HREC materials were prepared as
water slurries, air dried and fired (procedure given in Appendix
E, Table E-4). Bulk samples were fired at 1970°F (Appendix E,
Table E-5) for 1 hour with several compositions also fired at
2200°F for 17 or 64 hours (Appendix E, Table E-6).

Samples were dimensioned and weighed before and after firing
with the density, shrinkage and weight changes calculated. Very
few compositions exhibited adequate sintering as judged by rela-
tive hardness after firing, but the following trends were appar-
ent:

(a) The most effective sintering aids were TiOZ, Can,
CaO-SiOZ, and colloidal silica.

126



http://www.abbottaerospace.com/technical-library

o

AR RE

e
7
R
RN

X

AR
R

SO
SRS

Cdnd it
AT

iR

2o ﬂ‘w-":)ﬂ e
Sy ebls SULIL

‘:“3 3
X

B

Loy

8

i b

" gg‘?ﬁ%ﬁ Tt e

‘i

(b) The heavy rare earth carbonate appeared to
readily than the other materials.

(Process B) was noticeably superior.

sinter more
The impure material

(c}) The heavy rare earth oxalate compositions evolved ex-

cessive amounts of gas during firing, which rendered
them unsinterable.

{(d) In general, the HREMO material was more difficult to

sinter than the HREC materials.,

(e) Many compositions, when fired at the higher tempera-

ture (2200°F) showed considerable improvement compared
to firing at 1970°F.

(f) Several compositions that sintered, were either lower
purity materials or fluorides (that would not convert
to the oxide) and therefore, were considered less de-

sirable for use as mold facecoats because of expected
higher reactivity.

3.5.2.3 Test Mold Fabrication

The best sintering compositions (Table 21) were selected as

candidates for fabrication ¢f test molds at the AiResearch Cast-

ing Company, in Torrance, California. Slurries of each of these

compositions were ball milled (alumina mill and balls) for a

minimum of 16 hours prior t.o dipping of the wax patterns. All

thixotropic to various degrees, which resulted in
poor facecoat quality. However,

structed from

slurries were

three test molds were con-

each of the first six compositions listed in Table
21 using zircon sand as the stucco material (Figure 27). These
test molds were completed using conventional mold back-up con-
struction materials employed at the AiResearch Casting Company.
After drying and dewaxing, visual examination revealed only face-
coat compositions H, CC2 and Group 2, No. 7 were firm and
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TABLE 21

FACECOAT CANDIDATES SELECTED
FOR TEST MOLD FABRICATION

T
Est. Estimated | Shrink-
Y,053 |Solids Sinter aje
Code (%) (%) Temp. (%)
P 60% HREMO + 40% TiO2 in 36 67 1970°F 6
1/2% Methocel Solution
H 75% HREMO + 25% TiO2 in 43 71 1970°F 10
10® Colloidal 5102
Solution
6G 80% HREC-Carbonate + 20% 46 46 2200°F 84
Silene EF (16 Ca0.8i0,) in
1/2 Methocel Solution
*CC-2 95% HREM™ + 5% CaF. in 15% 55 56 1970°F 10
(Group3)| Colloidal SiO2 Sol&tion
#+Gr. 2| 100% HREMO in Colloidal SiO, 55 70 2200°F --
fNo. 7| Solution (15% or 22%)
7H 75% HREC-~HYDROXIDE + 25% TiO2 26 73 2200°F 44
in Colloidal Sio2 Solution
{10%)
6H 75% HREC-Carbonaite + 25% TiO 26 71 1970°F 69
in Colloidal SiO2 Solution
(10%)
6F 90% HREC-Carbonate + 10% CaF2 51 42 1970°F 74
in 1/2% Methocel
*Composition evaluated in Phase I (Appendix E, Table BE-2). ;
**Composition evaluated in Phase I (Appendix E, Table E-l).

128

- a3 e e e e e = =


http://www.abbottaerospace.com/technical-library

* (dog 3ybTy)
sovg GHMMHHMMm @cw PO)ORID 2I19M 10 (wo3jog 3YBTY) IORIUI ISYITHT 9I9M S3L0D
PTOK unmﬁvm Ta STeTIS3eW PTOW S3IPPTPUR) JO UOTIBNTRAT I0J pasn (x93ua))
ISSAUT DTwexs) Tejusuraxadxy pue (3397) uxszjzeg xeM jo aouexesaddy *Lz @2anbTa

S-S s

4

¥

&
%
7

z
&
¥

I
e
)
4

ww

i
sEne

2
A

e

Al



http://www.abbottaerospace.com/technical-library

. T TS
ey ":\}i‘ B TR I %‘w’ﬁ"”"y BN G
PR “ PR A R AT

G o i)
SR

*y
(18
ey

i
b

A RO (g e
Rl bR S R e

TL
ES
b

coherent in the green state. A mold of each facecoat composition

was then fired by the following techniques:

(a) Inserted from room temperature directly into a 1900°F,
furnace, held one hour, and withdrawn into ambient air.

(b) Inserted slowly into a furnace at 2160°F, held one hour,

and withdrawn slowly into ambient air.

{c) Inserted into a furnace at 1200°F, furnace heated to

1925°F, held 64 hours, furnace cooled to 1060°F, and

withdrawn into ambient air.

After firing, facecoats were observed not to sinter to the
same degree observed for previous bulk samples (Figure 27). This
poor sintering of thin layers had hkeen observed in the Phase I
mold development activity and is attributed to a lack of a satis-
factory sintering aid. The sintered condition of all three mold
facecoat compositions was nearly equivalent, but composition CC2
was selected for use in Casting Trial "A" because of more con-
sistent fabrication behavior. In order to improve slurry stabil-~
ity, sufficient HREMO material of a larger particle size was pro-
cured from Research Chemicals, Inc., for Casting Trial "A" to

help remedy the thixotropic behavior.

3.5.3 Foundry Activities

The casting trial was conducted at the AiResearch Casting
Company (ACC) in Torrance, California. This trial, depicted in
Figure 28, was to have consisted of induction melting the Ti-13Cu
and Ti~13Cu-4.5Ni alloys in the Y203015Ti and Y203°15Ti plus
yttria layer crucibles and casting both allovs into test bar
molds fabricated with the experimental facecoat material (HREMO)
and conventional ACC molds with a zircon (ZrSi04) facecoat. How-
ever, no castings were made with the experimental molds due to

mold problems described in the following Section.
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3.5.3.1 Mold Fabrication

The ACC standard and experimental molds were prepared using
conventional approaches (fabrication procedures are given in
Appendix E, Tahle E~7). The faceccat used for experimental molds
(Composition CC2) consisted of 85 percent HREMO, 4 percent CaF,,
and 11 percent collcidal silica. No acceptable molds (Figure 29;
were obtained with this system due to the recurrence of problems
observed during previous laboratory mold development activities,
The primary problem areas were:

{(a) Thixotropic behavior of slurry which resulted in lack
of facecoat adherence to wax pattern and uneven face-
coat thickness

(b) Facecoat cracking caused by excessive shrinkage re-
sulting from low slurry solid content

(c) Lack of adequate sintering at the 1900°F (16 hours)
firing temperature

(d) Lack of bond between the facecoat and backup material

The above problem areas were associated with the small
particle size of the HREMO powder as well as the CaF, binder not
promoting adequate sintering. The HREMO powder, procured in a
large particle size range, was agglomerated and did not provide
the desired slurry consistency nor eliminate slurry thixotropic
behavicr.,

3.5.3.2 Casting Process

The casting effort was organized to demoustrate capabilities
in the follcwing areas:

o Ceramic crucibles can be used to induction melt low-
melting titanium alloys.
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FACECOAT, FIRST DIP (FIRST LAYER)
FIRST Zr8504 STUCCO

+~ FACECOAT, SECOND DIP (SECOND IAYER)

SECOND ZrSiO4 STUCCO

FIRST BACKUP (THIRD LAYER)
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Figure 29, Tvpical Appearance of Experimental Molds (Composition CC2)
Tilustrating Severe Spalling of Facecoats in Cup Area.
Molds Fired at 1900°F for l-Hour Were all Unusable for
Further Casting Operations.
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Low-melting titanium alloys can be cast into conven-
tional molds without excessive contamination of the

cast surface.

Low melting titanium alloys which display acceptable

contamination levels and tensile properties approaching
ingot material can be cast.

In the process of establishing these capabilities, uniform

process conditions were used including metal pour temperature,

vacuum levels, melting times, induction power input, uninsulated

molds (conventional zircon facecoat composition), mold preheat

temperature, and casting cooling rate after pour. The casting

procedure is detailed in Appendix G and generally consisted of

the following steps:

o

>

Bake out melting crucible under vacuum.

Hand load metal charge into crucible (furnace ¢ pened to
ambient conditions at this time).

Pump furnace down to 5-microns vacuum
Melt ingot material slowly to avoid excesgsive spitting.

After metal is fluid, make initial power setting, and
measure melt temperature using an immersion thermo-

couple.

Make final power setting to reach pour tempercture
(melting point plus 200°F).

Transfer mold to vacuum furnace after preheating in
air at 1950°F.

Withdraw thermocouple after temperature has stabilized
and then pour metal.
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o Cool casting under vacuum for 25 to 35 minutes before

removing into air.

o Allow casting to cool in air. Remove metallographic )
samples with mold material intact.

o Break out casting and light grit blast to remove mold
material.

A total of fifteen vacuum-induction melts were made during
a two-day casting effort. The following castings and test sam-
ples were obtained:

o} Nine test bar clusters (ACC mold)
o One cooling fan (P/N 969249-11); ACC mold

e} Two pours in pyrolytic carbon crucibles (l-inch diam-
eter x 5-inch)

o) One pour into a 2rO, crucible (3.5-inch diameter x
8-inch)

o One melt of Ti-13Cu-4.5Ni alloy solidified in the
Y203-15Ti melting crucible

o One melt of Ti~13Cu~4.5Ni alloy solidified in the
yttria layer melting crucible

Specific details for casting Trial "A" melting operat:ions
are listed in Table 22 and the appearance of typical castings is
shown in Figure 30. A review of the casting parameters (Table 22
indicates most conditions were relatively uniform although the
following pours deviated from typical conditions:
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o Pour 8 was held molten for a longer time, at higher
temperature, and under poorer vacuum levels (to 1000
microns) during backout of new crucible which had
not been outgassed prior to the start of casting

activities.

o Casting 1l was poured at a higher temperature (approxi-
mately 270°F above alloy melting point) and under poor
vacuum conditions (up to 10UV microns). The high pres-
sure level during melting resulted from a loss of a
portion of the ceramic thermocouple protection tube
into the melt.

Of the test bar castings, Pour 10, with the Ti-13Cu alloy
and Pour 13, with the Ti-13Cu-4.5Ni alloy, appeared to have been
conducted under the best melting conditions (minimum melting time
and uniform parameters). The balance of the castings were poured
under very similar conditions, but some parameters, not monitored
in the process, caused differences in the castings. These param-
eters were:

o Maximum metal temperature was not monitored during
melting in order to minimize thermocouple protection
tube degradation.

o) Mold temperature at the time of metal pour varied since
molds were not insulated and the mold transfer time
from preheat furnace to casting furnace was not moni-
tored. The mold temperature would influence cast sur-
face contamination, gas porosity, and the degree of
micro-shrinkage, all of which would affect mechanical
properties.

Ingot material used for each melt consisted of a variety of
section sizes, and this precluded using the ingot loading device.
Repeated opening of the melt chamber, to load the alloy, contri-
buted to higher potential contamination levels than would be ex-
pected under production conditions.
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The melting crucibles (Y203'15Ti and Y203'15Ti plus a ¥,)4
layer) showed a low degree of wetting by molten titanium alloys.
However, the yttria coated crucible visually showed slightly more
wetting and erosion than the uncoated crucible. Both crucibles
showed extensive cracking as a result of the repeated melting op-
erations but satisfactorily contained the molten metal.

Standard zircon molds contained the molten titanium alloys
with no occurrence of metal runout. However, a rapid rise in
vacuum pressure was observed immediately after each mold was
poured indicating a significant mold/metal reaction (gas porosity
on the surface of these castings verified this reaction).

The three types of yttria coated thermocouple protection
tube substrates (alumina, mullite and silica) appeared capable of
providing adequate short-~time (3 to 5 minutes) protecticn from
the melt. Alumina and mullite substrates were far superior to
silica tubes but were not totally satisfactory due to cracking
and spalling of the yttria coating.

3.5.3.3 Nondestructive Evaluation of Castings

Visual and X-ray examination indicated the presencz of gas
porosity in all test bar castings (zircon mold) to varying de-
grees. The porosity was generally more predominant in the lowex
gate and primarily located on top surfaces. Porosity was negli-
gible on surfaces of the cast~to-size test bars but was quite ap-
parent on the surfaces of the 1/2-inch round bars (Figure 31).
Castings of the lower melting Ti-13Cu-4.5Ni alloy (2425°F) gener-
ally exhibit lower porosity than the Ti-13Cu alloy (2630°F) cast-
ings. Gas porosity in these castings, appeared to be primarily
due to mold/metal reaction.

The ability of the Ti-13Cu-4.5Ni alloy to £ill the very thin
blades (0.060 inch) of the cooling fan cast in Pour 12 was en-
couraging.
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UFPER GATE

~s—————— CAST-TO-SIZE
: TEST BAR

CENTER SPRUZD

1/2-INCH
ROUND TEST
BAR

LOWER GATE

Figure 31. Typical Appearance of Test Bar Cluster Casting. Note the
Presence of Gas Voids on Top Surfaces of Upper and Lower

Gates (Arrows). This Porosity is not Evident on Bottom
surfaces (Pour 14).



http://www.abbottaerospace.com/technical-library

3.5.3.4 Heat Treatment of Cast Tensile Samples

The 1/2-inch round and cast-to-size test bars were removed
from all castings, X-ray radiographed for soundness and then sev-
eral bars selected for heat treatment prior to tensile testing.
Cast bars were heat treated using the optimum treatment defined
by RMI ingot evaluations (Section 3.5.1.1): 1760°F/1 hour/air
cool plus 145(C°F/8 hours/air cool.

Most of the tensile samples were heat treated in a steel
capsule filled with argon and water quenched in an effort to sim-
ulate an air cool rate., Control samples, in the form of Ti-~13Cu
ingot material were also included in the capsule in order to ver-
ify the heat treatment. Evaluation of this control material in-
dicated low strength and high ductility compared to RMI processed
material, suggesting an overaged ccndition (data in Appendix B,
Tables B-2, B-3 and B-5). Tensile data for the two cast alloys

in the heat treated condition are therefore typical of an over-
aged condition.

6%

g? 3.5.3.5 Tensile Test Evaluation

f? A variety of cast samples were used for tensile property
EE evaluation including 1/2-inch rounds, 3/4-inch round center

E{ sprues, cast-to-size bars and round slugs removed from alloy

:§j solidified in melting crucibles. Test data for all tensile

%; samples as well as fracture surface examination results are com-
;f‘ piled in Appeadix B (Tables B-2 through B-5).

%’

= The test results (summarized in Table 23) were encouraging
?g since both alloys showed the ability of producing cast tersile
4§ properties, which were equivalent to the best ingot properties
%é obtained at room temperature and only slightly lower than the
=3 600°F results (Table 23). Generally, the best results were ob-
ié served with cast material from which the contaminated surface
2 layer had been removed. However, even cast material with the

141

23
=
=
ety



http://www.abbottaerospace.com/technical-library

sat3axadoad jobutr II onm:mm
1000 x1e /81y B8/d,0SPT SnTd 1002 ave/IY 1/d,09LT.
S 0s 09 S 0s 09 44009
S 06 00T S 06 001 1°y|sTeon wexboxd
punoy
8z 0e 8¢ LL v 82 0z oV LL € w2/1 DoUTYORW
81 z1 v LL 1 - - - - - 4550
vz 12 sP v8 z - - - - - 20BUI | 4,009
punoy
S € L9 v8 14 [ ¢ ¢ s zot1] ¥ wZ/T PIUTYORN
£ t4 oL 6L z v Z 1L 68 £ 8150
L S zL 86 g L v 65 88 (4 LAOBUI | "L°¥ TNG*y-nOET-Td o
.wm M
% punoy
mp ve 11 34 v9 12 81 6 2% L9 1 «Z/T PauTyORH
.M - - - - - - - - - - 815D
§ sz v1 9 WL z - - - - - 230Ut | 4,009
4 punoy
[ €T 01 SL 96 | £ 9 £ L8 86 z «2/1 pauTydew
¢ 9 £ 8L €8 £ v z LL 88 r4 4Lsd
u 1 zt zL 66 4 ST 6 b9 z6 z 0BUL [ *3°¥ nOET-1L
:
§ (%) (% (1) (10 sasaL | (W) (%) (1s) (1S s3sA
W W °13 Sk sin 30 *onN )| w13 SX sun 3o °ON wxod mew KoT1¥
Wv Hvovmouknumo: a1seD-sY X0 PIITBN-SVY

SAOTIV TNG®p-0DET-TL ANV NOET-TL LSYO ANV LOONI
40d SATIMEJONd ITISNAL ¥, TYINL ONILSYD 0 XJVWWAS

ST
i Sl
.

€¢ dTdYd

EC

k1
5
Nn

35 Sl it i

R



http://www.abbottaerospace.com/technical-library

iR e T T e etz 2 D ot e s A W e T

A" A N i
XA

as-cast surface present displayed reasonable ductility (2-3

percent). This was encouraging since common titanium casting
surface cleaning procedures such as chemical milling were not
employed. It was also obsecved that, for the Ti-13Cu alloy, the
heat-treated machined bar properties (Table 23, boxed-in values)

=N
e
b
:i

Bans WL et € ey L
LRI

were equal to comparable ingot heat-treated properties, while the
properties of the Ti-13Cu-4,5Ni alloy were equivalent in the as-
cast condition (Table 23 boxed-in values). This indicates that
differences in heat treatment response can be expected between
ingot and cast material.

A variety of defects were observed (20X macnification) on
tensile specimen fracture surfaces. This included gas voids,
microporosity, and inclusions. In addition, fracture surfaces of
samples from both alloys exhibited considerable amounts of cleav-
age fracture in as-cast and heat-treated specimens tested at room
temperature, with the Ti-13Cu-4.5Ni alloy generally showing
larger areas of cleavage. Samples tested at 600°F exhibited re-
duced amounts of cleavage for both alloys with the Ti-13Cu mate-
rial showing an absence of cleavage.

3.5.3.6 Chemical Analysis Results

Each Trial "A" casting (including charges solidified in cru-~
cibles; pPours 7, 9, and 15) was analyzed for bulk oxygen and yt-
trium. Buik samples of selected castings were also analyzed for
possible mold contaminants (Zr, Si, Na, and Al) or alloy solute
elements (Cu and Ni). Analytical samples, in all cases, were
removed from one end of a tensile bar of the various castings.

No gating, sprues or riser sections were sampled for analysis.
Complete analytical results are presented in Appendix A, Table
A-3.

A summary of the oxygen anrd yttrium results are listed in
Table 24 and showed that castings of the lower melting alloy
(Ti~13Cu-4.5Ni) experienced less contamination than the Ti-13Cu
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TABLF. 24

COMPOSITION ON CAST ALLOY CONTAMINATION

INFLUENCE OF ALLOY MELTING POINT AND MELTING CRUCIBLE

Ti~13Cu

Ti-13Cu-4.5Ni

MP = 1434°C (2613°F) Mp 1330°C (2425°F)
Melting Oxygen Yttrium Oxygen Yttrium
Crucible Pour (2) (%) Pour (%) (%)
Y,03°15Ti 0.26 0.44 c.21 0.28
0.28 0.49 0.19 0.26
Avg 0.27 0.47 Avg 0.20 0.27
Y203'15Ti 10 0.29 0.50 13 0.18 0.27
Plus \{203 11 0.40 0.54 14 0.28 0.37
Layer
Avg 0.35 0.52 Avg 0.23 0.32
HOTE: 1. Analyses are for the test bar castings.
2. Oxygen analyzed by Neutron activation and Yttrium by

spectrochemical.

—
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alloy. Data in this table also suggests that castings made from
melts in the Y203-15Ti crucible experience contamination levels
comparable to those made with the yttria layer crucible.

Surface contamination of four Trial "A" castings was deter-
mined by analyzing lathe turnings which included 0.010-inch
layer from the surface. The surface oxygen contents for these
samples were near 0.7 percent for the Ti-13Cu alloy and 0.55 per-
cent for the Ti-~13Cu-4.5Ni alloy. This again illustrated the
higher reactivity of the higher melting point alloy (Ti-13Cu).
This level of oxygen on the cast surface of both alloys would
contribute to the lower ductility displayed by bars tested with
the cast surface intact.

Metal poured into a pyrolytic carbon crucible (Pour 4) was
analyzed for carbon contamination. Carbon was analyzed at 0.006
percent for the bulk material and 0.03 percent for the surface
(approximately 0.05-inch-thick sample). These carbon levels were
considerably less than bulk analyses observed for Phase I
Ti~2.7Be alloy laboratory melts made in the same crucibles (0.58
percent). This relationship illustrated the possibility of using
more reactive materials for mold construction compared to melting
crucible materials. As a result, the possibility of using high

density carbon as mold material appears attractive.

Copper and nickel analyses were also made on cast samples of
both alloys. Variations from the analyzed ingot composition were
observed but were not considered unusual and it did not appear
that solute losses due to volatilization during melting were sig-
nificant. Generally, other elements (mold contaminants) in bulk
samples were present at gquite low levels., Cast surface analyses
for 2r, Al and Si contamination were not performed.

A correlation between oxygen content and yield strength of
cast material also was established (Figure 32). The free oxygen
values of Figure 32 were calculated by subtracting the amount of
oxygen used in forming Y504, from the analyzed oxygen (total oxy-

gen).
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During the program, various samples were analyzed for oxygen,
by vacuum fusion (VF) and neutroi: activation (NA) techniques to
determine the acceptability of neutron activation. There was cor-
relation between VF and NA oxygen analyses although NA results
generally were slightly higher. Metal that contained yttrium
(probably as Y203) also displayed higher oxygen contents when
analyzed by NA as compared to VF, Earlier AiResearch work showed
similar trends and indicated that metal containing elements such
as zirconium and thorium which form very stable oxides, display
higher oxygen values whea analyzed by NA. This suggested that
analysis of total oxygen may be by neutron activation with analysis
of free oxygen by vacuum fusion.

3.5.3.7 Microstructure Evaluation

Metallography samples were evaluated to characterize material

from the casting operation in the following areas:

Casting surface contamination
Tensile samples
Melts solidified in crucibles

O O O °o

Melting crucibles

3.5.3.7.1 Casting Surface Contamination

Samples from the various Trigl "A" castings were evaluated
for surface microstructural changes, which were associated with
contamination rather than influence of surface cooling rates.
Castings made in zircon molds showed alpha-case and a diffusion
zone (Figures 33 and 34). The higher melting alloy Ti-13Cu,
(Figure 33) showed more alpha case contamination (2.3 mils) than
did the lower melting alloy, which showed a layer 1.4 mils deep.
Metal solidified in the Y203~15Ti melting crucibles show no alpha-~
case while metal poured into the 2r0, crucible showed high con-
tamination (alpha-case and diffusion zone). Metal poured into
the pyrocarbon crucibles showed very low surface microstructural
contamination.
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Figure 33. Microstructure of Ti-13Cu Cast into ACC Standard
Zircon Mold System. Note Alpha Case (at Arrow)
and Indication of Diffusion as Well as Y203
Inclusions (Bottom Gate of Pour 2).
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A blade section of the cooling fan casting (Pour 12) made
from the Ti~13Cu alloy was evaluated to provide an assessment of

the microstructure for a thin section (0.060-inch-thick). The

gf microstructure (Figure 35) was well defined in the interior in-

4 dicating a relatively slow cooling rate with an alpha-case of

e 1.5 mils at the surface. The diffusion zone appeared much small-
1 er (0.4-3.0 mils) compared to that (7 mils) displayed by 3/4-inch
3. thick cast sections from the same alloy. The yttria particle

; size and distribution in the thin blade (Figure 35) were also

é less than observed for 3/4-inch thick sections (Figure 34).

s

E:
I8

A sample of cast Ti-13Cu-4.5Ni alloy was evaluated at the
Air Force Materials Laboratory, to identify the above suspected

i

<o
TR

SR Ry h E
LRl EVIIRIET S SL iAo LU PPN

yttria second-phase particles (Figures 33 and 24) typically ob-
served after melting in yttria crucibles. Eleg¢tron microprobe
evaluation indicated the particles to be high in yttrium, with
negligible amounts of Ti, Cu, Al, or Ni (Figure 36). This anal-

g T T T bk
GEAb

E

ﬁ% ysis indicated these blocky second phase particles are basically
g% yttria. Quantimet measurement of the particles indicated a quan-
éi tity equivalent to 0.37 percent by volume (0.39 weight-percent).
%; This compared favorably to the analyzed yttrium content of 0.28

percent, which would convert to 0.35 weight~percent if present
as yttria.

3.5.3.7.2 Tensile Samples

Tensile specimens were examined to evaluate the effect of
heat treatment on microstructure, as well as to characterize the
fracture path. Cast material for both Trial "A" alloys had a
beta grain size of ASTM 2.5. Ti-13Cu typically developed a
finer cast microstructure (Figure 33) than the Ti-13Cu-4.5Ni al-
loy (Figure 34) duplicating structure trends previously described
(Section 3.5.1.1) for arc-melted ingot. A variety of defects
were also observed in most tensile samples including porosity,
microshrinkage and inclusions (Figure 37).
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Figure 37. Microstructure of Fracture Surfaces of Ti~13Cu
Alloy Tensile Specimens Illustrating Shrinkage (S)

and Porosity (P} in Top Figure and Inclusion Defects
(Arrow) in Bottom Photo.
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3.5.3.7.3 Melts Sclidified in Crucibles

Melts of Ti-13Cu-4.5Ni solidified in each of the Y203'15Ti
melting crucibles developed the microstructures shown in Figure
38. No alpha case was observed for either melt and a diffusion
zone if present was difficult to define microstructurally. The
general alloy microstructure was also quite coarse and well de-
fined when compared to that for the bottom gate of a test bar
casting (Figure 34) or a thin section such as the cooling fan

blade (Figure 35).

3.5.3.7.4 Melting Crucibles

Microstructures of the two crucibles used for casting Trial
"A" were evaluated with the following observations:

o Both crucibles, after use for induction melting, showed
a heterogeneous structure in the wall which appeared to
be associated with wall location and titanium concen-

tration variations (Figure 39).

o Crucible material above the melt showed titanium par-
ticle structure charges and volume fraction reduction.

o Below the melt line, the crucibles -showed reasonably in-
tact titanium particle structure and concentration.

o Both crucibles contained interconnected porosity as evi-
denced by titanium infiltration from the melt (Figure
40B}.

o} The yttria layer, when present on the crucible, pre-

vented this titanium infiltration (figure 40A).

Microstructures of the melting crucibles appear to undergo
changes as a result of melting operations, which may or may not
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;? affect the reactivity or thermal shock behavior of the crucible,

‘}l Microstructures of a typical crucible in the as-fabricated condi-

ﬁg tion are included in the Section 3.6 discussions for Casting

f; Trial "B".

3

% 3.5.3.8 Hardness

ii Trial "A" hardness tests were conducted on a wide variety

1§, cast specimens but the results were influenced considerably by

é cast section size, metal soundness, thermal treatment, cooling

i; rates and oxygen contamination. Some t.oends appear to exist be-

ff tween these factors and hardness, hbut a vseful correlation such

§; as hardness/oxygen or hardness/strength was not apparent.

éﬂ

=3 3.5.4 Summary-Casting Trial "A"

'gu Casting Trial "A" was conducted using two low-melting alloys

4 (Ti-13Cu and Ti-13Cu-4.5Ni), which were induction melted in two

% ceramic crucibles (Y203-15Ti and Y203-15Ti with a Y,0, layer).

44 Castings were made in a high reactivity, conventional superalloy

}E mold system (zircon facecoat). The resulting castings were eval-

E uated by wvisual, NDT, metallographic, chemical analysis and ten-

‘Z sile tests for comparison to ingot metal properties.

E The casting trial was successful and demonstrated feasibil:-

?E ity in two significant areas, (1. jow-melting titanium alloys

%- can be induction melted in an appropriate ceramic crucible angd,

%{ (2) the resulting castings display acceptable contamination

Ei levels and tensile properties.

?§ The properties of both alioys nearly met program room tem-

%§ perature tensile goals in both ingot and cast material. Alloys

; with the cast surface intact did not display ductility equivalent (
to internal metal but exhibited reasonable tensile elongation
(2-3 percent). Limited rotating beam fatigue testing also indi-
cated an endurance limit near 30 ksi (107 cycles) for ingot
material of both alloys in the heat treated condition which was
considered promising.
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The melting crucibles (Y203-15Ti and Y203-15Ti plus an Y,0,

layer) performed equivalently well in spite of considerable ther-
mal shock cracking. Acceptable melt contamination levels were ob-
served in Trial "A" castings which ranged from 0.18 to 0.36 per-
cent oxygen and 0.19 to 0.55 percent yttrium. Lower contamina-~
tion levels were also observed for the lower melting Ti-13Cu-
4.5Ni alloy (2425°F) compared to the Ti-13Cu alloy (2630°F).

Additional mold development was required to permit success-
ful application of low reactivity ceramic materials. The ex-
perimental mold system having a facecoat of the HREMO material
(plus CaF, and SiO2 binder aids) could not be successfully fab-
ricated due to poor slurry properties and lack of sintering.
Castings poured into higher reactivity molds (zircon) displayed
good fill and adequate internal soundness, but exhibited con-
siderable surface porosity attributed to mold/metal reactions.
No difficulty was encountered in containing the molten metal with
this mold system, further demonstrating the benefits of a low-
melting titanium alloy system.

3.6 Casting Trial "B"

Casting Trial "A" established the feasibility of applying
materials developed in Phase I to the production of investment
castings. The low-melting titanium alloys induction melted in a
ceramic crucible were shown to have the capability for producing
acceptable ductility and strength in cast metal; however,
strength was below the program goals. Fabrication problems
associated with the experimental mold system and cast surface
contamination required further improvement in the investment
molds. These results lead to the selection of materials for
Casting Trial "B" as follows and discussed in the next section
(3.6.1):

Alloy: Ti~13Cu-1.5A1
Melting Crucible: Y203’15Ti
Mold System: Howmet Moncgraf graphite
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crucibles appeared nearly equivalent and the lower cost, less
complex crucible material (Y203‘15Ti) was selected for further
evaluation,

3.6.1.3 Mold Systems

The AiResearch Casting Company (ACC) stundard mold system
was used exclusively during Trial "A" due to problems encountered
in fabricating the experimental mold system. The ACC system pro-
duced mold/metal reaction, which promoted a contaminated cast
surface th~t reduced the tensile ductility in both alloys. In
order to demonstrate the total casting concept, the four leading
titanium casting foundries in the United States were contacted
with respect to furnishing molds for program casting efforts.

The Hovi..t Corporation Monograf mold system (graphite facecoat)
was selected on the basis of foundry response and ability to meet
the program schedule. 1In addition, experimental facecoat devel-
opment was continued using oxide ceramics in an effort to prepare
low-reactivity mold systems.

3.6.2 Material Procurement

Alloys, melting crucikles and thermocouple protection tubes

were procured for casting Trial *B" as discussed in the following
sections.

3.6.2.1 Alloy

A 100-pound ingot of Ti~13Cu-1.5Al alloy was double-melted
by RMI for ingot evaluation and for use in Casting Trial "B".
In order to allow a correlation to Casting Trial "A" as well as
an assessment of new mold systems, both of the Trial "A" alloys
(Ti-13Cu and Ti-13Cu-4.5Ni) were also used for Trail "B" casting.
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Evaluation of the as-melted Ti-13Cu~1l.5Al1 ingot generally
followed that described in Section 3.5.1.1 except for the inclu~
sion of 600°F tensile tests and the exclusion of thermal stabil-
ity tests. The ingot was sectioned similar to Trial "A" ingots
(Figure 21) except that material for AFML and second-tier mechan-

ical property testing was not included.

The chemical analysis of the Ti-13Cu-1.531 ingot is listed
in Appendix A (Table A-2). All residual elements (C, N, and Fe)
were normal and consistent with previous Ti-Cu ingots. The oxy-
gen at 0.06 percent was similar to that obtained for Phase II

Ti-13Cu and Ti-13Cu~4.5Ni ingots.

Hardness and tensile results for the as-melted and heat-
treated samplies are given in Table 25. As expected, the Rockwell
A hardness of the as-melted incot (62.7) was greater than that of
the Ti-13Cu ingot (57.1) and somewhat less than the higher alum-
inum (2-3 percent) Phase I Ti~Cu alloys (64.7). For as-melted
materiai, the tensile yield strength of Ti-13Cu-1.5A1 at 90 ksi
was also greater than the 64 ksi level for the Ti-13Cu and
Ti-13Cu~4.5Ni alloys (Table 17). The 1l.5~-percent aluminum addi-
tion also resulted in improved ductility for the as-melted
Ti-13Cu~1.5A1 alloy (3-percent elongation) compared to the pre-
vious Phese I, Ti~13Cu-2Al and Ti-13Cu-3Al ingots (1.0 and 0.0
percent elongation, respectively) as shown ir Table 6. Addi-
tional ductility improvements were obtained in the Ti-13Cu-1.5Al
alloy by heat treatment (Table 25) and the room temperature ten-
sile goals of the program were met using the 1760°F-1 hr-AC plus
1450°F~16 hr-AC duplex cycla. The 600°F tensile properties for
Ti-13Cu-1.5A1 alloy in duplex heat treated condition were signif-
icantly improved over those of the previous Phase II alloys and

also considerably above the program goals.

As-melted and heat treated microstructures from the 8-~inch
Ti-~13Cu-1.5Al1 ingot are shown in Fiqure 41. The as-melted beta-
grain size of this alloy was 0.017 inch, the same as noted for
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TABLE 25

PROPERTY DATA FROrl PHASE II INGOT OF
Ti-13Cu=~1l.5A1 (HEAT 25244) ALLCY

Location
Nominal Heat Rockwell Al Type of | and Specimen | UTS | YS | EI RA
Composi tion Treatment Hardness Test Direction! ksi | ksil % %
Ti=13Cu~1.5A1 | As-Melted 62.7 Room Mid-Radlial 110192 | 3.0 | 4.8
Temp. 111 {871 3.0 5.6
Tensile
1560F=~1hr=-FC 59.0 -
€ 100F/hr to
900F~AC
1560F=1hr~FC 59.8 Room Mid-Radial 97 179 8.0 [12.7
@ 600F/hr to Temp. 98180 | 8.0 {11.2
900F-AC Tensile
1760F-1hr-AC 71.2 -
. 1760F~1hr-AC + 67.6 -
1300F=-8hr-AC
1760F~thr-AC + 67.3 -
1409F-8hr-AC
1760F-1hr-AC + 65.5 -
’ : 1400F=16hr-AC
1760F-1hr-AC + 64.3 -
1450F~8hr~AC
- 1760F<1hr-AC + | 64.6 | Room Mid-Radial | 114 {94 ] 7.0 | 8.0
=8 1450F~16hr-AC Temp. 114 {94 | 9.0 [10.0
| Tensile
=5 1760F-thr-AC + | =- Room Edge 114 | 89 |10.0 [15.2
b= 1450F-16hr-AC Temp. Tangential 115191 }10.0 114.2
o Tensile
4 1760F=1hr-AC + | == 500F Edge 90 {62 |19.0 [36.0
2 1450F-16hr-AC Tensile Tangential 90 }62 |19.0 |34.9
35
,e
A 1. Cut from a transverse slice at
center of the 8~-inch-diameter ingot
]
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the previous 8-inch, Ti-13Cu-~4.5Ni ingot. This grain size was a -
little larger than in smaller ingots of aluminum-containing )
Ti-13Cu alloys evaluated in Phase I (0.017 versus 0.010 inch).

The as-melted microstructure of the Ti-13Cu~1l.5Al alloy (Figure

4la) showed smaller eutectoid products than obtained in ‘either of

the previous Phase II, Ti-13Cu and Ti-13Cu-4.5Ni as-melted ingots

(Figure 22, a and b). The finer eutectoid product in the

Ti-1l3Cu-1l.5A) alloy was consistent with that observed and in

the Phase I aluminum bearing alloys.

Annealed microstructures for Ti~13Cu-1.5Al1 (Figure 41, b
and c) were Limilar to those of Ti-13Cu and Ti-1l3Cu-4.5Ni (Fig-
%i‘; ure 22, c and d) with the exception that smaller Ti2Cu precipi-
= tates form within the prior beta grains of Ti-13Cu-1.5Al. 1In-
creasing the cooling rate after annealing Ti-13Cu-1l.5A1 resulted
in less Tizvu precipitation at the prior beta grain boundaries
[Figures 41, b versus c). The microstructure of duplex heat
treated Ti-13Cu~1.5A1 material (Figure 41d) showed no evidence
of prior beta grains or the fing eutectoid product. This struc-
ture was similar to that obtained for the Phase I duplex heat
treated Ti-13Cu-2al alloy-(Appendix C, Figure C7f).

To further characterize properties, the modulus of elastic-

ity was determined from load-versas-strain tensile curves at

4 . both room and 600°F usingy duplex heat treated Ti-13Cu-1l.5Al ingot
=3 material. A room temperature value of 17.0 x 106 psi was ob-
tained, which is consistent with those of commercial alpha-beta
titanium alloys. However, it was higher than obtained with meta-
stable beta titanium alloys (15.0 =x 106 psi). The modulus of
elasticity at 600°F was 14.8 x 10° psi which is higher than that
of commercially-pure titanium (12.5 x 106 psi) at the same tem-
perature.

5; These moduli ddta suggest, along with previous room and ele-
vated temperature tensile data, thermal stability and fatigue re-
sults, that low-melting Ti-Cu alloys have the potential for sub-
stitution for other cast titanium and wrought titanium alloys.
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However, additional mechanical property evaluations would be
helpful for acceptance of cast Ti-Cu alloy products.

3.6.2.2 Melting Crucible Fabrication

Four Y203~15Ti melting crucibles (4 inch diameter by 8 inch
high) were fabricated at Coors Porcelain Co. by cold isostatic
pressing and firing at 3000°F for 4 hours in argon. The first
crucible (No. 5) cracked during the firing cycle due to exces-
cive thermal gradients. Subsequent firing operations produced
crucibles in excellent condition, including for the first time
the firing of two crucibles in one load. Fabrication data,
(presentsd in Appendix D, Table D-8) indicated these crucibles
(numbers 5 through 8) to be equivalent to those fabricated for

Casting Trial "A".

3.6.2.3 Thermocouple Protection Tube Fabrication

Thermocouple protection tubes were plasma sprayed with yttria
as had been done for Casting Trial "A". Five experimental groups

were fabricated as follows:

(a) Alumina substrate tube; standard velocity gun, yttria
coating, 4 mils thick. This was equivalent to the best
performing system used in Casting Trial "A", but with a
thinner yttria coating (Trial "A" tubzas were sprayed to

a thickness of 10 mils).

(b) Alumina substrate tube; high velocity gun, yttria coat-

ing, 2 mils thick.

(c) Alumina substrate tube; standard velocity gun, interme-
diate titanium coating, 1.5 mils thick and outer yttria

layer, 4 mils thick.
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(d) Beryllia substrate tube; standard velocity gun, yttria
coating, 4 mils thick.

(e) Mullite substrate tube; high velocity gun, yttria coat-
ing, 2 mils thick.

After spraying, all tubes were in good condition and avail-
able for use in Casting Trial "B".

3.6.3 Mold Development

In a final effort to develop a promising low-reactivity cer-
amic mold system, several experimental mold facecoats of the fol-
lowing compositions were evaluated:

o Colal "P" binder (silica particles with alumina outer
layer) plus HREMO.

o) Titania plus Colal "P" and Colal "M" binders.

o Colal "P" binder plus yttria ’ .

o Colal "M" binder plus yttria

o Colal "M" binder plus alumina
o Colal "P" binder plus alumina
o Yttria plus a binder of yttria dispersed in pdtassiuﬁ-

silicate soluticn (Y203/K28103)

o) Yttria plus TiO2 plus colloidal silica binder

The laboratory processing and evaluations were conducted in

the same manner described previously. The Colal (Colal is de-
scribed in Appendix E-8) compositions using HREMO and titania di?
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not produce adequate slurries or sintering characteristics. All
other facecoat compositions appeared to aisplay acceptable slurry
behavior, good facecoat green strength, and reasonable sintered
hardness. The last three compositions from the above were se-
lected for Casting Trial "B" mold fabrication.

3.6.4 Fcundry Activity

e oy
Dy LT
LA R s

{1

ig Casting activity was again conducted at the AiResearch Cast-
;é ing Company (ACC) and organized as shown in the diagram in Figure
;ﬁ 42, In order to allow a correlation to Casting Trial "A" as well
ig as an assessment of new mold systems, both of the Trial "A" al-
g% loys (Ti-13Cu and Ti-13Cu~4.5Ni) were also used for Trial "B"

g; casting. Three alloys were poured into a variety of molds to

= produce castings for metallurgical and mechanical property eval-
ii uations.

'?% 3.6.4.1 Mold Fabrication

&

In an effort to obtain castings with minimum surface contam-
ination, a proven titanium casting mold system (Howmet-Monograf)

hgron: g,
el

v
s
EAL DR G

was the primary choice for use in casting Trial "B". However,
in addition to this and three experimental mold systems, a new
commercial product (Remet Z2irbind) and the previously used ACC
zircon system were also included. The above six mold systems

were prepared for Trial "B" casting activities shown in Figure
43 and listed below:

o Howmet Monograf; graphite construction

o Experimental Composition "Y"; Yzo.g/KZSiO3 binder plus

coarse yttria

o Experimental Composition "T"; Yttria plus Titania plus

c0lloidal silica binder
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o] Experimental Composition "C"; Alumina plus Colal "P"

binder
o ACC Standard Zircon (ZrSiO4)
o REMET 2irbind; Zirconia (Zroz)

Experimental mold fabrication was successful and encourag-
ing (fabrication procedures described in Appendix E, Table E-8).
All slurries exhibited good characteristics and the completed
molds exhibited firm facecoats in the green state and after fir-
ing at 1900°F in air. These results were much improved over
those exhibited by the mold facecoats prepared for the Trial "A"
casting effort using the HREMO material.

Mold facecoats prepared with Experimental Composition "C"
were smooth and continuous with no voids or loose material.
Yttria mold facecoat compositions ("Y" and "T") were somewhat
rough due to voids in the facecoat surface. These voids orig-
inated during the facecoat dipping process, and appeared to be
gas entrapment.

Test bar wax patterns were also transmitted to Howmet
Corporation (Whitehall, Mich.) for Monograf mold fabrication and
to REMET Corporation (Pompano Beach, FL) for "Zirbind" mold
construction. The Howmet mold is a graphite system while the
"Zirbind" mold is a zirconia facecoat and binder system. The
Howmet molds were received in good condition while REMET molds
broke during shipment and were not used in casting activities.

3.6.4.2 Casting Process and Parameters

The Y203015Ti melting crucible (No. 7) was loaded into the
induction coil box using a dry ceramic pack. The assembly was
air baked, at approximately 200°F for 10 hours, before loading

into the melting furnace.
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Loading the first alloy charge, using the ingot loader, was
difficult due to minimal clearance between the charge and cru-

cible walls. As the melting operations continued during the day,
the upper portion of the crucible became more restricted, due to
metal solidification on the 1ip. This metal buildup was attrib-
uted to positioning the top of the crucible too far above the
induction coils, thereby producing a relatively cold crucible

lip that promoted metal solidification.

All molds were preheated in air prior to casting; the Howmet
Monograf molds to 600°F with a minimum 4-hour preheat, and the
ceramic molds to 1900°F with a minimum 8-hour preheat. 8Because
of low preheat temperature, the Monograf molds were insulated
with a Kao-~wool blanket to minimize heat loss during transfer
from preheat to pour (approximately 2 minutes). Ceramic molds
were not insulated, and typical transfer time was approximately
1.3 minutes (mold temperature estimated to be near 1750°F at

time cof pour).

The casting prccedure was similar to that us=2d for Trial "A"

vith the following exceptions:

o) Vacuum levels were slightly higher for Trial "B" (13-

microns versus 4-microns).

o] Metal charges were cleaner for Trial "B"; however, they
were hand loaded into the crucible contrary to the

planned use of the ingot loader.

A total of eight castings were poured as scheduled (Figure
44) with melting data and pour parameters given in Table 25.
Unfortunately, two (P20 and P22) of the three Monograph test bar
molds cast with the Ti-13Cu-1.521 alloy experienced short casts.
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173



http://www.abbottaerospace.com/technical-library

P R T .

*pa31on put PI3esy HUTSQ EEA TVIOU Y
Uy (IO O3 ST FUWNIOI PXTYI UL IINATF ORI UT POIFTT SOWII 3O WMS SUlsss»
. - INS*P=NDET=FL : - - - oz od 6 du A
+sa1330doxd puw UOIITSOdMGD BUlISED (VU O Iu(ax Kew 8303A9Y3 Puw 06uy 2 STPT INS*p=nDET~FL h.muwnn ~~<m T-NOET-¥L X® SIUY UTIITIU AOT [ Yus
30 XInQ wox3 uotljsodwod ug TA 30 £2337I0dW] UFRIUOD AT OJRFANE J05Ulees *f *"ON ®IQIONID IIST-"0O“X YT buyawoy uolidnpur Aq opeu $ITOW [TV
Juod
zo3ze "oy 03 pomvoad .z ING &= 340061 IIINPXY
~ut sxnssexd wonoeas o} 01 o1 _— — - oz ()4 8 1% L (1@) “0"tv¢ V] 9% 6°S noEI- uosxyZ $842L0 x4
44009
prom o3uy poxnod oqn3y 0zs .z NS 1~ pejernsur| ao3snyd
woy3Ideload sidnodomzayl o} Y1 €1-1T | 0£51<}9sST | veEBZ 0z 01 S1 81 8 (ve) "o v [ S°€ St nogI- ydpxbouor | ava 3soLf| zza
anod
IDIFT 1QLY O PISWIXD
«u} sanssaid WRNOEA O h.mMm.—
pexnseon cz s 1= 1S]| aeg 3sax
30u azndezadwol o] 0T | €1-0T) == | == | -- 0z st L 6 2t (yw) “0°1v 0 L0 | 9t nOET= | -Zoti-foZx| o1furs | 124
PIO™ ©3UY PpIINCd AQN3I
uojiIssjoad sidnodomioyl o
anod J.009
x03Fe QLY 03 PIswoID 0z3 £ TeS* I~ pajurnsurl  xe3snyd
-u3 eanssoxd wnnveA of $1 SU-ZX | 09sI<c|LrsSt | Oo18T - [44 [49 139 L4 {gv) "0"Iv 0 B8°Z 0°S ndey~ ydexbouok | aea asar| o0zd
anod 34009
3033¢ og[ 03 PosTIID [243 € k8.3 38 5ud pageinsul 2DIENTD -
~v3 sanssexd wnnaeA o] €% $T-¢1 - 0SSt | ot8Z oz Tl 1t 9 L4 {z%) 0"y ] z°s LS ne- ydeabouon | ava aseyl 6ld ™~
340061 ~
anod Xo3e o013 (e} INS°P- Eorg?y| a2Isn1O
a1 3¢ paujtmex wmnowA of o1 ST-07 | OCSIL|SEPL | L1992 oz - st 81 Tt IITTINR ot 6°v 0*9 nogt~ /€o2x ] 2T 3Isax 8ld
Jd4009
aquy uogadesoad ots (e , INS* - payvynsul ] a03snid
2% $o uoy3dwax ubtH of ¢t SI-C1] SOSIC|S¥PT § ZE€9T 1z ot 14 - 1 L/ 0TIV 0 0°S 0°S nogLT~ ydeaboudr | aee soL Lid
anod
M0 MO O3 POBLIID
¢y I1s803d WNNORA O
K{aanyveoxd
31T OIUY PIOW ©
buyseebino xoq St3 €.z 340061 xa3entd
1302 101300pul AIQIONXD of 001 POS-¥1 - (3238 K4¢:14 st (A9 L 81 81 (1e) "0"1« o L0 4 6°9 noct~ UOodIIZ | avE ISIL 914
.
S03VATH Fent aoavid 1| asvo fazouwitd | eexomiv | vanmua 25v5  feumannn '
HOOA [ IRV | (Do) [(De) { (da) [ ONILTIR| *aWid OO | HO0a LTAR NUILOALIONS (N vV WAINVLIIL TR IIVHS JIIN i
iv¥ w1 X3 yarav ¥noa oL oL oL NO /% FDVNNS 1) 1HD13M
~HOIH | asa ¥nod ¢ | xvag  faou o f vimw| 13w | -samoa J09NL do IVITW
%001 JO JIRNOWE
JUVLS
0] WANOVA DANIVETINGL (:0l) ¥aMoQ va(NIH) 3WIL :
+ SYTLANVANA DNILTAN '

SYALINYIVE dN0d ANV YaLVd ONILTIIW 2,9, TVIYL ONILSYO

9¢ IIdYL

CR PR PATR:

i g o L Tt
e B SE

e g i s gt g



http://www.abbottaerospace.com/technical-library

3.6.4.3 Nondestructive Evaluation of Castings

Castings P16 through P19, and P21 all filled completely.
Pours P20 and P22 showed lack of fill due to short casts, while
Pour 23 experienced misrun. Samples cast in the zircon mold
(P16) showed few surface voids and good internal soundness,
which were improvements over similar Trial "A" castings. Reasons
for this improved soundness are not presently kaown.

All castings poured into Howmet Monograf molds showed a
considerable number of surface cold shuts (Figure 45). This was
associated with the low mold pre-heat temperatures compared to
the ceramic molds. In addition, the twc Howmet molds that filled
completely (P17 and P19) also displayed heavy concentrations of
centerline voids and shrinkage. As a result, no test bars of
Ti-13Cu~1l.5A1 alloys from the Howmet molds were suitable for
testing in the as-cast condition.

Pours into experimental molds, Y203/K23io3 (Figure 46) and
Y203-Ti02~Si02, (P21), showed excellent fill and surface integ-
rity. However, P18 and P2l castings showed positive surface in-
dications due to metal filling the previously discussed mold
facecoat voids (Paragraph 3.6.4.1). Improved mold facecoat slur-
ries would be expected to correct this condition. The P18 cast-
ing also showed excellent internal soundness.

The exducer casting (P23) made in a zircon mold showed mis-
run (lack of £ill in the blade sections) but continued to demon-
strate a capability for low-melting alloys to £ill thin sections.
Higher metal temperature or mold insulation, as were used in
Trial "A" for casting the cooling fan would promote complete
£i11.

Thermocouple protection tubes performed satisfactorily al-

though not as well as those used in Trial "A". 1In Trial "B",
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failure was by cracking of the substrate protection tubes wherve

as in Trial "A" the primary failure was by spalling cf the
yttria ccating.

3.6.4.4 Heat Treatment of Cast Tensile Samples

The preferred heat treatment for the Ti~13Cu-1.5Al1 alloy was
established from tensile results obtained for ingot material, as
below:

o 3olution at 1760°F for 1 hour and air cool
(o} Ade at 1450°F for 16 hours and air cool

This heat treatment was similar to that previously used for
the Ti-13Cu and Ti-13Cu--4.5Ni alloys in Trial "A" and again used
for these two alloys in 9rial "B", namely:

o Solution at 1760°F for 1 hour and air cool
o Bage at 1450°F for 8 hours and air cool

As mentioned earlier, all of the Ti-~13Cu-1.5Al cast test
bars from the Howmet molds h»d sever2 internal shrinkage render~
ing them unsuitable for testing.~ In order to remedy this situa-
tion, these hLars as well as unacceptcble cast bars of the
Ti-13Cu-4.5Ni alloy (Pl7) were hot isostatica.ly pressed (HIP).

A HIP cycle of 1675°F (4 hours) 14.7 ¥si was used. The HIP oper-
ation successfully closed the internal Gefects with the exception
of one specimen where the internal defects ware connected to the
surface. The sound bars were subsequently “ested in the as-HIP
or HIP plus heat treat conditions using the above heat treatment
cycles.

3.6.4,5 Tensile Test Evaluations

In order to adequately characterize the mechanical proper-
ties of the low-melting titanium alloys, as~cast and HIP test
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bars from the Trial "B" castings were tensile tested at room

temperatuie and 600°F. This included samples of the Ti-13Cu-
1.5A1, Ti~l3Cu~4.5Ni and Ti-13Cu alloys. The processing history
and test results, including 20X examination of fracture surfaces
are given for these bars in Appendix B, Table B-G. No test data
is presented for the Ti-13Cu~1.5Al1 alloy (Table 27) in the as-
cast condition due to a lack of acceptable castings; however,
the available results indicated the following:

(a) Tensile properties of cast samples in the HIP plus
heat treat < ndition meet the program goals with the
exception of room temperature ductility, which was
slightly low (4.7 versus 5.0 percent).

(b) The HIP operation did not degrade the heat ireatment
capability of this alloy with both strength and duc-
tility of the cust plus HIP material improved by heat

treatment.

(c) Cast plus HIP samples displayed higher strength and
lower ductility at room temperatures compared to ingot
material in both the as-melted and heat-treated condi-
tions. This may Le due to oxygen pick-up during the

casting operation.

(d) At 600°F, tre tensile properiies of the cast plus HIP
material werc slightly supevior to ingot samples in
the heat treated condition.

A summary »f room temperature tensile resulis for Ti-13Cu-
1. 1 alloy specimens from Casting Trial "B" are listed in Table
28 along with results from Casting Trial "A" for compariscn.
Various casting, specimen surface and heat treatment conditions
are included and indicate the following:
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TABLT 28

ROCM TEMPERAYURE TENSILE PROPERTY SUMMARY
FOR CAST Ti-13Cu-4,5Ni ALLOY

UTs YS Elongaticn RA
Condition* (ksi} (ksi) (%) (%)
hs--Cast, Cast to Size Bars
Trizal A, Zircon Mold 89 71 2 4
Trial B, lUowmet Mold
-As Cast 83 71 0.3 2.8
-HIP 87 67 0.1 2.1
Trial B, Y2c3/xzsio3 Mold 102 81 4.1 2.4
<
As-Cast, Machined Bars
Trial A, Zircon Mold 102 7¢ 7 7
Trial 8, Howmet Mold
-As Cast 27 70 1.4 2.1
-As {117 92 €8 4.5 4.0
Heat Treated, Machined Bars
Trial A, Zircou Mold,
1760 (1) /1450(8) 84 67 3 5
Trial B, H.wmet Mold
~\s HIP 92 68 4.5 4.0
-ifIP + 1760{1)/14508}AC 109 95 6.5 9.4
~HIP 4+ 176C{1)/1450(8)}FC 102 85 4,8 5.1
~HIP + 1760(1)/1560{1:AC 101 82 3.0 5.5
Przogram Goals i 100 18 l‘ 5.0 ———
*All Trial B results are a single test, while Trial A results are
an average of 2 or mcre tests. Temperatures given are in °F.
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(a) Bars from the Y203/K28io3 mold tested in the as-cast
condition with the cast surface intact displayed su-
perior properties to similar specimens from Howmet

and ACC-~zircen molds.

(b) Ductility and ultimate strength of machined test
bars were improved over those cf comparable cast-
to-size specimens indicating the impact of surface

contamination on mechanical properties.

(c) As-HIP properties of cast-~to-size and machined bars
were not significantly improved over the properties

of comparable as-cast specimens.

(d) Heat treatment (1760°F/% hr + 1450°F/8 hr) of HIP
castings was effective in increasing both strength
and ductility to a level which exceeded the program
goals

(e) Heat treatment response of the HIP materinl appears
adequately sensitive to aging temperature and cooling

rates.

A variety of defects were observed in fracture surfaces of
most of the non~HIP bars from Trial "B". Porosity, microshrinkage
and inclusions were similar to the Trial "A" castings. Micro-
porosity was not evident in tie samples, which had been HIPped.
The fracture surfaces also exhibited varying amounts and degrees
of cleavage but most of the trends observed for Trial "A" mate-
rial were not apparent. However, cleavage fracture was not
present in the Ti-13Cu~-1l.5Al1 alloy when tested at 600°F, where
a corresponding increase in tensile ductility was observed.

3.6.4.6 Chemical Analysis Evaluation

Chemical analysis of bulk samples from castings generally
reflected the influence of the melting process whereas surface

182
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analyses cosrrelated with mold systems. For the Ti-13Cu-4.5Ni
alloy, bulk analyses (Appendix A, Table A4) for the Trial "B" ca
castings were similar to Trial "A" castings reflecting consis-
tency betweer melting procedures in the two trials; as below:

Ti-12Cu-4.5Ni Oxygen (%) Yttrium (%)
Trial "A" 9.21 0.28
Trial "B" 0.21 0.30

When the bulk oxygen and yttrium analyses of samples from
both casting trials were grouped together, the impact of alloy
melting point (P) and therefore metal pour temperature (P + 200°F)
on contamination was apparent. The following results illustrate
the lower contamination levels exhibited by the lower melting
Ti-13Cu-4.5Ni alloy:

Oxygen (%) Yttrium (%)

Ti-13Cu-1.5A1 alloys
(MP = 2620°F)

Ti-13Cu-4.5Ni alloy 0.21 0.29
(MP = 2425°F)

This relation appeared to be reasonably consistent whereas a melt-
ing time versus contamination correlation was not observed for
the time investigated. Therefore, maximum temperature during
melting was vastly more important than time in controlling con-
tamination of the melts. Analysis of surface layers (0.010 in,
thick) from various castings of both trials indicated the Howmet
molds promoted the lowest oxygen contamination (0.34 percent).
With the same Ti~13Cu-4.5Ni alloy, the experimental Y203/K28103
and ACC zircon molds produced oxygen contamination of 0.48 and
0.57 percent, respectively. The oxygen level obtained with the
experimental mold system was very encouraging, especially since
molds were preheated to 1900°F compared to 600°F for the Howmet
mold.
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Bulk chemistries also indicated alternating alloys during

the casting process produced crxoss-contamination of castinys in
the range of 0.1 to 0.3 percent of Al or Ni. This behavior .iight
be significant in effect on mechanical properties and therefore
should be avoided in practice.

Nitrogen contamination was quite low for the nelting process
(0.019 percent) compared to an ingot level near 0.0l percent.
Oxygen and yttrium therefore were the primary contamirants occur-
ring during melting with the yttria primarily due to cricible

degradation.

3.6.,4.7 Microstructural Evaluations

L3

Microstructural evaluation of mategials from Castin frial
"B" was separated into three groups for discussion:

o Surface structures
o Effect of HIP and heat treatment
o] Structure of melting crucibles

3.6.4,7.1 Surface Structures

Structural differences were present to some degree in all
castings. These structures were attributed to contamination
effects, except for the apparent diffusion (Pigure 47b) zone of
metal cast in the Howmet-Monograf molds associated with a rapid
cooling rate due to a low mold preheat temperature (600°F).

Examination of Ti-13Cu-4.5Ni alloy castings showed very low
surface contamination from the Monograf mold and very encourag-
ing levels from the experimental Y203/K25i03 mold (Figure 47).
Alpha case from the Monograf mold was near 0.2 mils and was not
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detected on cast metal from the Y203/Kzsio3 mold although

intermittent contamination zones were observed to a depth of
2-5 mils.,.

Comparisons of cast surfaces for the Ti-13Cu and Ti-12Cu-
1.5A1 alloys (similar melting points and pour temperatures)
allowed an assessment of the influence of other mold materials
(Figure 48). When comparing alpha-case, the Monograf mold again
promoted gquite low surface contaminatior (0.2 mils) while the ex-
perimental Y203--'I'i02-sio2 mold developed a depth (1 mil) inter-
mediate to the depth resulting from the zirzon mold (2 mils).
Both of the yttria bearing facecoat molds promoted less micro-
structural surface contamination of the cast metal than did the
zircon mold. These molds appeared to have equivalent diffusion
zone depths but the stabilized alpha zone from the Y203—Ti02-
SiO2 facecoat (Figure 48) appeared to be more continuous suggest-
ing greater facecoat reaction and higher contamination levels.

Surface contamination, as would be expected, did not appear
to be limited to oxygen from microstructural features. Chemical
analysis verified the presencz of other contaminants ¥, Si, zr,
and C depending upon the mold system. However, the primary con-
taminant was normally oxygen, which promoted the alpha stabilized
structures for metal cast in ceramic molds; either alpha-~case or
coarse acicular aipha.

Microhardness measurements made on cast samples showed dif-
ferences that were associated with the mold system (Figure 49).
These results also indicated Monograph was the bhest mold system,
followed closely by the experimental Y203/K28i03 mold. The
reason for the low hardness very near the surface of alloy cast
into the Monograf mold was not apparent. Both the zircon and
Y203-T102~Sio2 molds produced much higher levels of surface hard-
ness (contamination) than the above two systems. The hardness
for cast samples from the zircon mold decreased rapidly while
cast metal from the Y203~T102-Si02 mold remained at relatively
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high hardness levels indicating significant contamination through
its entire cross section or higher strength levels due to the
faster cooling rate. Thus, from cast alloy microstructure, hard-
ness, and surface oxygen analysis the mold systems were rated on
the basis of reactivity as follows:

Monograf

Y.0./K.8i0 Best and nearly equivalent
27372 3

Zircon Poorest and comparable,

¥,0 3-T10 ~8102 promoting about 2 to 3

times the surface contam-
ination of the above.

The Y203/K28i03 mold system was considered the most promis-
ing material of the above due to the fact that a 1900°F preheat
had been used compared to 600°F for the Monograf mold. This high
pre~heat capability will ensure the production of high quality
castings.

3.6.4.7.2 Effect of HIP and Heat Treatment

Hot isostatic pressing the Ti-13Cu-1.5A1 and Ti-13Cu-4.5Ni
cast bars altered the cast microstructures. Typical microstruc-
tures of these alloys in the as-cast, HIP, and HIP plus heat
treated conditions are shown in Figures 50 and 51. Similar
microstructural response was noted for both alloys which cor-
related with the observed tensile properties (Tables 27 and 28).
The as~cast structures were coarsened to some extent by the HIP
cycle (1675°F -4 hours), but a subsequent solution and age heat
treatment refined the structure., In the HIP plus heat treat con-
dition, the tensile strengths were improved over the as-HIP prop-
erties with both strength and ductility being improved for the
Ti-13Cu-1.5A1 alloy.
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3.6.4.7.3 Melting Crucibles f

The Y203~15Ti crucible (number 7) used in Casting Trial "B"

%ﬁ,ﬂﬁ! il ",
T A TR SRS

" S
B

and an as-fired crucible (number 5) were metallographically eval-

4

uated. Crucible number 5 had been fabricated in an identical

b
RN

fashion to number 7 as well as the two crucibles used during

s
SRR

Casting Trial "2" (numbers 3 and 4).

axsa

As fabricated microstructures of crucible number 5 indicate

PO L)

i

a depletion of titanium on the inside surface {(Figure 52). This

depleted condition promoted microcracking in this area, which dur-

et
AN
AN

ing melting operations would be expected to cause accelerated
crucible degradation. The reason for this titanium depletion was
not established but fogging in the firing furnace, mentioned
earlier, may be evidence of this titanium loss. However, the de-
pleted condition at the inside surface may be a possible benefit
since it would resuit in a yttria zone whichk would possibly be
less reactive with molten titanium. However, microstructural
examination of the melting crucible (number 7) after use in Trial

"B" showed a titanium re-enrichment of the depleted inside sur-
face (Figure 53) indicating the depleted surface was not main~
tained throughout the melting operation.

3.6.5 Summary - Casting Trial "B"

Progran tensile property goals were achieved with cast
Ti-13Cu-1.5A1 alloy in the HIP plus heat treated condition. Mnt-
E! allurgical evaluation of the three alloys cast in Trial "B"

- (Ti-13Cu-1.5A1, Ti-13Cu and Ti-13Cu-4.5Ni) also showed:

o Of che three alloys cast, Ti-13Cu~1l.5Al1 was found

to be the most attractive for achieving the program
tensile goals. However, if a lower melting point
alilov (<2600°f¥) is required, higher copper-
containing titanium alloys would be a viable exten-
sion, with major effort devoted to heat treatment
as a means of obtaining maximum ductility.

192

[T~ RN e S

—


http://www.abbottaerospace.com/technical-library

*BuToRID PIIPIDOSSY pue (q) TTeM
DPTISUI 2® UOTIDTG ] wuNTue3lT 930N °*Jdo,000€ 3¥ FaITd 92T1qIONID
BUT3TaW TIST*E0CX Pol1eOoTAYEI-SY JO S2IN3ONIAFSOIDTW TedTdL] °*°zS 2anbtg

(X00S) ¥IILNID (9)

JOVIEAaS (Xos ‘91-9) govIanNs
daISINO0 (L¥0a FLIS FLISOJdO) WOLLCT ¥VAN TTVM 3AIS (e) FAQISNT

) v”hm .ﬁwmq.
oY

193

,fy..a..,‘,
A

RS TRR ARE R i

Y

PRI

AN, SN

e

2, ok
‘et
AT U

o

AT

IO A aed IROVOPRE oo e 0 a4
SO s i osmal i R



http://www.abbottaerospace.com/technical-library

JE S e

*MOIIY S3TUYM SYZ 3e () UT BTaA33X SYI UT uoTIeuLrod
9seyq Puoosds saIPSqO OSTVY  °*zZ¢ 2anbig o3 paxedwo) soejang IpTs

~Uy FO FJusuiyoTaud-sy wnTuelTy SJ0oN *,d, IRTXL burised 4T pasn p
(3,000€ 32 PIATI) STAIINID TIST.E0CX JO S2IN3ONIISOIOTW TeoTdAL g5 2anbra m
(X00G) JIOVAEAS Fdisuil0 (D) (X00§) JOV4¥NS FAISNI (q) “

gOVaINS FOVIENS o :
FATSINO (X0s) HOOOYHIL NOILDIAS (e) FAISNI — ‘
! R ok PN ; "4 R A ..- -., K

o p o st ST

. . 2, s
TR oy e £, X
e MR AR 2SS

. 2t
s

5 e
A
PR e

o

ot -t,
TR

.A.f:.vyh/iéf./ ,;f;d; ,,.,i,,..#,s.:_.,
Fp .,.rm.im' RN w, wm{-, Bl G

-



http://www.abbottaerospace.com/technical-library

" e L
5 e S S Sy L TR
Jﬁm"ﬁ ot o Tt RO AP

o,

[ [ .
i Ay A
TR

o ‘l‘ﬂ“\‘i’!‘, PV

g
YRS

ey

AN

i

Program room temperature tensile goals were nearly
met with Ti-13Cu alloy in both as-cast and the cast
plus duplex heat treated conditions while the cast
(or cast plus HIP) plus duplex hzat treated
Ti-13Cu-4.5Ni also met the room tenperature goals.
These results are in marked contrast to Trial "A"

tensile results, which did not meet program goals.

o Both oxygen and yttrium contamination were found to be
lower in castings of the lower melting point Ti-13Cu-
4.5Ni alloy (2425°F) compared to the higher melting
Ti-13Cu (2630°F) and Ti-13Cu-1.5A1 (2605°F) castings.

o Consistent and reproducible tensile properties waro
obtained between ingot and cast material confirming
expected behavior from previously-discussed alloying
and heat treatment concepts.

Metal, induction melted in the Y203-15Ti crucible, again
demonstrated acceptably low oxygea levels (0.2 - 0.4 percent),
which did not severely degyrade cast alloy ductility. Yttria
second phase particles continue to b> <hserved in castings made
with these crucibles. Castings made with the experimental
Y203/K28i03 facecoat mold and the Howmet Monograf molds showed
acceptably low surface contaminatirn.

3.7 Summary - Phase II

Titanium casting trials were conducte¢ at the AiResearch
Casting Company (ACC) using conventional superalloy vacuum in-
vestment casting techniques. Two ~uzting trials were conducted
using the akove conventional foundry procedures to produce cast-
ings from three low melting titanium alloys, Ti-13Cu (MP =
2630°F), Ti~13Cu-1.5A1 (MP = 2605°F), and Ti-13Cu~-4.5Ni (MP =

2425°F). These alloys were selected on tne basis of tensile
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properties, heat treatment response and melting temperature.

Alloys having a range of melting temperatures were selected to
permit an assessment of the influence of melting point on the
casting praczess.

Buring the first trial, Ti-13Cu ard Ti~13Cu-4.5Ni alloys
were cast 1ilto standard zircon molds to produce bkars for tensile
testing, metallurgical evaluation, and chemical analysis. This
more reactive zircon facecoat mold system was used dus tc slurry
stability and firing problems encountered with an experimental
mold system. Tensile resuits for machined bars indicated rocm
temperature and 6Q00°F properties generally equal to ingot prop-
erties, but below program strength goals. Bars tested with the
cast surface intact saowed decreaced ductility but the 2-3 per-
cent elongation levels were consider=d promising considering the
reactive mold system whi<ch wac used (zircon facecoat).

For the second casting trial, a Ti-13Cu-1.5Al alloy was
selected in order to obtain the required room temperature and
600°F tensile strength leveis. The addition of aluminum had been
shown during Phase I to provide s:ignificant strengthening improve-
ments without serinus degradation in ductility for heat treated
materirs.. Tk Ti<«13Cu-1.5Al alloy, as well as the previous two
alloys (T1~13Cu and Ti-12Cu-4,5Ni}!, were all cast during the
second trial using a variety o. w0ld systems including the Howmet
Corporacion Monograf, experimental Y203/K£Si03 and Y203-Tioz-sio2
systems, and the ACC zircon. Varying i :ls of incernal def:cts
were encountered with castings, theref: ¢ rrjuiyring the use of
hot isostatic pressing prior to testiiqg. Foor soundness resulted
from the low mol:i preheat tesnerature (600°F} used with the
Monograf mnld system. The Ti-13Cu-1.5A1 alloy, cast into a
Howmet Monograf mold, matchg : ingot properties and met proyram
tensile goals at room temperature and 60G°F in the HIP plus heat
treated condition with the exception of room temperature tensile
ductility that was ¢ ightly lew (4.7 vs 5.0 percent elongation).

19
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The Ti-13Cu-4.5Ni alloy also met tue program coom temperature

tensile goals which was particularly encouraging due to its low
melting point (2425°F).

Induction melting of these alloys during the second trial
promoted oxygen levels from 0.2 to 0.4 percent and yttrium levels
from 0.2 to 0.55 percent in castings. These ccntamination levels
were equivalent to tuncse obtained in the first casting trial and
did not severely degrade tensile ductility, indicating the three
low melting point titanium alloys had good tolerance to contamina-
tion znd the presence of the Y¥,0, inclusions. Castings were made
into several mold systems and indicated the Howmet Monograf and
the experimental YZOB/KZSiO3 types were the best containment ma-
terials of those evaluated. Both promcted low contamination of
surface metal, thereby producing ductile castings. The
Y203/K25103 type formu.paticn for mold facecoats indicated good
promise for further development because of its low contamination
quality and its capability for high mold preheat temperature.

The above results established feasibility for the casting of
titanium alloys (low melting pcint) using conventional superallcy
vacuum investment techniques. Selected castings displayed good
surface and internal soundness, tensile properties which met the
program goals, and a tolerance for contamination. Areas which
require additional investigation are: (1) determination of mold
facecoat compositions which will sinter to a hard condition at
conventional foundry capabilities (near 2000°F), (2) defining the
effect of 1203 inclusions on mechanical properties (fatigue,
notch tensile, etc.) of cast metal, and (3) reduction of the
melting crucible reactivity and tendency to crack during casting

activities.
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4.1

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The concept of producing titanium castings using low-melting

alloys, vacuum induction melting in a ceramic crucible and low-

reactivity investment molds was successfully demonstrated. Devel-

opment work conducted in achieving this objective established the

following:

Reducing the melting temperature and required process
temperature significantly decreases the reactivity

of titanium alloys.

A series of low-melting alloys based on the titanium-
copper system exhibited an attractive combination of
melting temperature (<2600°F), castability., heat

treatment resporse and mechanical properties.

Yttria and yttria-base ceramic materials exhibit
the least reactivity with molten titanium alloys.

Titan.um modification of the yttria ceramic materials
was effective in improvi-g 4he thevmal gheck resis-
tance to allow its use a3 a melting crucible.

The yttr’a/potassium-silicate mold facecoat syscem
produced minimal mold/mwtal reaction with ticanium.

Castings of the Ti-13Cu~l.53Al alloy using the above
technologies demonstratad a good tulerance for oxygen
contamination and Y203 inclusions and nearly met all

the program tensile property goals.
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4.2 Recommendations

Demonstration of the above corcept (induction melting and
casting of low-melting titanium alloys)} provides a firm founda-
tion from which a final manufacturing process can be developed.
The followinj ar2as are recommended for investigation to fully
establish a low-cost process for investment casting of titanium

alloys:

o} Deve.op mold facecoat fabrication tezhniques,
for low reactivity ceramic materials. The
Y203/K28i03 system provides an excellent bLase for
this work. This is of primary importance to the
process and to the Jow cost approach.

o Additional evaluation of moderately reactive mold
systems should alsc be conducted in conjunction with
chemical milling of the casting surfaces to estab-
lish the most cost-effective process.

(o} Optimize the melting crucible composition, config-
aration and structure to improve its performance

e

uriiiy melting operations.

o Optimize the current low melting titanium alloy
system ({Ti.-Cu} 2nd heat treatm>nt to provide better
alloy castability and improved properties.

o Conduct additional casting evaluations to fully
demonstrate size aad configuration flexibilities of
the process.

o Fatigue and structure sensitive mechanical properties
should be evaluated to define the efrect of ;04 type
inclusions as well as completely characterizing the
cast low-melting alloy.
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APPENDIX A

CHEMICAL ANALYSIS RESUILTS

Description

Chemical Compositicn of Phase I Ingots

Chemical Composition of Phase II Ingots Used
for Casting Trials

Compilation of Chemical Analysis Results for
Casting Trial "A"

Compilation of Chemical Analysis Results for
Casting Trail "B"
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TABLE A-1

CHEMICAL COMPOSITION OF PHASE 1 INGOTS

Heat

Nominal

Weight, percent 0 H
No., Composition [ N Fe Others 3 ppm
Jask 1
24033 Ti-11C0 0.02 0.014 0.0k 10.8¢o 0,148 146
34029 Ti-13¢Cu 0.0t 0.011 0.02 13.1¢u, 0.090, 0.078 38
24034 Ti-11N 0.01 0.013 <0.01 10. 1N} 0.160 122
24031 Ti=-4Si 0.01 0.014 0.05 3.75i 0,107 109
24032 Ti-8Cu-6.5K1 0.02 0.012 0.0 7.8Cu, 6.6Nf 0.069 93
24036 Ti-thHa=0.03¥ 0.01 0.012 0.04 12.5Mn 0.106 79
24037 Ti-20Cr~0.03Y 0.0i 0.017 0.14 19.9¢r 0.080 4o
24035 Ti-9Fe-0.03Y 0.01 0.013 8.7 0.02y 0.086 1s
24706 Ti-18e 0.01 0.011 0.04 1.28e 0.108 64
24105 Ti-1Be-25i 0.01 0.010 0.05 1.28e, 25i 0.102 69
24108 Ti-2.78e~2.5V-0.3A 0.02 0.015 0.05 2.6v, 0.38a, 3,08~ 0.104 73
24107 [i-2,78e~52r 0.01 0.012 0.03 5.0Zr, 3.08e 0.090 9%
24038 Ti-2.78e 0.01 0.013 0.0t 2.78e 0.c79 105
Jask 11
24217 Ti-16Cu 0.01 0.007 0.0t 16.3Cu 0.0%3
24218 Ti-13Cu-2.5Fe 0.02 0.008 2.4 13.6Cu 0.081
24219 Ti-10Cu-2.5Fe 0.01 0.007 2.4 10.3Cu 0.077
24220 Ti-10Cu 0.01 0.008 0.03 10.3¢cu 0.082 79
24221 Ti-13Cu-1Co 0.02 0.012 0.04 13.6Cu, 0.9Co v.093 87
24222 Ti-7Fe-0.03Y 0.02 0.010 6.5 0,084 81
24223 Ti-7Fe-5Kn-0.03Y 0.0 0.009 6.4 4.7 0.996 9
24224 Ti-13Cu-4.5Ni 0.02 0,008 0.07 13.7Cu, 4.581 13.1Cu | 0,094 99
34267 Ti-13Cu-18e 0.01 0.016 0.01 13.1Cu 0.086
24268 Ti-7Fe-18e-0.03Y 0.0 0.020 6.7 0.112
24269 Ti-2,78e-5V 0.01 0.016 0.04 5v 0.139
24264 Ti-13Cu-3A1 0.0t 0.014 0.03 12.8Cu, 3.2A 0.093
TASK 111 -
T 0.185
24273 Ti-13Cu-0.20 O, 0.01 0.014 0.01 13.0Cu {827
24275 Ti=13Cu=~2A1 0.01 0.010 0.6 13.3Cu, 2.1A) 0,077
24276 Ti~13Cu-45n 0.01 0.010 0.01 13.5Cu, 4,250 0.070
24277 Ti-10Cu-2,5Fe~2Al .01 0.010 2.5 10.4¢u, 2.5Fe 0.074
24278 Tf=16Cu-1.54) 0.0} 0.011 0.01 16.4Cu, 1.5A1 0.077
24279 Ti-19Cu 0.02 0.015 0.01 18.7¢u 0,063
24280 Ti-13Cu-1Al 0.01 0.010 0.01 18.3Cu, 1,0Al 0.074
24281 Ti-13Cu~0.25Y,0, 0.0t 0.010 0.0t 13Cu, 0.09Y 0.125
0,160
201
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TABLE A-2

CHEMICAL COMPOSITIONS OF PHASE II INGOTS USED
FOR CASTING TRIALS

Heat Nominal

No. Composition c N Fe Cu Al Ni 0
25056 | Ti-13Cu 0.01 0.01 0.02 13.3 - - 0.052
25057 Ti-13Cu~4.5Ni 0.01 0.01 0.01 13.3 - 4,6 0.052
25254 | Ti-13Cu-~1l.5Al 0.02 0.009 0.01 13.7 1.4 -- 10,06
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TABLE A-3

COMPILIATION OF CHEMICAL ANALYSIS RESULTS FOR CASTING TRIAL "A"
Sample Chemical Analysis (Wt-%)
Pour Humber Numbers N Y 7T AL 51 Na ¢ [ cu NI
Typical Analyses
1 196, 212 0.26 1 0.44 0.006 0.005 . 12,72
2 194, 204 0.28 ] 6.4y 0,006} 0,005} 0,008| 0,001
3
4 236, 235, 234 0.20 ! 0.44 0.006
5 189, 190 0.21]0.28} 0.027] 0.007| 0.010] G.003 3.93
6 192, 193 .19 1 0.26 0,008
7 223, 222 0.14 1 0.19
8 207, 213 0.68 1 0.37 0.045 0.025 12,99
9 225, 224 0.3110,.55
10 197, 198 0.2910,50 0.004) 0.008
11 214, 0,55
231 0.36
200, 208, 209 0.30}10.54 { 0.023 0,031 12.65
12
i3 199, 202 0,18 40.27 6.006{ 0,011
14 202, 203 0.2810.37 | 0,020% 0,006} 0,013 13.071 4.01
15 227, 226 0.2510,28
Special Analyses
5=4 Skin removedi 191 0,005 0.008
11-1, low X-~ray 230, 0.41
gas 208, 209 0.30
14-1, high X-ray | 210, 0.35
gas 211 0.35
2-3 surface 215 0,68
shavings
5~4 surface 216 0.52
shavings
10-3 surface 217 0.74
shavings
13-3 surtace 221 0.62
shavings
5-4 pulk, w/o 218 0,22
above surface
10-3 bulk, w/o 220 0.24
above surface
13-3 bulk, w/o 219 0.16
above surface
4 surface layer 236 9,029

*Oxygen by leutron Activation, others by Spectrochemical
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APPENDIX B

COMPILATION OF TENSILE PROPERTIES

Description

Summary of Room Temperature Tensile Properties
and Hardness for All Phase 1 Alloys

Alloy Ti-13Cu: Compilation of Tensile Properties
for Phase 1I, Task II Test Bar Castings

Alloy Ti-13Cu-4.5Ni: Compilation of Tensile Prop-
erties for Phase 1I, Task II Test Bar Castings

Tensile Properties (Room Temperature) for Bars
Machined From Test Bar Casting Center Sprues

Additional Tensile Properties for Phase II,
Task II Castings

Tensile Tests for Casting Trail "B"

205

Table No.

e ke T WAl

N L L VAW

AP NEUN



http://www.abbottaerospace.com/technical-library

DR~ vt o Rl Sl A
Bym s ANeC T B N .

-

{Page 1 of 13)

TABL", B-1l

SUMMARY OF ROOM TEMPERATURE TENSILE PROPERTIES AND HARDNESS
FOR ALL PHASE I ALLOYS

Heat trzatments listed in the table are identified by the following:

(a) Heat treatments listed as furnace cool (FC) have been cooled at a rate of
100°F/hr. to 900°F and then air cooled, unless otherwise stated.

(b) AC refers to air cooled

(c) WQ refers to water quenched

INDEX TO ALLOYS

Composition (M.P.)#* Page Composition (M.P.) Page
Ti-8Cu-6.5Ni (2515)* 207 Ti-19Cu (2415)* 214
Ti-10Cu (2725)* 207 Ti~19Cu~1A1 (2410) 214
T%-IOCu-Z.SFe (2625)_ 207 & 208 gi:;gg:gég%. §§4?)2570) 2142{.5215
Ti-10Cu-2.5Fe-2AL (2595) 544 Ti-7Fe-5in-0.03Y (2680) 215
Ti-13Cu (2615)* 208 & 209 Ti-9Fe-0.03y (2695) 215
Ti-13Cu=-2.5Fe (2370)* 209 & 210 Ti-14Mn-0.03Y (2695)* 215 & 216
Ti-13Cu-lCo (2595)* 210 $-20Cr-0.03% (282G} 216
Ti-13Cu~4.5Ni (2425)* 210 Ti-1Be (2805)* 216
Ti-13Cu~1Be (2505) 211 Ti-1Be-2Si (2660)* 216
Ti-13Cu~2Al (2G05) 211 Ti~2,7 Be-2,5V-0.3A1 (2570) 217
Ti-13Cu~-3A1 (2599)* 211 & 212 Ti~2.7Be-5V (2570) 217
Ti~13Cu-0.2 0 (2635) 212 Ti-2.7Be-52r (2570) 217
Ti-13Cu-0.25 Y,0, (2635) 212 Ti-45i (2695) 218
Ti-13Cu-4Sn (2590) 212 Ti-11Co (2500) 218
Ti-16Cu (2515)* 213 Ti-11Ni (2695) 218
Ti-16Cu-1.5A1 (2500) 213 & 214 Ti-2,7B2> (2570)*

oy S s SR £ Fiey miens

*Alloy melting points (°F) having * were experimen-ally determined in the program,

206
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TABLE B+~ - Continued

(Page 2 of 13)

Room Temperature
Tensile Properties
o
He;: N Heat Rockwell A UTs | YS EL RA
Numbexr Composition Treatment Hardness ksi | xsi ;3 3
] —p—— = BYOKe out~
24032 | Ti-8cu-6.5N4 Arc Melted Ingot 62.1 124 | 91} 2.9] 2.0} gidg Gauge
114 8¢ | 6.0 6,2 "arks
1360P~1 hr-FC 58.2
1450P~1 hr-FC 58,0 95 64 5.5 7.9
98 | 66 | 5.0 | 4.0}Broke at
G.M.
1700F-~8 hrs-FC 65,2
1725-1 hx-FC 59,1 97 71 4.0 4.8
97 71} 4.0 5.9
1725F~) hr-FC+ 58.8
1360F-24 hrs~AC
1760F~1 hr~AC+ 120 87 | 4.0 3.0
1300F=-8 hrs-AC 125 86 | 6.0} 5.0
1760P~1 hr-hAC+ 120 83 8.0 9.0
1400F~8 hrs-AC 112 79 6.0 7.0
24220 Ti~10Cu Arc Melted Ingot 60.9 136 102 7.0 9.7
133 100 5.0 9.4
1400FP~1 hr~FC 54.0
1560F~1 hx-FC 53.7 8l 61 ]22,0 ]27.3
82 61 |24.0 {27.3
1760FP-1 hr~FC 61.3 107 75 §10,0 10,2
107 80 }10.0 ) 8.2
1760P-1 hr-AC 63,0
1760F-1 hr-AC+ 69.1
1150F~8 hrs~AC
1760F-~1 hr-AC+ 65.2
1300F-8 hrs-AC
1760F=-1 hr-AC+ 65.0
1450F~8 hrs-AC
24219 Ti~10Cu-2,5Fe Arc Melted Ingot 63.1 148 128 2,5 2.8
156 132 4.5 4.8
1400P-1 hr-FC 57.2
1560F-1 hr-~FC 60,5 106 77 }14.0 | 11,7
105 71 ]11.5 J12.0
1760P-1 hr-pC 64.9 112 80 | 6.5} 5.2
112 78 7.5 6.6
1760F-1 hr~AC 74.8
207
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TABLE B~1 - Continued

(Page 3 of 13)
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Room Temperature

Tensile Properties
Heat Heat Rockwell A | u®s } ¥s | EL | Ra
Number Ccomposition Treatment Hardness ki k8i $ )
24219 Ti-10Cu~2,5Fe 1760F~1 hr-AC+ 70.1
(Contd) 1300F-8 hrs-AC
1769~1 hr-AC+ 132 S9 5.0 6.3
1400F-8 hrs~AC
1760P-1 hr~AC+ 130 102 5.0 6.0
1400F-16 hrs-aC
1760F~1 hr-AC+ 70.0
1450F~8 hrs~aC
176QF-) hr~AcC+ 136 106 3.5 2.8
1500F-8 hrs-AC
1760F=1 hr=-AC+ 151 124 5.0 3.2
1560F-8 hrs-AC
24277 Ti=-10Cu~2,5Fe~2A1 | Arc Melted Ingot 70.4 175 168 2,0 4,0
170 160 2,0 4,0
1400F~1 hr~FC 65,1 136 114 5.0 5.5
137 114 5.0 7.0
1560F~1 hr=FC 64.4 332 106 7.0 4,1
13} 106 7.0 7.1
1650F=-1 ax~AC+ 69,5
1450F~24 hrs-aC
1760F-1 hr-AC+ 73.3
1150F~8 hr-AC
1760F-1 hr~AC+ 270.6
1300P-8 hx-AC
1760F~1 hr~AcC+ 83,6
1450¥~8 hrs-AC
1760P~1 hr-acC- 8.6
1450F~24 hxnus=AC
1760F~" hx~AC+ 71.8
1454"-46 hrs-AC
34029 | Ti-13cu Ave Mestea Ingot 58.2 104 | s2]10.5] 9.7}
105 82 }10.0 | 11.6
1300F~8 hrs-Ac 59,2
1560P~1 hr~FC 53,0 85 62]113.0 16,0
83 59 14,0} 20,0
1560r-1 hx~rce 88 68 112,0117.0
600F/hz tc 239r-AC
208
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TABLE B-1 - Continued

(Page 4 of 13)

Room Temperature
Tensile Properties
Heat Heat Rockwell A UTS s EL RA
Number Composition Treatment Haréness ksi ksi 3 )
340629 72i-13Cu 1760F-1 hr-FC 59.3 74 58 | 5.0 6.0
(Contd) 74 59 { 5.0 5.0
1760F-1 hr-Fc@ 54,3
200F/hr to 900F-AC
1760F~1 hr-Fce 61.3
S75F/hr <o 900F-AC
1760F~1 hr-rFce 96 74 [10.0 | 12.0
600F/hr to 9060F-AC
1760F-1 hr-AC 69.9
1760F-1 hr-AcC+ 62.7
“ 1150F-8 hrs~AC
1760F-1 hr-AC+ 63.1
1200F~-8 hrs-AC
g 1760-1 hr-aAC+ 64.6
,{l 1%250F-2 hrs-AC
a8 1760F~1 hr-AC+ 66.8 126 | 91 | 7.0{ 9.4
E 1250F~4 hrs-AC 123 90 | 6.0 9.4
3 1760F-1 hr-AC* 65,6 128 | 88 | 6.0{ 8.6
, 1250P-8 hr-AC 114 88 | 6.0 | 8.3
: 1760F~1 hr-Ac+ 65.9
5 1300F-4 hrs-aC
1760F-1 hr-ac+ 64.1 118 88 110.0 [12.0
1300F-3 hrs-aC
1760F-1 hr-AC+ 62.7
1350F~8 hrs-AC
1760F-1 hr-AC+ 63.3
1400F~8 hrs=-AC
18 1760F-1 hr-AC+ 61.3 106 | 82 fo.0 |11.0
ﬁg 1450F-8 hrs-AC
: 1760F-1 hr-FC+ 66.0
& 1560P~4 hrs-aC
04 1760F-1 hr-FC+ 63.6
'g 1560F~24 hrs-AaC
! 1760F~1 hr-AC+ 60.7
; 1560F-8 hrs-AC
3 Ti-13Cu~2.5Fe Arc Melted Ingot 63.7 122 98 | 4.0 ] 2.0
: 126 97 | 4.0} 3.2
§
A 1400F~1 hr-FC 56.6
; 1560F-1 hr-FC 59.1 100 75 § 5.5} 3.6
o 97 73 | 5.0 | 2.8
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TABLE B~l - Continued

(Page 5 of 13)

Room Teiperaiure
|__Tensile Propuities
Heat Hest Rochwell A Urs | Ys EL 2A
Number Composition Troatment Hardness ksi | ksi 4 ?
34029 Ti~13Cu~2,5Fe 1'760F~1 hr-FC 63.4 17 76 5.0 - | Broke outsids
(Contd) 8S 72 1.0 - § G.M.
1760F-~1 hr-AC 72.6
1760F-). hr-AC+ 70.4 134 115 4.0 4.0
1300r-8 hrs-AC 127 120 3.0 3.0
1760F-1 hr-AC+ 123 102 2.0 5.0
1400P~8hrs-AC 130 102 4.9 6.0
1760F-~1 hr-AC+ 68.6
1450P~8hrs-AC
24221 Ti-13Cu~1Co Axc melted ingot 59.8 106 86 5.0 10.0
110 88 8.0 9.0
1400F~1 hr-fFC 55.4
1560F~1 hr~FC 56.8 51 62 10.5} 7.1
89 62 10.0] 8.2
1760+1 hr-¥C 60,5 81 63 €.5 3.6
75 63 4.5 3.2
1760F~1 hr-AC 70.5
1760F~1 hr-AC+ 68.2 121 99 6.0 7.0
1300F~-8 hrs-AC 17y 97 5.0 { 6.0
1760P~1 hr-AC+ 110 92 8.0 6.9
1400F~8 hrs-AC 114 87 9.0 10.0
1760F~1 hr-AC+ 65.5
1450FP-8 hrs~AC
24224 Ti-13Cu-4.5M1 Arc melted ingot 57.3 92 78 - - }Broke outside
103 76 6.0 4.3 G.M.
1400F-1 hr-FC 5.8
1580F~1 hr-rFC 56.3 89 63 5.0 2.4 }Btoke 1/8"
87 65 5.0 2.8 Jinside G.M.
1760F~1 hx-FC 58.9 75 59 3.0 1.2
78 62 3.0 1.2
1760F~1 hr~-AC 70.5
1760F-1 hr-Ac+ 67.9 1ms| ns| - ~ Droke outside
1300F-8 hrs-AC o
1760F~1 hr-AC+ 108 82 5.¢ 6.0
1400F-8 hxsg=AC
1760F~1 hr-AcC+ 63.5
1450F~8 hrs-AC
1760F~1 bhr-AC+ 98 74 4.0 4,0
1475F=-8 hx-AC
1760F~1 hr=AC+ 102 7 4.0 3.0
1560F=-8 hrs-AC
1760F~1 hr-AC+ 119§ 104 4,0 | .0
1375F=8 hr=-AC ,
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TABLE B-l - Continued (Page 6 of 13)

otdeo, S Wiyl
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Room Temperature
Tensile Pruperties
Heat Heat Rockwell A UTS Ys EL RA
Number | Composition Treatment Hardness ksi kst 3 [}
24267 Ti-13Cu~lba Arc melted ingot 61,7 72 - - - }Broke outside
77 - - ~ {G.M.
1400F~1 hr-AC 59.0
1560F~1 hr~AC 53.2 65 46 2.0 -
59 45 2.0 -
1760F~1 hr-FC 54,5 60 53 1.0 -
52 50 1.0 -
1760FP~1 hr-AC 69.5
24275 Ti-13Cu-2A1 Arc melted ingot 64.8 143 | 138 1.0 -}Bx:oke outside
€% 1 14¢ 1.0 - G.M
1560F~1 hr-PC 58.9 104 § 92 12,0f 13.8
106 | 92 | 12.0f :3.9
1760F~1 hrx~AC+ 69.4
1150P~8 hr-AC
1760F~1 hr~AC+ 64,6
1300FP~8 hr~AC
1760P~1 hr-AC+ 62,1 127 J 104} 6.5 7.5
1450FP~8 hrs=AC 126 { 105} 6.53 7.0
24264 Ti-13Cu~-3Al Arc melted ingot 64.7 147 - - -
143 - -
1400F~1 hr-FC 63.6
1450F~8 hrs-AC 64.9
1560P~1 hr-FC 62,3 122 } 104§ 10.0¢ 10,6
118 106 5,51 6.3 Broke outside
G. 7,
1560P-2 hrs-PC 63.9
1560F-4 hr-PC 63.4
1560F-8 hr-PC 61.6
1560P-8 hrs-AC 67.4
1560F-24 hr-AC 64,1
1650£-8 hrs~AC 71.0
1760P~1 hr-FC 66.5 140 § 121§ 2,2} 3.6
137 ] 119§ 2.5}) 2.0
1760P-1 hr~-AC 72.7
1760P~ 1 hr~AC+ 156 { 135 2.0}« 2.0
1300F~-8 hr~AC 56 } 1371 2.0}« 2.0
1760P-1 hr-AC+ 145 } 127 ] 6.0] 6.0
1400P-8 hrs~-AC
1760P-1 hr-ac+ 138 122 6,0 7.0
1475P~8 hrs-AC
1760P~1 hr~AC+ 137 ] 124§ 6,0] 8.0
1500F-8 hrs~AC
211
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TABLE B-1 - Continued (page 7 of 13)

Room Temperature
Tensile Propertios
lteat Heat Rockwell A UTS | Y8 EL RA
Humber Composition Treatrent Herdness kei { ksi ) |}
24264 ri=13Cu~-3A1 17601} hr-AC+ 63.1
{Contd) 1500F=-1¢ hig=AC
1760F~1 Rr-ACe £5.8
~500F~24 hrs-AC
176C0F=1 L. ~RC+ 146 | 128 | 7.u | 7.0
1569F~8 hrs~AC
1769F~1 hr-ac+ 66,7
1560F~16 hrs~AC
24273 Ti-13Cu~0.2 0 Arc nelted ingot 63.6 132 | 109 ] 3.0 | 2.0
120 | 102 | 3.0 | 2.0
1560F~1 hr-FC 59.6 95 72 5.0 | 5.6
95 72 4.0 | 3.5
1750F~1 hr-AC+ 65.9 134 | 108 | 3.5 1 2,0
1300F=-8 hrs-AC 136 1 108 | 4,0 { 4.8
1760F~1 hr=-AC+ 64.3
1450F-4 hrs~AC
1760P~1 hr-AC+ 64.7 122 | 102 | 5.0 | 4.8
1450F=8 nrs-AC 1235 | 100 | 5.0 | 5.9
24281 Ti-1"Cu-0,2L Y?O3 Azc melted ingot 57.8 104 | 76 9.0 | 10.8
102 | 76 7.0 ] 9.1
1560F=1 hr=-FC 54,5 87 56 10.0] 15.7
86 54 12,01 16.8
1760F~1 hr-AC+ 63.9
1150F-8 hrs~AC
1760r~1 hr-AC+ 66,0
1300F=-8 hrs~AC
1760F~1 hr~AC+ 60,2 308 | 77 8,0 3.0! Broke outside
1450F-8 hrs~AC 104 ! 75 8.0 | 8,7 G.M.
2427¢ Ti=12u=45n Arc melted ingot 62.7 118 | 100 | 8,0 | 8.6
116 | 929 8.0 | 10.9
1560F~1 hr-¥cC 58,7 y A8 78 3.0 | 5.8
A 77 9.0 | 10.5
[4
1760r~-1 hr-AC+ 69.5
1150P~8 hrs~AC
1760F=1 hr-AC+ 66.6
1300F-8 hrs-AC
1760P=~1 hr-AC+ €4.6
1450F~8 hrs-AC
1760F~1 hr-AC+ 61.8
1450F-16 hrs~AC

212
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. Page 8 of 13
‘ TABLE B-1 - Continued (Pag ) B
s Room Temperature )
= Tensils Properties =
A Heat X Heat “JCkwell A urs | ¥S EL RA T
293 Numbeyr Composition - Treatment Hardness kei | ksi | % J fi
44 24217 | Ti-16Cu Arc melted ingot 97. | 715 | 9.0 | 10.0 b
£ 97 | 76 | 9.0 | 12.0 ?
B L £
B E 1300F~-8 hrs-ac 59.0 z
B 1400F-1 hr-FC 9.3 . s
£ 1400F-8 hrs~AC 58.9 ;
s 14005~16 hra~AC 100 | 81 | 5.0 | 6.7 ‘
B 100 | 78 | 5.0 | 5.9 -
il 1500P-1 hr-AC+ 55.1 3
b= L 1300F~8 hrs~AC ?,
=i %
£ < 1560F-1 hr-FC 82 | 56 | 9,0 8.9 :
s ! 84 | s8 | 10.0] 9.0 p
=5 1560F~1 hr-AC+ 56.9 ;
s | 1300F=8 hrs-AC {
! 1760P-1 hr-aC 68.9 3
e 1760F~-1 hr-AC+ 63.0 ;
S 1100F-8 hrs-AC 3
22N 17€0F-1 hr-ac+ 62.8 119 | 97 | 3.5 | 4.0 i
b 1200P-4 hrs-AC 120 | 99 | 4.¢ | 6.3 :
e« 1760F-1 hreiC+ 62.5 :
S 1200F~-8 hrs=AC ;
- 1760P=1 hr-ac+ 64.2 :
1200F-16 his-AC :
; 1760P-1 hr-AC+ 67.6 :
¢ 1300F~4 hrs-AC ¢
¢ 1760F-1 hr-AC+ 64,4 10 |91 | 4.0 | 6,0 3
¢ 1300F-8 hrs-AC 3112 | 92 | s.0 | 8.0 :
¢ 1760F~1 hr-aC+ 60,7 ;
1300F-16 hrs~AC K
p 1760F-1 hr-ac+ 62.8 '
3 1400F=4 hrs-AC
; 1760F~1 hr~AcC+ 62.9 112 |91 | 6.0 6.0
: 1400F-8 hrs-acC 108 {52 | €.0 | 8.0
1760F-1 hr-Ac+ 63.5 106 | 92 | 4.0 | 4.5 :
1400F~16 hrs-AC 109 | 94 | s.0 | 5.9
1760F-1 hr~FC 57.4 | 70 |se | 4.0 |2.0
74 |56 | 5.0 2.0 .
24278 | Ti-l6Cu-1.5A1 | Arc melted ingot 63.3 113 1 97 | 4.0 | 5.3 .
124 | 97 | 4.0 | 5.2 ;
: 1560P-1 hreFC 58.8 94 |79 | 4.5 | 5.6
< 94 |78 | 6.0 | 4.1 ,
i 1760P~1 hr-AC+ 70.1 :
£ 1150F-8 hrs-AC
: 1760F-1 hr-AcC+ 67.7 .
c 1300F~8 hrs-AC )
213 ;
p
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TABLE B=1 -~ Continued

(Page 9 of 13)

Room Temuerature
Tensile Properties
aat Hazg Rockvwell A urs | Ys L KA
| Nusdur Conposision Trsatment Hardness kei | kal ) 2
242738 Ti=16Cu-i.5Aal 17600~1 hr~AC+ 65.8
{Contd) 1450F~8 hrs-AC
1760F-1 hr~AC+ 63.4 122 sad 4,5 5.2
1450F~16 hrs=-AC | 120 | 113 | 3.0 | 4.8
242719 Ti-19Cu Arc neitod ingot 57.0 87 65 4,0 | 4.0
90 65 4,0 | 2.8
1560F~1 hr~FC 53,0 69 53 1.0 ~ Broke outside G.M.
(1] 52 4.0 | 3.
1760F=) hr-wg 73.5
1760F=1 hz-~WQ+ 72.%
1050F-8 hrs-wQ
1760P~1 hr=-AC- 5€.3
1150F=8 hrs-AC
1760F=1 hr-AC+ 55.4
1300F~8 hrs-AC
1760F=1 hx -AC+ 56.6
1450P~8 hes=AC
1760F~1 hr~Wo+ 6.4 92 74 4.0 | 2.4
)L4SOF~8 {irs~2C 97 80 4.0 ¢ 2.8
24280 Ti=19Cu~1Al Arc meited ingot 59.8 98 80 3.0 ¢ 2.4
. 95 73 3.0 ; 2.4
1560F~1 hr~iC 56.3 86 65 5.0 7.4
90 68 5.0 | 5.9
1760F=1 hr~-AC+ 64.9
1150F~8 hrs-AC
1760F=1 hx-AC+ 63.5
1300F~8 hrs~AC
1760F~1 hr-AC+ 60.4 97 79 4.0 } 3.2
1450F-~8 hrs-AC 101 | 78 4.0 | 4.5
24222 7i~7Fe~13,03Y Arc melted ingot 65.2 142 120 3.9 3.3
137} 116 ] 3.0 ] 3.6
1425F~1 hr-FC 62,7 116 | 82 2,01 30
116 | 84 3.0 | 3.0
1525F~) hr-FC 63,7 123 § 102 | 5.0 | 5.8
118 | 86 8,0 ] 6.3
1525F=1 hr-WQ 71.9
1525F=1 ..r-WQ+ 64.7 125 - - ~\ Broke in
1025F-24 hrs-AC 123 - - - { shank
1525F=1 hx~-WQ+ 121 ] 120 | 1.0 —} Broke outaide
1025F=96 hrs-AC 118 - 1.0 -~ f G.M,

214
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TABLE B~l1 - Continued (Page 10 of 13)

Room Temrperature
L. Tensile Properties

Heat Heat Rockwell A urs | Ys EL RA
Humber | Composition Treatment Hardness kai | ksi L 3
24268 Ti~77e~1Be=0.03Y Arc melted ingot 64.6 120 { Y19 | L.0 -\ Broke through
103 - - -f yield
IF=1 hr-¥FC 6.5
' 23F=1 ar~WQ 72.3
4525F=1 hr-FC 64.6 77 - - =) Broke outside
94 89 2.5 -} M.
1525F~1 hr-wQ+ 66,3 113 - 1.0 -
1025F~-24 hr~AC - - - ~ Broke while
machining
24223 Ti=-7Fe=-5Mn-0,03Y Arc rmelted ingot 62.5 79 - - - } Broke outside
65 - - -1 G.M.
1425¥~2 hrs~FC 67.7
1525F=1 hr-WQ 67.7
1525F~1 hr-FC 69.2 27 - - -
43 - - -
1525F~1 hr-wQ+ 71.1 107 - - ~ Broke into 3 pcs.
1025F~:4 hr-AC 7% - - ~ Broke outside G.M.
24035 Ti-9Fe-0,03Y Arc melted ingot 71.4 165 - - -
142 - - -
1025F~) hr-FC 69.2
4 1625F~12 hrs~-AC 68.9
iy 1025F=24 hrs=-AC 67.5
: 1025F~48 hrs-AC 67.3
1200F~1 hr~{C 67.8 126 118 1.0 -
115 - - -
1500F~1 hr~FC 65,7 134 § 112 | 1.5 | 4.0
140 | 112 | 2.0 | 1.6
1500F~-1 hr-WQ 71.1
Ti-14M ~0,03Y Arc molted ingot 66.6 142 138 1,5 2,0
140 ] 134 | 2,0 | 2.8
975F-1 hr~FC 68.7
975F~12 h:zs~AC 7¢.1
975P~24 I .i3=A" 69.8
975F~4S hrs-AC 69,9
975F-96 hrs=AC 69.3
1100F-1 hr-FC 68.4
1290F-1 hr-WQ 67.0 113 - - -
105 - - -

215
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(Page 1l of 13)

TABLE B-1 - Continued

Room Temperatura
Tansile Propercies ~
- Heat. Heat Rockwell A urs | ¥8 EL RA
s Numbor Composition Treatrent Hardness ksi | ksi 3 %
Sﬁ 24036 Ti-14Mn=-0,03¥Y 1290F~) hr-~FC 66,3 136 136 2.0 1.8
?té {Contd) 140 | 135 2.5 2,8
»»’é.- 1670F~)% hr-Wg 70.0
s
3;; 24037 Ti~20Cr~0,03Y Arc melted ingot 64.4 1285 121 6.0 19,0
123 | 118 | 4.5 | 14.7
E 1190F~1 hr~FC 65,0
e
et 1190F=12 hr-AC 65,1
4 64.4
i
gf'
3
543 1190F=24 hrs<AC 64,9
1190F~48 hrs~AC 62.4 72 - - -
78 - - -
1670F~1 hr=-wQ 66,2
1670F~1 hr=FC 6l.6 89 - - -
94 - - -
24106 Ti=18e Arc meltad ingot 57.7 87 72 3.0 1.6
84 68 3.0 2.0
75 1775F=1 hr=rc 51.0 66 43 8.0 70
“ 64 49 6,0 | 4.8
b 1775F~1 hr=AC 61.8
prodt
;j 1775F=1 hr~FC 53.4 62 52 3,0 2,0
! to 1400F=4 hrs=AC 67 53 6.0 | 4.4
1775F=1 hr=AC+ 55.3
1400F~4 hra~FC
24105 Ti-1Bo=251 Arc molted ingot 62,9 87 92 1,0 -
96 92 1.0 -
2 1775F=1 hr~FC 59.0 72 | 67 | o | - Broke outside G.M.
) 62 - - ~ Brohe before yield
g‘f 1775F=1 hr-AC 67.0
i
pre: 1775F=1 hr=FC to 61,7 60 - - - Broke during yleld
2 1400F=-4 hrs-AC 72 70 - =~ Broke outside G,M.
7 1775F=1 hr-AcC+ 62,3
¢ 1440F=4 hre-AC
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TABLE B~1 =~ Continued

(Page 12 of 13)

Room Temperature
Tensile Prcpertias
Heat Rockwell A uTs Ys EL RA
[ Notabax Composition Treatmont Hardness ksi | ksi L )
24108 Ti=2,78e~2.5V=0,3A1 | Arc moalted ingot 61,2 92 87 1.0 -~ | Broke at
96 82 1.0 - }shank
1775F~1 hr-FC 54.3 85 74 2.5 1] 0.8
83 75 2,5 ] 0.4
1775F~4 hrs-rcC 79 71 2.0 -
80 72 2,0 -
1775F=8 hrs=FC 67 - 1.0 -1 Broke through
73 68 1.0 - yleld
1775F=1 hr=AC 63.3
1775F=1 hr=FC to 62.8
1400F~4 hrs-AC
1775F=1 hr=AC+ 58.6 80 80 2,0 ~ Broke at yield
1400F=4 hrs-rFc 93 79 2,0 | 1.2
24269 Ti-2,7Be~5V Arc melted ingot €3.5 111 | 9¢ 1,0 ~
112 | 90 10 -
1775F~1/2 hr-FC 53.5 61 52 1.0 -
62 - - - Broke outside G.M.
1775F=1/2 hr-FC to  61.3 74 50 1.0 -
1400F-4 hrs=AC 75 46 1,0 -
1775F=1/2 hr-AC 64,7
1775F=1 hr-FC 54.2
1775F-1 hr-AC 64,3
1775¢~1 hr-AC+ 61,9
1400P~8 hrs-AC
1775F=1 hr=WQ 78.4
’ 24107 | Ti-2,7Be-52r Arc melted ingot|  60.4 92 | 80 | 0.5 | = Broke outside G,M.
93 81 1.6 = Broke at shank
1775F~1 hr-FC 50.7 55 49 5.0 | 2.8
52 48 3.5 1.2
1775F~4hr~FC 51 42 4.5 4,8
48 41 3.5 ] 3.6
1775F-8 hrs-FC 49 42 4,0 4.6
52 43 4,01 4.0
1775F=1 hr-AC 60,6
1775F~1 hr-FC to 52.6 58 52 3.5} 1.6
1400F-4 hrs-AC 55 50 3.5 1,2
1775F-1 hr=-AC+ 55.8
1400F-4 hrs-FC
217
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TABLE B~1 - Continued

Room Temperature
Tensile Properties
Heat Heat Rockwell A TS | ¥s EL RA
Number Composgition Treatment Hardness hsi | ksi L] 3
24031 Ti-4S8% Arc melted ingot 60,5 95 87 2,0 2.0
95 87 2,0 2,0 Broke outside G,.M.
1500F=1 hr-FC 59.2 89 70 1.5 |<1.,0
87 70 1.5 1.6
1825F~1 hr-FC 58.3 77 72 1.0 |<1.0
81 70 1.5 |<1.0
2200F-1 hr=FC 71.9
2200F~1 hr~-FC+ 71.0
1500F=-24 hrs=-aC
24033 Ti-1llCo Arc melted ingot 73.0 120 - - ~ | Broke outside
130 - - - G.M.
1225F=-1 hr~FC 64.2 121 96 2,0 - Broke outside G.M.
141 | 89 1.5} 1.6
1700F~2 hr-FC 65.1 129 | 95 | 1.0| -|Brcke outside
124 | 64 1,0 - G.M.
1700F-8 hrs~FC 67.1
1700P-1 hr-wQ 69,8
1700F-1 hr~FC+ 64,1
1225F~24 hrs-AC
24034 Ti=11N4 Arc melted ingot 64.7 69 - 0.5 —} Broke outside
77 - 1.0 ~J G.M.
1380F-1 hr~FC 59,2
1700F~1 hx=-FC 55,1 58 53 1,0 1,2
54 51 1.0 }<1,0
1700F~1 hr-wQ 75.0 Broke apart on quenching
1700F~)1 hr~FC+ 56,7
1380F~12 hrs~AC
24038 Ti~2,7Be Hot forged and 53
rolled.
21€ JoF~4m.~PC 56
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TABLE B-4

TENSILE PROPERTIES (ROOM TEMPERATURE) FOR BARS
MACHINED FROM TEST BAR CASTING CENTER SPRUES

wrabed N8 % ¥ i PR 4

P T Y L R

R.T, Tensile Properties
Alloy/Sample* urs | ¥s | E1 | R/A Remarks
(ksi)| (ksi)| (%) (%) :
Ti-13Cu
Heat Treated 88,3} 81.9 2,3} 5.9 | Microshrinkage at failure
(10-7-2) origin, fracture surface
discoloration, med. small-
cleavage.
Ti-13Cu~4.5Ni
As-Cast 98 71 6.41 7.1 Low microshrinkage, high X
(6-7-2) small-cleavage, no voids. .
Heat-Treated 98.2 | 74.6 2,61 7.5 Low microshrinkage, med. .
(5~7-2) med-cleavage, no voids.
Heat-Treated 91.4 | 81.9 | 4.2| 7.1 | Low microshrinkage, low
(13-7~2) , med-cleavage, coarse
structure
*Heat treatment In air at 1760°F/l~hr/AC plus 1450°F/8~hrs/AC.
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TABLE B-6

TENSILE TESTS FOR CASTING TRIAL "B"

Sample | Type Mioy mold Hipped | Meat Trastment Cezx 1LY | achiciegf Tuse I Y & . frecture urfice .ppuifa o
Atoat Terp. | ms.) | xed) 10 ) {)
161 KT =13¢u 2izcon -- 1760/3430(8) - ‘as T rzads b 9.3 - 0.7 3.2 |tagqge micros Tavk o* OF 1) .
Argons alr rate cool osly surface »o*thv. 20 ¢ 10,02%")
1¢=2 /1% dar - 1760/1450(8) = air b age * 1.5 | 8%.6 7.6 §10.1 |nicroshrix at origr 8 {2)
163 /2" sar - 1760/1450(8) = Aurx - age T 104.5 | 9.9 | 4.0 r.y |svall micros e x, large
cloasage facet ot ONY)
16-4 3CTe .= 1760/1450¢3) - Yes Shrvads T 98.0 | 9.4 | 0.6 2.7 | srall microsier ¥, loweyerhut
Arqon 81x rate cool only cles rage, surface co tar, 204c
18-3  |1/2' ner - nose <o .- - - -
Test
16-4 1/2° mar - Nose - cage kel 110.9 | 95.9 § 7.9 | 11.6 |.ecium microstrink, low-
eedivus clesrage
167 34" sar - - - - - - ‘"‘:‘ e - - ==
17=4 FRH ) =13Cu=4.583 § Monograf .- “une - Threads "” 8.0 | 70.9 {(0.3) ]| 2.8 [Large void {0,050"} surface
co"tas. zove (0,0157)
17-2 1/2" sar Yes Hone - cage Eed 1.6 § 07.0 | 4.5 4.0 | Low-medium cleavags
17«) V2" sar Yes 1760/14%50(8) - Alr - Age T 108.6 | %4.5 | 6.9 9.4 | seall microshrink, lowesedium
cieavage
17=4 T Yes rone - Cage xT 0.9 ] 7.3 [(0.1)] 2.1 | Mediun-sedium clervage
17-3 1/2° sar Yos 1760/1560(1) = Alr = caje AT 100.8 | 81.5 | 3.0 .8 | swall microshrink, sedius-
seéiun cleavage, unususl area
at origin
17-6 /1 sar Yoo 1760/1430(8)=1C = Rl Gage xr 102.0 | 2.2 | 4.8 $.1 | smell microensink, low-eedius
Alr cleavage, bOth at otigin
17-7 3/4° Bar ' - Nene - cage T 9%.9 | 69.91 1.4 2.4 | rarge sicroshrink st surface,
low-sedlun cleavege
18-1 T ~13Cu~4.588 | ¥ 0 -silicatef = Hone -- Threads » 102.3 | 80.6 J(4.1)| 2.4 |rarge voids, medius-sedius
%o - cleavage
19-2 172" ser -- - - - - Test -- - s
16-3 1/2* sar el Xone - Cage ” 42,7 | 75.6 | 2.2 1.s 1avlvaion at oc.gin, small
o vold, high=3esius cleavage
184 $CT. Yoo - - - -— Teat - - - -=
185 1/2° mar
20

196 |1/2" sar ' ' Yes . - — e el = ] - -
18-7 3/4° sar

19-1 Kcos =13Cw- ', 3a1| monograt Yes None - cage *? 111.4 {102.1 | 2.) 5.0 | Loweaedium Cleavage Vith
acicular pattzen
o
19-2 | 1/2° par Yoo - - == ]test - -- - .-
19-) 1/2° par Yoo 1760/2450(16) - - Gage L1 125.4 108,51 4.9 5.9 | %o defects, lowagsmall
£ 3% 4 cleavage
13-4 SCTS Yoo “one - Zage T 110.1 | 90.4 ] 2.2 5.4 | <rall iaclucion, low=large
cles aqe
19-5 1/2° sar Yes 176u/1430(16) - Lad rage €00°r] 4. 23.4 | ssatl irclusions (2)
Mr
19-4 31/2" par Yes 1760/1450(16) - - Cage €00%r] 95.3 ; 6%.2 [22.1 | 19.4 | s=all inclusions, srall
' ' Al microthrink
197 3/4° par Yoo 1760/1450{18) = - a0 " 124.4 [1C9.8 | 4.6 8.6 | o defecty
Alr

R T
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APPENDIX C

COMPILATION OF PHASE I INGOT ALLOY MICROSTRUCTURES

Description

As~Melted Microstructures of Task I
Compositions (250X)

Heat Treated Microstructures of Task I
Ingots (250X)

As-Melted Ingot Microstructures of Task II
Compositions Excluding Be-Containing Alloys
(250X)

Heat Treated Task II Ingot Microstructures
Excluding Be-Containing Alloys (250X)

As-Melted Ingot Microstructures of Ti-13Cu-3Al
and Task III Compositions (250X)

Example of Duplex Heat Treatment Applied to the
Ingot Ti-13Cu Composition (250X)

ileat Treated Ingot Microstructures of Ti-13Cu-3Al
and Task III Compositions (250X)

Ingot Microstructures of Beryllium Containing
Task II Compositions (250X) ‘

Heat Treated Ingot Microstructures of Beryllium
Containing Task II Compositions (250X)

224
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(a) Ti-11Co
Heat 24033

4 ‘:2 Rinr 2V
{c) Ti-11Ni
Heat 24034

Figure C-l.

I R - S e T T I T S G

e

Jefz

; 3341 ¢ e ‘-‘.
: AN ISTA, » 2R
A S
i A AS UL ATAAT e

(b) Ti-13Cu
Heat 34029

(8726)

(8792)

Heat 24031

As-Melted Microstructures of Task I
Compositions (250X),

(Page 1 of 3)
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(8774)
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(Page 2 of 3)

"00

9Fe

l—

Heat 24036
Heat 2403

h) T

{

(£) Ti~14Mn-9.03Y

226

Figure C~1 (Continued)

(8735)
(8798)

5Ni
2
0.03Y

g,
¢3

Heat 24
Heat 24037

(e) Ti-8Cu~
(g) Ti-20Cr-
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Figure C-5 (Continued) {Page 3 of 3)
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HEAT 34029

E Ti-13Cu

; 1760F~ 1 hr-AC
+1300F-8 hr-AC

Figure C-6. Example of Duplex Heat Treatment Applied
to the Ingot Ti-13Cu Composition (250X).
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Figure C-7, Heat Treated Ingot Microstructures of Ti~13Cu~3Al
and Task III Compositions (250%). (Page 1 of 5)
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Figure C~7 (Continued) (Page 2 of 5)
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Figure C-7 (Continued) (Page 3 of 5)
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Figure C-8, Ingot Microstructures of Beryllium Containing
Task II Compositions (250X).
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APPENDIX D

FABRICATION AND MATERIALS FOR CRUCIBLE/MOLD INVESTIGATIONS

Description Table MNo.

Fabrication and Properties of Crucibles Procured
for Task I of Phase I D-1

Fabrication and Properties of Crucibles Procured
for Task II of Phase I D-2

Fabrication and Properties of Crucibles Procured
for Task III of Phase I D-3

Firing Temperatures and Properties for Phase I
Task III Crucibles D-4

Chemical Composition and Properties for Several
Lots of Yttrium=-Oxide Used For The Program D-5

Analytical Results for Several Tots of Titanium
Powder Used for Crucible Fabrication D-6

Fabrication History of Phase II, Casting Trial
"A" Melting Crucibles D-7

Fabrication History of Phase I1I, Castiig Trial
"B" Melting Crucibles D-8

Properties of Heavy Rare Earth Concentrates Used
for Laboratory Mold Investigations D-9
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{ TABLE D-4

3 FIRING TEMFERATURES AND PROPERTIES
e FOR PHASGE I TASK III CRUCIBLES

As~Received Additional Thermal Treatment
{ - * %k
o Fired Density* Fired Time Density
% Crucible (°F) (g/cc) (°F) (Hrs) {g/cc)

0,+15Ti-A 3000 3.40 None - 3.01

b Y203

. Y203-15Ti-B 3000 3.35 3685 1l 4,38

2 ¥,0,°15Ti-E | 3055 3.77 3355 1 4.12

HREMO* 8Ti-F 3000 1.39 3175 1 5.19

N HREMO-«8Ti~G 3000 4.43 None - 4.80

HREMO* 8Ti-H 3055 4 55 3355 1 5.19

*Calculated density based upon calculated volume
k*Measured density by water immersion
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TABLE D-5

CHEMICAL COMPOSITION AND PROPERTIES
FOR SEVERAL LOTS OF YTTRIUM~-OXIDE
USED FOR THE PROGRAM

FIRST SECOND THIRD FOURTH FIFTH SI>IH
Moly Corn Moly Corp Moly Corp | Moly Corp | Moly Corp Moly Cory
Properties Lot 572 Lot 7z4 Lot 8529 Lot 787 Lot 792 Lot 790
Phase I, Phase 1, ®hase 1, |Phass 11, [Phase 11 Phasc 11
Task I Tasks I & 1I Task 111 Task I Plasma Spray{ ras} 11!
Crucibles Crucibles Crucibles | Crucibles | Mold Fab Crucibles
Moly Moly Moly Moly Moly Moly
coors corp coors Corp Corp corp Corp Corp
"nalysis | Analysis | Analysis | Analysis | Analysis |Analysis |[Analysis Axalysis
Screen Analysis - - - - 39.9%~325 8. 623-325 -
MSA (microns) 3.4 2.6 - - 1.1 8.1 (Fasher)
BET (m2/g) 4.8 8.1 - -- - - -
Density (g/cc) 4.8 5.04 -- - 5.04 - --
Purity (%) 99.99 99,99 99.99 99.99 99.99 99.93
Impurities as
oxides (ppm)
La <300 - <100 - -— <0.2 <0.2 <0,2
Pr - 3 - 0.7 4 0.5 <l.2 0.3
Nd - 4 - 0.5 5.9 1.2 1.0 0.4
Sm <300 0.2 <500 0.3 1.2 1.3 2.9 0.2
Eu 500 G.1 <500 0.2 0.96 0.1 0.2 0.1
Ga <500 4 <500 16 S 6 10 8 %
Th <500 0.1 <1000 0.6 0.26 0.2 2.5 <0.¢5
Dy <500 <0.1 <500 0,09 0.20 1.2 2.4 0.07
£r <500 <1l <500 <15 <7 <8 <1l <9
T <500 3 <1000 <5 2 <2 <3 <2
Yb <100 8 <100 0.4 2 1.2 1.6 0.4
ce <1000 <10 <1000 <10 <11 <10 <10 <10
Ho <1000 <30 <1000 <30 <30 <30 <30 ~ 30
Lu <500 -- <500 -- - - - -
Sc <100 - <100 - - - - -
B 50 - 20 - - - - -
S: 600 =- 20 - - - - --
Fo 20 -- <10 - - - - -
Ca 200 -- <100 - -- - - -
Oother non-RE
arc each: <500 -~ <500 - ~ -- - --
Al <100 -~ <100 - - - - --
Accuracy 15004 == +50% - ~ - - -
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TABLE D-6

ANALYTICAL RESULTS FOR SEVERAL LOTS OF
TITANIUM POWDER USED FOR CRUCIBLE FABRICATION

FIRST ** SECOND ** THIRD

PROPERTIES VENTRON LOT RMI SPONGE FINES VENTRON LOT M3~270
AND ANALYSIS MC-7404 LOT 29 VENDOR AIRESEARCH**
Catalog No. 00383
Used During: Phase 1, Tasx I | Phase I, Tasks II & III Phase II
Average Particle 7.7 -
Size (Microns)
T10 (By XRD) N.D.* N.D.* N.D
TL(OH)l(By XRD) N.D. N.D. N.D.
T10, (By XRD) N.D. N.D. N.D
Sxo2 (By XRD) N.D. N.D. N.D
E‘0203(By XRD) N.D. N.D. N.D.
Uniderntified (By XRD) Yes Yes Yes
ANALYSES (WT-%)
Aluminum 0.01 - 0,1 0.1 - 1.0 0.45 9.1 - 1.0
fi-ta 0.01 - 9.1 0.03 - 0.3 0.50 0.1 - 1.0

0.1 - 1.0 _ y _
Iron (0. 05=Coors) 0.1 - 1.0 0.07 0.2 1.0
Magnesaium 0.0003 - 0,003 0.03 - 0.3 0.01 0.01 - 0.1
Silicon 0.0 - 0.1 0.1 - 1.0 0.06 0.1 -
Carbon (0.06~Oremet) N.D
Nickel N.D. N.D. 0.03 - 0.3
Zinc 0.03 - 0.3 - N.D. (0.0 )
Copper £.0001 - 0.001 | 0.0001 - 0,001 0.001 - 0.0
Manganese N.D. N.D. ¢.03 - 0.3
Tin 0.03 - 0.3 0.001 - 0,01
OTHERS (WT-3%) All N.D. All N.D. All N.D.
Ay, Sc, Na, In, Y,
VvV, Be, B, Nb, Ge, W,
Bi, Cxr, Te
Hydrogen N.D.
Chlorine 0,07 0.09 - -

{ 0.005~Coors)
oxygen (0.65-0Oremet)
Nitrogen (0.61-0Oremet)
* M.D. means analyzed for and not detected

*« AxRescarch spectrographic results listed as relative values.
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TABLE D-9 :
K
-
. %
Properties of Heavy Rare Earth Concentrates
used for Laboratory Mold Investigations :
fatimated «
){20] Content Lstinated
of Material Hon-Rare "
Fformula | Converted tarth i\)n vensaty ( g/cc) e
Heavy Rare Lstimited | Molecular] to Oxxde Impurities** 10 *
Pirth €ancentr e Y ormala Wey hre 3 1Y 2 Loose Tap Dult Remarks
Low Purity
Single
Brec’ mzation
HRL=CXALATL RLL(C,00) b ©04 57 6.0 max. 4.6 - 0.93 2.39 | Whaite fine uniform powder,
_oﬁ o estimate typical part_cle size
2 near 2-nicrons
.
HiRL~ nnz(c03)3 12 36 min. 40.0 max 4.4 0.5 0.63 3.05 | Light grey part.al chunky .
CARBONATL M.0 powder, cstimate tgpical .
2 particle size less than
* l1-nicron
HRE= RXZ(OII)3 140 36 nin 40.0 nax. 10.4 0.7 0.64 2.70 | Dark tan partial chunky powder,
HYDROXIDE cstimate typlical particle size
less than l-micron 4
HRE= RE }‘3 146 57 YF, 6.0 nax. 4.2 1.0 0.91 3.33 | White powder with hard chunks,
FLUORIDL small particle size which will
agglomerate.
]
Hzgh Puvaty ’
Double
HRL=CXALATL Rﬂz(C204) 604 59 0.2 max. 6.4 - 0.87 2.51 White fine uniform powder
-9"20
HRE= RLZ(COI)) 412 57 6.0 max. 9.4 0.6 0.48 2.20 | white partial chunky powdor,XRD
CARBOMATE W0 confirms conversion to oxide at
2 1075°C, weight measurcmchts sug-
gest possivle conversion to
oxide as low as 4£5°C
HRE= RI‘.(OH)3 140 57 6.0 fax. 2.8 0.8 0.86 1.30 Light yellow fine powdar, XRD
HYOROXIDE confirms corversion to oxide at
1075°C, weight neasurcrents sug-
gest possible converrion to oxide
as low as 315°C or 815%., XRD
pattern weak and diffuse out
Suggests composition may ¢ R
RE(0M) (coy)
}r!g?(-mlm; RL Py 146 59 YFy 0.2 nax. 4.4 1.2 1.76 1.25 | White powder wath hard chutbw
* Dascd upon rare carths as 100% yttriua
*¢ primary impurities are Ca0, %10, and Al,0
*#* Tap density to #0.07 g /cc and 5ulk (lcnaxE/ (#vater imnersion) to +0.03 3/c¢cc.
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APPENDIX E

EXPERIMENTAL MOLD FACECOAT SLURRY COMPOSITIONS AND PROPERTIES

Description

Group 2 Ceramic Mold Material Compositions
and Properties

Influence of Firing Temperature on Properties
of Group 3 Mold Facecocat Slurry Compositions

Compositions and Results for Group 4 Mold Face-
coat Slurries Siip Cast into Crucibles

Group Five Mold Facecoat Preparation and
Properties

Sintering Response of Group 5 Mold Compositions
After Firing Bulk Samples at 1970°F for 1 Hour

Sintering Response of Group 5 Mold Compositions
After Firing Bulk Samples at 2200°F

General Mold Fabrication Procedures

Experimentel Mold Fabrication at AiResearch
Casting Company
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TABLE E-1

SR AL

GROUP 2 CERAMIC MOLD MATERIAL COMPOSITIONS AND PROPERTIES

Sample Sample Slurry reen Sintering Degree of
Number Composition Consistency Strength Temp/Time Sintering
1 99.8% HREMO Excess water required. | Too fragile to |2000°F/15 hrs. | None
0.2% Methocel |Poss'ble stability handle.
problem. pH > 8.5
2 94.8% HREMO Slight improve-|2000°F/15 hrs. | Adequate.
5.0% Car - ment required.
0.2% Mathocel
3 89.8% HREMO Improvement 2000°F/15 hrs. | Adequate.
10.0% CaFj - required Excezs
0.2% Methocel CaF,
E) 74.8% HREMO Inprovement 2000°F/15 hrs. | Adequate.
25.0% CaFj - required Excess
0.2% Methocel CaFjp
5 94.8?% JREMO Improvement 2€00°F/15 hrs. | Very
5.0, LaiF - required little
0.Z% Methoce:
6 89.8% HREMO Improvement 2000°F/1., hrs. | Very
10.0% LiF -= required little
0.2% Methocel
7 83.2% HREMO Excess water required, | Adequate 2000°F/15 hrs. | slight
16.6% Colloidal|Possible stebility improvement
Silica Solution|problem. pH > 8.5 required
0.2% Methocel
8 83.4% Aly03 Requ ‘-es optimi- Adequate 1900°F/15 hrs. | Hard surface,
16.6% Colloidal|zatica of solid softer
Silica Solution]liquid content. interior
9 90.84 Aly0;3 Adequate 1900°F/15 hrs. | Hard surface,
9.1% Colloidal softer
Silica Solut:ion - interior
0.1% Methocel
10 95.1% Al1203 Adequate 1900°F/15 hrs. | Harxd surface,
4.8% Collordal - softer
Silica Solution interior
0.1% Methocel
1 79.8% Alz03 Foor 1950°F/15 hrs. | Adequate.
20.0% CaF2 == Slight
0.2% Methocel discoloration
12 89.8% Al203 Poor 1950°F/15 hrs. | Adequate.
10.0% CaFp == Slight
0.2% Methocel discoloration
13 89.8% Alj03 - Poor 1950°F/15 hrs. | Hard surface,
19.0% LiF softer
0.2 Methocel interior
14 79.8% Aly0, Requires optimi- Poor 1950°F/15 hrs. | Hard sucface,

20.0% LiF
0.23 Methccel

zation of solid
liquid content.

softer
interior
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TABLE E-2

INFLUENCE OF FIRING TEMPERATURE ON PROPERTIES OF GROUP 3

MOLD FACECOAT SLURRY COMPOSITIONS

Green-to-Fired Changes

bDensity, g/cc Volume

Conposition and Density Weight Shrinkage,
Sintering Conditions* Green Fired Change, % Loss, % %
cc-1

1970°F/3H/Air 1.346 1.536 +14.1 4.7 16.4

2075°F/3H/Air 1.318 1.643 +24.6 4.8 23.6

2195°F/3H/ALr 1.338 1.94 +45.0 5.0 34,6
cc-2

1970°F/3H/Air 1.405 1.473 + 4.8 5.9 10.3

2075°F/3H/Airx 1.397 | 1.871 +33.9 8.9 32.0

2195°F/3H/Alirx 1.351 1.86 +37.7 6.0 31.9
cc-3

1970°F/3H/Air 1.646 1.681 + 2.1 11.6 13.4

2075°F/3H/Aix 1,758 1.664 - 5.3 16.3 11.€

2195°F/3H/Air 1.651 1.651 0.0 12.8 12.8

*Compositions are as follows:

cc~1 55% solids (95% HREMO + 5% CaF.) in water,

plus antifoam and wetting agents.
CC-2 Same as CC-1 except liquid was 50% water and 50% colloidal

silica solution.
CC-3 Same as CC-1 except tiquid was 25% water and 75% colloidal

——

silica solution.

1% Methocel 4000
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TABLE E-4

GROUP FIVE MOLD FACE COAT PREPARATION
AND PROPERTIES

Preparing compositions for mold face coats followed a general

procedure that evolved after a series of trials. The procedure estab-

lished for group five compositions, including the identification of

pertinent deviations, is given below,

(a) Weigh and blend dry powders in a ball mill (A1203 salls)
for ten minutes. Some compositions were blended wet in
a ball mill ("C" compositions) and scme were mixed wet

by hand in a beaker ("H" compositions).

(b) A water solution with wetting and anti-foam agents was
mixed with either colloidal silica or methocel (organic
binder) as follows:

Silica Mixture Methocel Mixture
o 20 mls HZO o} 20 mls H20
o) 1 dr Nalco 6020 3) 1 dr Nalco 6020
(wetting agent)

o 1 dr Dow Corning
o 1 dr Dow Corning 4-10 4-10

(anti-foam agent) o 10 mls iethocel (1%)

o 10 mls Colloidal Silica MC 4000
(Nalco 1130, 30% SiO2
by weight)

(c) Blended dry powders were hand mixed, in increments, into
the water solution. Powder was added until the mired
slurry would just drip from a glass stirring rod (maxi-
mum solids content yet allowing the slurry to be poured).

266
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TABLE E-4 (Concluded)

{d) The slurry was poured into a plastic form and dried at

room temperature for 40 to 48 hours.

(e) Rectangular bulk samples were removed from the dried
mass {about 0.1 X 0.2 X 0.4-in.), weighed and dimen-
sioned.

(£) Samples were placed in alumina dishes and inserted into
a furnace at room temperature. The furnace was heated
to 1075°C (1965°F) in approximately 3 hours, held for 1
hour and then furnace cooled. Samples were withdrawn
at a temperature less than 425°C (800°F). No samples
fractured as a result of these slow heating and cooling
rates.

Samples were weighed and dimensioned, after firing, and changes
in density, volume and weight calculated and an assessment of sinter-
ing response indicated in Tables E5 and E6.

i (Page 2 of 2)
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TABLE E-7

GENERAL MOLD FABRICATION PROCEDURES

Operatior

Conventional
Mold

Experimental
Mold

Wax pattern
configuration

Pattern etching

Facecoat slurry
composition

Facecoat Slurry
preparation

Two cast-to-size bars
four 1/2" round bars
per mcld

1l5~-second immersion in
chloroethane.

Zrsio

colloidal silica

wetting and antifoam
agents.

Solids content about 75%

Add fluids to paddle

mix tub and then solids

gradually. Add antifoam
and wetting agents last.
Mix for a minimum of

24 hours prior to use,

Same as conventional

Same

Composition CC2

85% HREMO

11% colloidal silica
4% CaFlF

wetting agent (Nalco
6020) 1.1 ml/# of
solids Antifoam (Dow
4-10) 1.1 ml/# of
solids

Solids content about
43%

Add fluids to ball
mill and then 75% of
the required solids
and mill for 1 hour
minimum. Add wetting
and antifoam agent
and mill a minimum of
20 minutes. Add
balance of solids and
mill a minimum of 15
hours.
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= TABLE E-7 - Continued

3
% ‘

i .
gf Conventional Experimental '
bt Operation Mold Mold
Z
§§ Facecoat Dip Dip wax pattern in Dip wax pattern in -
i operation slurry and then dust CC2 slurry and then
L with Zrsio, sand dust with 2rsio, ,
ol (stucco). Perform stucco. Perform uinis ;

4 this operation two operation two times. )

times.
Drying Dry in room with Same
operation minimum of 55%
humidity and at a
temperature ¢f 68-72°F
for 1-3 hours. !
Backup coating Calamo (Al.0,-AlSi0,), Same
composition 2rsio,, Colldidal silica .
wetting and antifoam agents. :
i
Backup slurry Add fluids to paddle Same l
preparation mix tub and then ]
s0lids gradually. Add :
wetting and antifoam
agents last. Mix for a :
minimum of 24 hours prior )
to use. :

-

7 .

2§ :

- { ;;

¢ :

; (Page 2 of 3)
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TABLE E=7 - Continued
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Ao

Ccnventional Fxperimental
Operation Mold Mold
Backup Dip Dip pattern with dry facecoat Same
Operation into backup slurry aad then
dust with calemo stucce. Per-
form this operation four times
with a drying operation between
each coat as follows: :
Backup Drying Dry in a room with a minimum of Same
Operation 55% humidity and a temperature
of 68 - 72°F.
Final Backup Dip mold shell in backup slurry Same
Operation and do not dust it with stucce.
Final Drying Dry in low hLumidity room for 24 Same
hours minimum.
Dewax Operation Molds with wax cup and the balance Same
of above mold: steam autoclave at
300°F to remove wax.
Flash Firing Flash fire by inserting directly Not Done
into furnace at 1038°C (1800°F)
to sinter shell and remove final
traces of wax.
Mold Presheat Insert into a preheat furnace at Same
1028°C (1900°F) and hold until
necessary to perform casting. A g?igeﬁgi
minimum time of 3 hours is re~ g
. of shell
quired. and wax
removal.

272
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TABLE F-8

EXPERIMENTAL MOLD FABRICATION AT THE
AIRESEARCH CASTING COMEANY

Several experimental facecoat compositions were prepared for mold
construction at the AiResearch Casting Company (ACC). These molds were
fabricated for use in casting Trial "B“, also performed at ACC. Face-
coat compositions are given below, and discussed in detail in the fol-

.
RO T R - L o R L e AT . S, w2 ‘}::‘ Fog e ‘2 ol A’a‘)’ﬁ‘l&i’ﬁ. 5

lowing sections.

(a) Experimental composition "C"; Colal "P" plus alumina

o X

NI - ~
AR WA e oS

=

=5 (b) Experimental composition "¥Y"; Yttria-potassium sili-

ot

! cate plus coarse yttria %
i

i i
% (c) Experimental composition "T"; Ytiria plus titania 3
2 . R f{}
| plus colloidal silica 3
2 Colal "P" Plus Alumina :
Colal "P" is a refrectory binder produced by DuPont. t is a E

mildly acid aqueous dispersion of colloidal alumina-s:lica (30 weight- ;

percent sio2 + A1203\. It was selected for evaluation because the Sio2 :

is coated with an A1203 layer, which would resvlt in a significant de- i

crease in exposure of molten metal to SiO2 during casting. Ability to Z

use an all alumina mold system would have a favorable economic impact ;

in the overall low-melting casting process. i

- E

o Slurries were prepared as follows: 3
<8 $
o 3
it d
3 3

: (Page 1 cf 7) A
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TABLE E-8 (Continued)

Primary Slurry Secondary and Tertiary Slurry
o] Composition: o Composition:
114 oz colal "p" 105 oz Czlal "p"
1.1 cz wetting agent 1.1 oz wetting agent
0.5 o2z antifoam agent 0.5 oz uantifoam agent
390 oz 325 mesh 320 oz 325 mesh
tabular aluaina tabular alumina
{77 weight-percent) (75 weight-percent:)
o Viscosity: %ahn 4 ~2% sec o Visccsity: Zahn 4 «1l7 sec
o Solids Content: 24 weight- o Solids Content: 82 weight-
percent percent

Both slurries were milled at least 20 hours in alumina ball mills with
1/2-inch alumina grindinyg cylinders. Both slurries were uniform, and
nad stahility and coating prorerties comparable to production foundry
slurries.

Etched wax patterns were dipped in the primary slurry, allowed to
drain, and stuccoed with 90 grit A1203. Coating and stucco were uni-
form, and wvere allowed to dry at 21°C (70°F) for 2 hours. The second-
ary coating was applied by dipping, followed again with a 90 grit
A1203 stucco. The secondary slurry was slightly high in viscosity
(Zahn 4, 10-13 seconds would have been preferred) and required more
careful daraining than normal. After the secondary coating was allowed
to dry 2 hours, an identical tertiary coating was applied. Follcwing
adequate drying, the remaining backup coatings were applied using
standard foundry backup materials and procedures.

A total of four test bar cluster molds and two single bar molds
were prepared. The molds are shown after firing (see fo. lowing pages).
The facscoat was smooth, uniform, and crack free on ¢.l six molds.

(Page 2 of 7)
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TABLE E-~8 {Continued)

: Yttria-Potassium Silicate Plus Cosrss ¥,0

Sl annt

3

Acheso!: EC-3327 consists of fine particle Y203dispersed in col-
loidal potassium sirzi~ate solution. Solids content was approximately

Sub

55 weight-percent, with 1 fluid ounce weighing approximately 2 ounces.

i% This material sintered wel. and could be used as a facecoating, but it é
éé was too thin anu permited stucco to protrude. Therefore, an attempt g
:3 was made to optimize the slurry by adding coarse particle size Y,0, g
;% : (Molycorp Lot 792). %
= : %
<3 Primary Slurry ;i

Secoacary and Tertiary Slurry

"
")

o Comnoaition: o Composition: P

2 68 f£. nz EC-3327 ( 79 oz 1 f1 oz colloidal silica 7
o solids; 62 oz liguid) added to primary slurry 3
it ) 53 oz coarse Y,04 o Solids Content: 64 weight-~ 8
k- (Molycorp Lot 7%2) percent g
Vil #
3 g
55 10 £1 oz colloidal SiO, E
= solution %
=3 X
7 0.4 oz antifoam agent ?
Pt :
= 0.4 ¢z vetting agent a
;E o Solids Content: 66 weighe-

B percent

fi Both slurriz: were ball millad in excess of 20 hours in aa alumina

24 £all mill with 1/2-inch alumina cylinders. Both were sliight'y thixo-

2 - tropic, resulting in draining difficulties prior tc stncco. Three

=2 ,
=3 coatings were applied following the same procedures previously outlined
g% ) for Colal "P¥, using 920 gri=: Alzoq as the stucco. Standard foundry

g . backup was used to complete the molds.

Three test bar cluster molds and two single bar molds were pre-~
pared. The molds, after firing (see following page) were relatively

(Prage 3 of 7)
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Fiyure E8-1, Prpearance of Colal P-Alumina Facecoa: Mold

After Firing at 1900°F (1046G°C).
smooth Appearance of Surface.
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Note the Dark Specks (Arrow)

/hich are Voids and Alumina Stucco Showing Through

th.. Facecoat,

Appearance of Y,03-Silicate Facecoat Mold Fired
at 1900°F (1040°C).

gure E8-2,
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TABLE E-8 (Continued)
the facecoa:t was not as smooth
Pores and pits were pres-

uniform and free of cracks. However,

as normal for the standard foundry system.
ent, and the stucco showed through in many places.

¥,0; Plus TiQ, Plus Colloidal Silica

additions to yttria-

Laboratory studies indiceted that TiO2
As a result the

containing slurries resuilted in imporved sintering.

following slurry was prepared 'Or primary, secondary, and tertiary

coatings.

o Composition: 35 oz Y203 (80 weight-percent of solids)
3.5 oz Tio, (8 weilght-percent of solids)

17 £1 oz colloidal silica (12 weight-percent
of solids)

Viscosity: Zahn 4 <10 sec
Solids Content: 75 percent

The slurry was ball milled for at least 20 hours, resulting in a uni-

form, but rather low viscosity slurry. “he slurry adhered well, but

produced too thin a coating such that the stucco penetrated through to
the wax. Three facecoat leyers were applied, as with the two previous
systems, using 30 grit A1203 stucco, follcwed by standard foundry
backup. Four single bar molds were produced (see following page).
The facecoat surface was more highly pitted than the yttria-~silicate

molds described above, and requires further process optimization.

(Page 6 of 7)
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Figure E8-3.
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le Test Bar Molds. Cracks in
4 (Axrrow) are Related to Backup

$i0p Mol
ther Than racectocat.
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APPENDIX F

INITIAL SELECTION OF CERAMIC MATK»JI3L&
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APPENDIX F (Page 1 of 3)

INITIAL SELECTION OF CERAMIC MATERIALS

Selection of materials for crucible/mold applications was based
upon information available from literature, previous AiResearch eval-
uations and AFML research. The basis for selection of each material
is discussed below.

o} ¥,0; (Two Forms: Hot Pressed; Pressed/Sintered) - AiResearch

(32,34,40) ;95—

work as well as other several investigations
cated Y203 displayed the least reaction with commercial or
low-melting point titanium alloys. Cost of the material,
however, is high and it has poor thermal shock resistance.
The two forms should provide different thermal shock behavior
as well as reaction with molten titanium as a result of fa-

brication and density differences.

o 12g3-15(w/o)Ti (Pressed/Sintered) -- The titanium metal addi-
tion to Y203 will be evaluated primarily to improve thermal

shock resistance. An improvement in reaction resistance may

i H
PRSI

oo

occur as a result of the titanium metal tendency to reduce
the oxygen stoichiometry of Y203.

SRS e R

it

(o} Tho2 (Slip Cast) - Several evaluations(41) have shown rea-
sonably low reactivity with commercial and low melting al-
loys. Th02 has poor thermal shock resistance, but is lower
in cost than Y203.

4 . .
¢ O)Helferlch, K.L. and C.A. Zanis, "An Investigation of Yttrium

Oxide as a Crucible Material for Melting Titanium,"™ NSRDC
Report 3911, January 1973.

'é. (41)Chapin, BE.J. and W.H. Friske, "A Metallurgica: Evaluation of
7 Refractory Compounds for Containing Molten Titanium”,
. Part I - Oxides. NRL, Report 4447, November 18, 1954.

4 Part II -~ Carbon, Graphite, and Carbides. NRL, Report
_ 4467, December 15, 1954,

E: Part III - Borides and Sulfides. YRL, Report 4478,

= January 17, 1955.
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(Page 2 of 3)
o Dy.0., (Pressed/Sintered) - Lyon, et al (32) have shown this
223

material to have promising low reactivity with commercial

titanium alloys, however this material has a high cost.

1(3&)’ La203 has

o} £32Q3 (Pressed/Sintered) -~ Per Lyon, et a
promising low reactivity with commercial titanium alloys.
This material is also the cheapest of the above materials,
La203 is somewhat hygroscopic and will require appropriate
handling.

(o} Ca0 (Pressed/Sintered) - AiResearch work as well as others(42)

indicated that CaO has a promising low reactivity witi com-

mercial and low-melting titanium alloys. This material is
also hygroscopic, but has the lowest cost of all ceramics
considered.

o} MgO (Pressed/Sintered) - AiResearch investigations had indi-

cated that MgQO displays adequate low reactivity with commer-
cial titanium alloys. This material is hygroscopic, but has

a relatively low cost.

(43) this

material was the most resistant to titanium reactivity among

o CeS (Pressed/Sintered) - Per Garfinkle and Davis

several carbides, bourides, silicides, and sulfides evaluated.

Thermodynainic stability, however, rates the oxysulfide
(CeZOZS) as a better material and it may be evaluated later.

However, Cezozs is still slightly inferior thermodynamically

to Y203 or Ce203.

|
AR

i
e

Erramts e d
? ot ST

(42)Piw0nka, T.S. and C.C. Clark, "Resistance of Selected Coors

Ceramic Crucibles to Molten Titanium", TRW Technical Report
R&D No., 18, September 1, 1969.

(43)Garfinkel, M. and H.M, Davis, "Reaction of Liquid Titanium
With Some Refractory Compounds", ASM Trans., Volume 48, No. 4
{1965) 520-530,
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(Page 3 of 3) :

o Graphite, Pyrolytic - Commercial processes use graphite

successfully as a mold material in the casting of titanium
alloys. Pyrolytic graphite should display the optimum

reactivity res:stance of a variety of graphites and carbons.

o Ca0-15{w,/0)Ti (Pressed/Sintered) = Titanium meial addition

primarily improves the resistance of Ca0 to hydration and
thermal shock cracking. An improvement in reaction resis-
tance may also occur as a result of reduced oxygen stoichio-
metry in CaQ,

(o} Light Rare Earta, Oxide Concentrate, (Pressed/Sintered) - No
previous work has been performed but this material (50~
percent CeO,, 33-percent La203, l2~percent Nd203, 4-percent

PrGO‘l) is low cost and may display adequate redction resis-
tance, espncially for mold applications,

o) Heavy Rare Earth Oxide Concentrate (Pressed/Sintered) - No

previous work has been attempted but this material (60~
percent Y,04, 9-percent Sm?o3, §-percent Er203, 7-percent
Yb203) has a substantially lower cost than Y,0,4 and may dis-

play good reaction resistance for both crucible and mold ap-
plications,

o SiC (Two Forms: Hot Pressed; Reaction Bonded) - Thermo-

dynamics predict this material to be very poor in reaction

resistance to molten titanium. However, this material is

highly thermal shock resistant and may find application as a

substrate for lcw reactivity coatings. The basic reaction

with low melting titanium alloys will therefore be established. f
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APPENDIX G (Page 1 of 4)

DETAILED DESCRIPTIGN OF INVESTMENT CASTING PROCEDURES

Chronological details of the process used to pour castings for
Trial "A" are given below. Specific information regardiny each cast-
ing is given in the text and the descriptions below provide general-
ized parameters.

(a) Crucible Preparation and Bake-Out - The melting crucible

(3.5-in. dia. X 8-in. h.) was packed into an appropriate
induction coil using dry mixed MgO plus A128io5 powders.,
This dry mix was then capped with a wet mix to hold the
entire assembly in place,

The crucible/induction-coil assembly was then air dried for
2 hours for the Y203015Ti crucible (No. 4) and 40 hours for
the Y203-15Ti plus y203 layer crucible (No. 3),.

The Y203~15Ti crucible induction~coil assembly was loaded
with a 17-1b charge of a nickel superalloy (GMR~235) and
was placed in the vacuum furnace, pumped down to <100~
microns and then the charge heated to about 1615°F, held
2 hours (vacuum reached 5-microns) and then cooled over-
night prior to the first days casting effort. The cru-
cible showed about 7-10 cracks in the bottom and bottom-
sides after bakeout.

The Y203-15Ti plus Y203 layer crucible assembly was loaded
with a carbon block resting on a kaowool pad. The assembly
was then loaded into the furnace and pumped dovn to 110-
microns whereupon induction heating was started. The
temperature was brought to near 1615°F and held for nearly :
1l hour and the pressure reached 6-microns. Power was

285 j
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(b)

(c)

turned off and the crucible was cooled under vacuum
to a point where red heat disappeared (7 minutes) and
the furnace was tren opened in preparation for the
first charge of metal. This crucible displayed only
one crack in the crucible bottom.

As a result of the high pressure levels encountered
during the suhsequent melt following the bakeout,

it is recommended that longer bakeout procedures be
used as were followed for crucible No. 4. The long
air drying time used for crucille No. 3 did not
appear to assist the drying operation significantly.

Metal charges consisted normally of at least two pieces
of alloy sectioned from 8-in. diameter double melted
ingot (vacuum and then under argon) provided by RMI.
Each section contained varying amounts of ingot sur-

face whicn was not trimmed.

Charges (3-8 pounds) were loaded into the crucible by

hand, which involved opening the furnace to ambient condi-

tion after each pour. This has several disadvantages
including losing the gettering activity of the previous
melt, limiting the vacuum attainable for each melt and

increasing the time between pours.
After loading metal, the furnace was pumped down to 5-

microns vacuum before power was applied (ranged from

15~35 minutes).

286

(Page 2 of 4)

DR T N T T L e



http://www.abbottaerospace.com/technical-library

,.
o e AT Y MR ST v S

AP RN A

s

b b e
RN

.
RGN Bk

e b
“'&:m-‘f 7

a‘“y
R e R L T

ettty

FTRATR N,

) AN
\E*‘uh‘

(page 3 of 4)

Melting of the charge was performed slowly (19-20
minutes) using powe: settings of 20 kw (16 kw was
requirad to hold charge at about 1430°C). Excessive
spitting would occur if power inputs were much higher.

The metal melting would occur from the bottom and vacuum
could be maintained near S5-microns duri: , melting. A
viscous top surfac: was present as the last portion of the
ingot was melted but would then become very fluid and highly
agitated by the induction stirring action.

A light copper vapor deposit would build-up on the sight
port during melting, precluding the use of optical pyro-
meter temperature measurements., The vapor deposit did not
appear to be excessiv_. and it is not believed that signifi-
caitt copper losses were occurrxing from the melt.

Superheated metal, at power settings of 15~20 kw, was used
to wash down the metal skull fiom the previous melt. This
precluded crucible opening blccizage, thus preventing ingot

loading problens.

The power setting was then reduced to an appropriate level
to hold the metal near the pour temperature. This setting
was maintained for a short time (2-4 minutes) and then a
thermocouple was immersed in the melt. The thermocouple

was best protected from the melt using the yttria coated
alumina protection tube. The power was then adjusted to
the correct level to maintain the pour temperature at 200°F

above the liquidus.,

287

o i R ARl

T
S A

a4

e AT R g S

R AL AN

PR A

ok ham


http://www.abbottaerospace.com/technical-library

(f)

(9)

(h)

(1)

(3)

(Page 4 of 4)

The thermocouple was left in the melt for as short a time
as possible during temperature stabilization whereupon it
is removed and the metal poured into the mold. All molds
were preheated to near 1066°C (1950°F), were uninsulated,
required 1.5-2 minutes bo’ween removal from preheat to
poured metal, and had an estimated temperature at the time
of pour of 900°C (1650°F) (based upon cooling rates meas-
ured by ACC for similar mold configurations).

Castings were held under vacuuri for 25-35 minutes before

removal into a.ir.

The casting was then cooled completely in air before re-
moval of the mold material. A section of the bottom gate
was removed with the mold intact to provide material for
metallography and chemical analysis.

The mold was then broken away from the casting and a Light
grit blast used to remove final traces of mold as well as
a dark thin skin on the cast surface.

The time between pcurs was generally 1.5 hours, but for
several of the last pours, approached 1 hour by reducing
the mold cooling time in vacuum and the melting time of
the subsequent alloy charge.
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